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Chapter 1.

General Introduction



Land plants originated from the charophyte algae about 450 million years ago
(Langdale and Harrison, 2008), and began to diverge in the Silurian and Devonian periods.
Land plants consist of two major lineages: Tracheophyta (vascular plants) and Bryophyta
(non-vascular plants). Bryophytes, comprising hornworts, mosses, and liverworts, are the
early diverging lineages of land plants. The haploid gametophyte is the most familiar part of
the life cycle of bryophytes, and the diploid sporophyte is a short stalk without branching
that has not been observed in other land plants. Lycophyta was presumed to be a
monophyletic group, and one of the earliest diverged lineages of tracheophyta about 400
million years ago (Banks, 2009). Leaves (microphylls and megaphylls) and roots are
thought to have evolved independently in the lycophyte and in other vascular plants.
Judging from the evolutionary history of land plants, bryophytes and lycophytes have
retained some specific features. Thus, these two lineages are worth investigating to obtain
answers to the following questions. How were early land plants, bryophytes and/or
lycophytes, established? Which genes participated in this evolution? What part in the gene
sequence was modified during this evolution?

The evolution of morphology among each lineage in land plants is inferred from the
comparison between similarities and differences in the genome structure, gene function, gene
system, and so on (Floyd and Bowman, 2007). Many characteristics in plants are estimated to
have originated through gene duplication (Moore et al., 2005; Banks et al., 2011). This
increase in genes allows for amino acid changes and obtaining new functions, and lineage-

specific gene duplication also contributes to lineage divergence and the origins of lineage-



specific features (Moore and Purugganan, 2005; Zhang, 2003). For example, the number of
MADS-box genes, which are known to regulate some aspects of morphogenesis including
floral organs, is 36 genes in A. thaliana, whereas S. moellendorffii and P. patens have only 3
and 6 genes, respectively. The number of AUX/IAA genes (a component of auxin signaling) is
29 genes in A. thaliana, whereas S. moellendorffii and P. patens have only 4 and 2 genes,
respectively (Banks et al., 2011). It has been indicated that an increasing number of genes due
to gene duplication leads to more complicated organization and function in land plans.
Contrarily, early land plants that maintained a relatively uncomplicated organization and
function might retain some peculiar gene functions and systems for specific features in each
lineage, in addition to similar gene functions and systems. The function of orthologous genes
might differ among angiosperms, bryophytes, and lycophytes as they differ so much in their
development and morphology, following positive and purifying selection among paralogous
genes (Moore and Purugganan, 2005; Zhang, 2003). Of course, not only different functions
but also similar functions must be maintained between orthologous genes.

When we select a candidate gene for gene functional analysis from paralogous
genes, the existence of many paralogous genes causes problems in the analysis of molecular
biology. It is difficult to distinguish the function of each paralogous gene, and to judge which
genes are essential for the study. For example, we cannot state that a target gene has the same
function or no function (pseudogene) only from the information derived from the comparison
of gene sequences among homologous genes (Ma et al., 1991; Kramer et al., 2004). Since the

“molecular evolutionary clock™ hypothesis was proposed by Zuckerkandl and Pauling (1962,



1965) and the “neutral theory of molecular evolution” hypothesis was proposed by Kimura
(1968, 1983), molecular phylogenetics has progressed with advances in DNA sequencing and
computational technologies, and the use of molecular phylogenetic trees has increased as a
valuable tool for understanding the diversification of species and genomes (Kumar, 2005). In
the study of angiosperms (Ferrario et al., 2003; Kim et al., 2005; Zimmermann and Werr,
2005), molecular phylogenetic analysis including functionally identified genes is a better
method to indicate functional relationships between functionally identified genes and
unknown genes among homologous genes. Ferrario et al. (2003) revealed that the orthologous
gene that closely matched a functionally identified gene in Arabidopsis on the molecular
phylogenetic tree had the same function as its orthologous gene by a complementation
experiment in Petunia. In the study, the all genes isolated from Petunia were located within a
clade including functionally identified genes of Arabidopsis, whereas the expressions of the
paralogous genes belonging to other subgroups in the same clade were different. Therefore, it
is possible to judge which gene would be important for functional analysis, because we could
expect that genes in the same clade on a molecular phylogenetic tree will conserve a similar
function. In contrast, the validity of this approach between long-distant lineages is uncertain,
especially in morphogenetic genes, i.e. the genes to determine organ identity, pattern, and the
form of plants. This is because the developmental and morphological differences are so great
among bryophytes, lycophytes, and other vascular plants, and since the function of
morphogenetic genes might be specialized in different plant lineages, even though the

orthologous gene is in the same clade. We need to clarify that molecular phylogenetic analysis,
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including functionally identified genes in angiosperms, is also a useful tool for the analysis of
molecular biology in early land plants. For example, we will be able to predict that the genes
in a clade consisting of angiosperms and bryophytes may retain a function common
throughout the land plants and that there will be peculiar behavior in bryophytes if a clade
consisting of only bryophytes is shown in the phylogenetic tree of homologous genes.
Because we know little about the functions of genes in early diversified land plants and about
whether the function of a gene identified in angiosperms is conserved between long-distant
lineages (between bryophytes, lycophytes, and other vascular plants) or not (Floyd and
Bowman, 2007; Singer and Ashton, 2007), the success of molecular phylogenetic analysis
among long-distant lineages for gene functional analysis will be very useful in revealing
functionally conserved genes in all land plants and the genes of peculiar to bryophytes and/or
lycophytes from among many paralogous genes.

In this study, I will show that molecular phylogenetic analysis, including a gene
whose function is known in some model angiosperms, is a better method to select candidate
functional genes in early land plants. I demonstrated this approach using the KNOX gene
family, the homeobox genes involved in shoot apical meristem (SAM) function, (Vollbrecht
et al., 1991; Barton and Poethig, 1993) (Chapter 2) and the PIN gene family, i.e. the polar
transporter of the plant signaling molecule (phytohormone) auxin (Okada et al., 1991;
Gilweiler et al., 1998) (Chapters 3 and 4). I thought that these genes may be functionally
conserved genes in all land plants, because SAM and auxin are critical to plant body

establishment. At first, in order to reveal that molecular phylogenetic analysis is useful to
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search for functionally conserved genes among angiosperms and lycophytes, I performed
molecular phylogenetic analysis and gene expression analysis using the KNOX genes
(Chapter 2). Next, in order to reveal that molecular phylogenetic analysis is also useful for
the functional analysis of peculiar genes in early land plants, I performed molecular
phylogenetic analysis including the bryophytes, lycophytes, gymnosperms, and
angiosperms (Chapter 3) and gene expression analysis and functional analysis in bryophytes

(Chapter 4) using the PIN genes.
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The expression analysis of the Selaginella class 1 KNOX gene
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2-1 Introduction

All land plants except bryophytes are thought to have evolved from a common
dichotomously branching ancestor such as rhyniophytes identified in fossils. Regarding
extant vascular plants, the lycophyte group (class Lycopsida) is the sister lineage of the
euphyllophytes, which comprise seed plants and fern allies, including ferns, whisk ferns,
and horsetails (Kenrick and Crane, 1997; Pryer et al., 2001). Based on the fossil record, the
ancient tracheophyte group emerged approximately 400 million years ago (MYA) in the
early Devonian, prior to the evolution of leaves and roots in vascular plants, and
successfully dominated in the Carboniferous period (Stewart and Rothwell, 1993). The only
three surviving modern-day plant orders of this ancient group, i.e., the Lycoposidales
(clubmosses), Isoetales (quillworts), and Selaginellales (spikemosses), all of which are
monophyletic, are placed in the lycophytes (Raubeson and Jansen, 1992; Kenrick and Crane,
1997). The remarkably common features of lycophytes are the distinguishable microphylls,
which are poorly developed, single-veined leaves without a leaf gap, in contrast to the
euphylls of ferns and seed plants.

The spikemosses, which are composed of the single genus Selaginella, are
heterosporous and herbaceous lycophytes. Approximately 700 species belonging to this
genus are distributed worldwide (Wochok and Sussex, 1975). In addition to microphylls,
Selaginella have a unique rhizophore, which is defined as a root-producing, positively

geotropic, leafless, and capless axis. For about a century, this axial organ has been a
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histologically controversial structure, which had been interpreted as an aerial root or stem-
like root (Webster and Jagels, 1977; Gifford and Foster, 1989). However, Imaichi and Kato
(1989, 1991) revealed that the exogenous developmental process of the rhizophore is clearly
distinguishable from the developmental process of the endogenous root. They demonstrated
that the Selaginella rhizophore, like the lepidodendrid rhizomorph, could be fundamental
axial organ coordinated with the roots and stems.

Molecular genetic and genomic studies have successfully generated much
information on the genetic networks that control organ differentiation in higher plants;
however, the ancient vascular plant lineage has been little studied at the molecular level,
except for the construction of bacterial artificial chromosome (BAC) and expressed
sequence tag (EST) libraries (Wang et al., 2005; Weng et al., 2005). The orthologous genes
of key regulator genes that are involved in shoot apical meristem and/or lateral architecture
differentiation in higher plants could reveal new characters concerning the unique
Selaginella appendages.

As a first step in examining the molecular characteristics of the spikemoss
pleurogeous organs, I focused on the Knottedl-like homeobox (KNOX) gene family, which
was the first homeobox gene identified in plants (Hake et al., 1989; Vollbrecht et al., 1991).
Members of the KNOX gene family are divided phylogenetically into two classes in land
plants, class 1 and 2. Class 1 KNOX genes are typically expressed only in the shoot apical
meristem, whereas class 2 KNOX genes have more diverse expression patterns (Bharathan

et al., 1997; Reiser et al., 2000). In simple-leaved angiosperms such as maize, rice,

14



15

Arabidopsis, tobacco, and snapdragon, class 1 KNOX genes are expressed preferentially in
shoot apical meristems and are negatively regulated by ASYMMETRIC
LEAVES1/ROUGHSHEATH2/PHANTASTICA (ARP) genes in the domains in which leaves
are expected to develop (Schneeberger et al., 1998; Byrne et al., 2000). In complex-leaved
plants such as tomato, class 1 KNOX genes are expressed later in leaf development
(Bharathan et al., 2002). The loss of the Arabidopsis SHOOTMERISTEMLESS (STM) gene,
a well-characterized class 1 KNOX gene, induces a shoot meristem deficiency in the
developmental process (Long et al., 1996). The fern Ceratopteris class 1 KNOX genes
show expression patterns similar to those of their angiosperm counterparts, except in initial
leaf formation (Sano et al., 2005). Thus, class 1 KNOX genes regulate shoot meristem and
leaf formation. In a recent study of class 1 KNOX genes in Selaginella kraussiana, leaf
development was regulated by the interaction of class 1 KNOX and ARP genes, similar to
that in euphyllophytes (Harrison et al., 2005).

Here, I report the class 1 KNOX gene expression in Selaginella uncinata, with

particular attention to the Selaginella rhizophore concept at the molecular level.
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2-2 Materials and Methods

2-2-1 Cloning of Selaginella KNOX genes

Selaginella uncinata (Desv.) Spring was collected at the Koishikawa Garden of the
University of Tokyo, Tokyo, Japan (Fig. 1). Total RNA extraction from various organs and
3’ and 5’ RACE were performed as described by Tanabe et al. (2003). The materials were
ground in liquid nitrogen and dissolved completely in extraction buffer (4 M guanidine
thiocyanate, 1 M ammonium thiocyanate, 1% lauryl sarcosine, 0.5% PVP, and 1% 2-
mercaptoethanol). After three chloroform / isoamyl alcohol (24:1) extractions, the nucleic
acids were precipitated in ethanol. The extracted RNA was purified by CTAB precipitation,
followed by lithium chloride precipitation or ISOGEN-LS treatment (Nippon Gene).

Complementary DNA was synthesized from the total RNA according to the
instructions of the 3’ RACE system kit using SuperScript II reverse transcriptase and the
universal primer (Invitrogen). Specific degenerate primers were designed to target class 1,
KNd41 (5-{CAU}, AAR AAR AAR GGIAAR YTN CC-3") , and all KNOX genes, KNd2
(5'-{CAU}, AAY AAY TGG TTY ATH AAY CAR MG-3'. The PCR conditions were an
initial step at 94°C for 1 min; 35 cycles at 94°C for 1 min, 52°C for 1 min, and 72°C for 1.5
min; and a final step at 72°C for 5 min. The amplified products were cloned into the
PAMP1 vector (Gibco-BRL) according to the manufacturer’s instructions. The cloned
products were sequenced using the DNA Analysis System (Beckman Coulter), using a Dye

Terminator Cycle Sequencing kit (Beckman Coulter). The 5’ regions of the cloned genes
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were also isolated according to the instructions of the 5 RACE system kit (Invitrogen) and

then sequenced.

2-2-2 Phylogenetic analysis

To construct a phylogenetic tree of KNOX genes, the amino acid sequences shown
in Figure 2 were obtained from EMBL/DDBJ/GenBank DNA databases (Table 1) and
aligned using the program Clustal W, version 1.8 (Thompson et al., 1994). The maximum
likelihood (ML) distances were calculated using the ProtML program with the Jones, Taylor,
and Thornton (JTT) model (Jones et al., 1992), and a neighbor-joining (NJ) tree was
obtained using the program NJdist (Adachi and Hasegawa, 1992—-1996). The trees were
analyzed further with a local rearrangement search using the program ProtML to obtain the
ML tree. Bootstrap values calculated using the resampling of estimated log-likelihoods
(RELL) method (Hasegawa and Kishino, 1994) are indicated on nodes reconstructed using

both the ML and NJ methods.

2-2-3 RT-PCR expression analysis

To perform the RT-PCR expression analysis, complementary DNA was synthesized
from total RNA extracted from apical tips, including microphyll buds, internodes,
microphylls, root tips, and rhizophore tips, as described above. The PCR conditions were an
initial step at 95°C for 5 min; 40 cycles at 95°C for 15 s, 52°C for 15 s, and 72°C for 1 min;

and a final step at 72°C for 7 min. The PCR amplification test was performed with
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SuKNOX]1-specific internal primers, SuKN1F1 (5'-ATCACCTGAGGTAGCCACAGTTGA-
3) and SuKNIRl (5-AAAAGGATCAATCTCAAACTCCA-3"). The S. uncinata
orthologous gene of the ribosomal protein L6 gene (SuRPL6, DDBJ Accession No.
AB521036), which was constitutively expressed in all tissues that I examined, was used as a
quantifying control. SuRPL6 was amplified by PCR with forward SuRPL6F1 (5°-
CGTCAACCAGGCGTACGTGAT-3’) and reverse SuRPL6R1 (5’-
GGACTCGGTCTGCTCGATGA-3’) primers. The partial fragments of SuKNOXI amplified
by internal primers were cloned and used as specific probes for Southern hybridization.
Southern hybridization was performed according to the instructions of the AlkPhos Direct
Labelling and Detection System (GE Healthcare). The amplified products were fractionated
on 1% (w/v) agarose gel and transferred to Hybond N+ nitrocellulose membranes (GE
Healthcare) in an alkali transfer buffer (0.008 N NaOH). The membranes were hybridized at

55°C for 16 h in hybridization buffer (GE Healthcare).

- 2-2-4 In situ hybridization
Apical tips and parts producing rhizophores were collected in fixation buffer (4%
paraformaldehyde and 50 mM sodium phosphate), dehydrated with tertiary butyl alcohol,
and embedded in Paraplast Plus (Oxford Labware). Sections 8 #m thick were prepared. The
procedure for in situ hybridization followed that of Jack et al. (1992) using the digoxigenin
(DIG)-labeled SuKNOX1I-specific RNA probe and a DIG RNA labeling kit (Roche),

following cloning of the 565 bp of partial SuKNOXI cDNA outside of the well-conserved

18



19

ELK [glutamic acid (E), leucine (L), and lysine (K)] and homeo domains. The sense strand
of the SuKNOXI1 mRNA was used as a negative control. The incorporation of DIG-labeled
uridine triphosphate (UTP) into RNA was accompanied by the synthesis of RNA with T7 or
SP6 RNA polymerase. Hybridization was performed at 46 °C for 16 h in hybridization
buffer (100 mM NaCl, 10 mM Tris-HCI, 10 mM sodium phosphate buffer [pH 6.8], 5 mM
| EDTA, 50% formamide, 1 mM DTT, 1 mg/ml tRNA, 10% dextran sulfate, and 0.5 U/ml
RNase inhibitor). After the washing steps, the signal was detected using a DIG detection kit

(Roche).
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2-3 Results

2-3-1 Cloning of Selaginella KNOX genes and phylogenetic analysis

I examined the relatively large spikemoss Selaginella uncinata because this species
provides advantages for histological studies. The Selaginella KNOX cDNA, named
SuKNOX1 (DDBJ Accession No. AB288208, Fig. 3A), was isolated from S. uncinata cDNA
using 3' and 5' RACE methods. The KNOX cDNA clone was amplified successfully using
the described PCR conditions, using the degenerate primer that targets the class 1 KNOX-
specific sequence KNd41. The deduced amino acid sequence of the SuKNOXI contained a
MEINOX domain [the amalgam of the animal Myeloid ecotropic viral integration site 1
(MEIS) and plant KNOX domain], ELK domain, and TALE (three amino acid loop
extension) type homeo domain with three additional amino acid residues between helix 1
and 2 (Bertolino et al., 1995), all of which are hallmarks of KNOX genes (Fig. 3 and Fig. 4).
In addition, I successfully amplified a class 2 KNOX gene, named SuKNOX2 (DDBIJ
Accession No. AB288209, Fig. 3B), using the degenerate primer KNd2, which corresponds
to the best-conserved homeobox region. The KNd2 primer can be used to clone both class 1
and 2 KNOX genes, but no class 1 KNOX genes were amplified, except SukKNOX1.

To address the evolutionary relationship between SuKNOX! and class 1 KNOX
genes of land plants, I constructed an ML gene tree that contained 33 KNOX genes from a
wide range of green plants, including seed plants, ferns, spikemosses, mosses, and

ulvophyceans. Metazoan genes were used as an outgroup (Burglin, 1998). The tree was
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constructed using 83 amino acid residues covering the ELK and homeo domains (Fig. 2 and
Fig. 4, underlined). No reliable alignment was obtained when the set included the MEINOX
domain because of the low sequence similarity between metazoan and plant genes; thus, the
MEINOX domain was excluded from the alignment data for the phylogenetic analysis. The
gene tree indicates that S. uncinata SuKNOX] is clearly placed within the class 1 clade and
that SuUkNOX2 was placed within the class 2 clade, with high statistical confidence (Fig. 5).
Relationships among S. uncinata SuKNOX1, S. kraussiana SkKKNOX1 and 2 (Harrison et al.,
2005), and the class 1 genes of other vascular plants were not resolved reliably. The gene

tree predicts that S. uncinata likely possesses another class 1 KNOX gene(s) in its genome.

2-3-2 Expression of SuKNOXI mRNA

Selaginella has creeping or ascendant stems with leafy microphylls, which are
produced by a dome-shaped shoot apex having an apical cell. Rhizophores are initiated
exogenously at the junctions of branching stems and endogenously give rise to roots
(Imaichi and Kato, 1991). The expression pattern of SuKNOXI was investigated using in
situ hybridization. The longitudinal section shows that SuKNOX! mRNA was clearly
localized around the shoot apical meristem, including the shoot apical cell (Fig. 6A). No
SuKNOX]1 expression was detected in microphylls, although there was weak detection in
juvenile microphyll primordia (Fig. 6A). To examine SuKNOXI expression in the
rhizophores, 1 prepared longitudinal sections containing the junctions of branching stems

(Fig. 6C). These showed clear SuKNOX1 mRNA accumulation in the outer layer around the
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young rhizophore apex and weaker accumulation in the associated vascular bundles.
SuKNOX1 expression in the rhizophore apex was confirmed in another section (Fig. 6E).

I also examined the SuKNOXI expression pattern using RT-PCR (Fig. 6F).
SuKNOX-specific amplification was detected in the shoot apical tips of microphylls and in
rhizophore tips, whereas it was generally not detected in the internodes, microphylls, or root
tips. SuKNOX1 amplification was infrequently detected in the internodes and root tips (data
not shown). These results were in accordance with those of in situ hybridization.
Unfortunately, I could not examine SuKNOXI expression patterns in the gametophyte
because I did not have sufficient samples for mRNA extraction. Further assessment of
KNOX gene expression in the gametophyte will be necessary to infer the comprehensive

functions of these genes in the Selaginella life cycle.
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2-4 Discussion

I characterized the SuKNOXI cDNA from the spikemoss Selaginella uncinata.
Based on the gene tree, SuKNOX] is clearly included within the class 1 KNOX gene cluster
containing Arabidopsis STM, Knottedl-like from Arabidopsis thaliana 1 (KNATI), and 2
(KNAT2/ATK]1) genes. As reported by Serikawa and Mandoli (1999), Acetablaria acetablum
AaKNOX1, a KNOX gene from an ulvophycean green alga, branched out before the
divergence of class 1 and 2 genes. The moss Physcomitrella and the fern Ceratopteris
possess both class 1 and 2 genes (Champagne and Ashton, 2001; Sano et al., 2005),
indicating the appearance of the two large KNOX gene groups prior to the terrestrialization
of green plants approximately 470 MYA (Kenrick and Crane, 1997). Therefore, further
studies of KNOX genes from charophycean algae, the closest relatives to land plants, will
shed light on the ancient split event.

Most class 1 KNOX genes exhibit similar expression in shoot apical meristems
despite differences in the meristem structures among the diversified euphyllophytes, which
include seed plants and ferns. In the euphyllophytes, multicellular and unicellular meristems
are regulated similarly by class 1 KNOX genes during development (Sano et al., 2005).
Lycophytes are the most ancient of the modern vascular plants, branching at approximately
400 MYA, and possess unicellular meristems that are thought to have originated
independently in this lineage (Pryer et al., 2001; Sano et al., 2005). With respect to leaf

formation, the expression of KNOX genes in seed plants is negatively regulated by ARP
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genes during leaf development, with notable exceptions observed in the compound leaves of
tomato (Hareven et al., 1996; Janssen et al., 1998), whereas class 1 KNOX genes are
expressed in the primordia and immature leaves in the ferns Ceratopteris and Anagramma,
suggesting differences in the leaf developmental mechanisms between seed plants and ferns
(Sano et al., 2005). According to paleobotanical evidence and molecular phylogenetic
reports of early land plants, seed plant leaves, fern fronds, and spikemoss microphylls
originated in parallel (Gifford and Foster, 1989; Stewart and Rothwell, 1993; Kenrick and
Crane, 1997; Pryer et al., 2001). Recently, Harrison et al. (2005) reported the detailed
expression patterns of the Selaginella kraussiana class 1 KNOX genes, SkKKNOXI and 2, in
the shoot apical meristem and in leaf formation. SkKNOX1 is specifically expressed in the
shoot apical meristem, whereas SKKNOX2 is preferentially expressed in the internode
regions; neither is expressed in microphyll primordia. I found clear expression of the S.
uncinata SuKNOX1 in the shoot apex, supporting the evidence that class 1 KNOX genes
have conserved functions in the primitive sporophytic apices. Reportedly, SkKNOXI and 2
originally diverged in the Selaginella lineage (Harrison et al., 2005). However, according to
my gene trees based on ML and NJ methods, the phylogenetic relationships among S.
uncinata SuKNOX1, S. kraussiana SkKKNOX1 and 2, and other vascular plant class 1 genes
were not resolved fully, suggesting that the common ancestor of lycophytes and
euphyllophytes, a rhyniophyte, possessed at least two or more class 1 genes in the genome.
I also detected SuKNOXI expression in the axial apex of the unique spikemoss

rhizophore, but not in the root tips. Meanwhile, the expression patterns of SkKNOX1 and 2
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were not reported by Harrison et al (2005). My expression data suggest that the rhizophore
has developmental mechanisms distinct from those of the root. This finding supports the
“rhizophore concept” at the molecular level, which postulates that the rhizophore is a
fundamental organ distinguishable from the root (Imaichi and Kato, 1989; 1991). Further
molecular studies of other developmentally critical regulator homologous genes such as
homeodomain-leucine zipper (HD-Zip) genes and NO APICAL MERISTEM (NAM)/ ATAF/
CUP-SHAPED COTYLEDON (CUC) (NAC) genes will reveal additional characters of
Selaginella appendages. It was found that Selaginella class IIl HD-Zip gene expression
predicts organ initiation site, similar to that of Arabidopsis orthologous genes; however,
there have been no reports in rhizophores (Floyd et al., 2006; Prigge et al., 2006). A BAC
library containing ten genome-equivalents and ESTs containing 1301 non-redundant clones
have recently been constructed for S. moellendorffii (Wang et al., 2005; Weng et al., 2005).
Further studies using genomic resources to construct libraries for other large-sized
Selaginella species, as well as studies using microarray techniques, will reveal the gene
expression profiles of spikemoss pleu'rogenous architectures, which will aid in depicting

evolutionary scenarios for early land plants.

25



26

Chapter 3.

The cloning and characterization of PIN genes from a
chalophyte alga, a liverwort, a moss, and two gymnosperms, and

the phylogenetic analysis of land plant PIN genes
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3-1 Introduction

The plant hormone (phytohormone) auxin plays a critical role in various aspects of
plant growth and development, such as shoot elongation, phyllotaxy, root development,
embryo patterning, cell elongation, vascular tissue differentiation, and tropic responses to
light and gravity, by forming local concentration gradient by polar auxin transport (Estelle,
1992; Woodward and Bartel, 2005). In Arabidopsis thaliana, pin]l mutants are characterized
by pin-shaped inflorescence and it became clear that PIN proteins play a key role in
facilitation of auxin efflux from cells (Okada et al., 1991; Gilweiler et al., 1998). Molecular
genetic studies in the A. thaliana and other species have shown auxin transport systems
comprising the PINFORMED (PIN) auxin efflux carriers, ATP-BINDING CASSETTE
GROUP B/P-GLYCOPROTEIN/MULTIDRUG RESISTANCE (ABCB/PGP/MDR) auxin
transporters, and AUXIN-RESISTANT1 (AUX1)/ LIKE-AUX1 (AUX1/LAX) auxin influx
carriers (Zazimalovd et al., 2010). Above all, polar auxin transport and auxin gradients are
mainly mediated by PIN family that exhibits asymmetrical positioning, while
MDR/ABCB/PGPs proteins are found on all sides of the membrane (Zazimalov4 et al., 2010),
and it was suggested that AUX1/LAX proteins that exhibit asymmetrical positioning at the
plasma membrane act to buffer the PIN-mediated patterning mechanism against
environmental or developmental influences (Reinhardt et al., 2003; Bainbridge et al., 2008).

The A. thaliana genome contains eight PIN genes (AtPINI-AtPIN8) and the AtPIN

proteins have specific patterns of tissue localization and specific roles in development

27



28

(Gilweiler et al., 1998; Luschnig et al., 1998; Miiller et al., 1998; Friml et al., 2002a; 2002b;
2003; Benkov4 et al., 2003; Vieten et al., 2005; Krecek et al., 2009; Mravec et al., 2009;
Keuskamp et al., 2010). The PIN family proteins were classified into PIN1-type (PIN1, 2, 3,4,
and 7) and PINS-type (PINS, 6, and 8). The former were localized to the plasma membrane
(PM) and the latter to the endoplasmic reticulum (ER) (Mravec et al., 2009). Moreover,
localization of PIN1-type protein is various and dynamic: PIN1-type protein is internalized
and localizéd at basal, apical, and/or lateral side on PM. For example, AtPIN1 was polarly
localized to the basal side of xylem parenchyma cells of inflorescence axes (Géalweiler et al.,
1998), AtPIN2 was polarly localized to the apical side of root epidermal cells (Miiller et al.,
1998), AtPIN3 was polarly localized to the lateral side of root pericycle cells and the polar
localization of AtPIN3 in columella cells was changed from symmetric to asymmetric by a
change in the gravity (Friml et al., 2002b), AtPIN4 was localized to surface of the hypophysis
cell, basal cell, and provascular cells of a globular embryo (Friml et al., 2002a), and the polar
localization of AtPIN1 and AtPIN7 in embryogenesis were switched during embryogenesis
(Friml et al., 2003). The predicted structure of all PINs contains two hydrophobic domains
separated by a hydrophilic loop domain. The hydrophilic loop domain, which is the crucial
region related to the function of transmembrane proteins, exhibits more variability than
hydrophobic domains. The hydrophilic loop domain contains the following motifs: the
internalization motif NPXXY (Zazimalov4 et al., 2007; Mravec et al., 2009), the cluster of
glycosylation and two phosphorylation sites (Gly/2P cluster) (Zazimalov4 et al., 2007), three

TPRXS (N/S) motifs phosphorylated by PINOID (PID) protein Ser/Thr kinase (Dhonukshe et
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al., 2010; Huang et al., 2010), and other phosphorylation sites (Michniewicz et al., 2007,
Zhang et al., 2010). Changes of amino acid sequences in the hydrophilic loop domain are
successful in getting different function containing various localizations of PIN protein, and
hence change the morphology: Mutational analysis of tyrosine-based NPNSY motif in
AtPIN1 indicated that the mutated AtPIN1:GFP with NSLSL motif was localized to ER
(Mravec et al., 2009); The phosphorylation at three TPRXS (N/S) motifs of the AtPIN2 was
reduced or abolished when the middle serine residue (Ser) in three TPRXS (N/S) motifs were
replaced with alanine residues (Ala). Thus, the localization of mutated AtPIN2 in root cells
was changed and the gravitropic root growth exhibited abnormality like the atpin2 mutant
(Dhonukshe et al., 2010); Loss-of-phosphorylation AtPIN1:GFP with altered three TPRXS
(N/S) motifs induced inflorescence, flower, and embryo defects correlating with their
mislocalization (Huang et al., 2010); And the mutated AtPIN1:GFP caused defective
phyllotaxis and floral morphology when Ser337 and Thr340 were both converted into Ala or
Asp residue. Furthermore, it has been exhibited that the defects in the subcellular localization
of phosphomimic PIN1:GFP(Asp) were observed in the embryo and root though the
nonphosphorylation PIN1:GFP(Ala) localization was not changed, and that the
AtPIN1:GFP(Asp) was functionally replaced AtPIN2 in its endogenous expression domain
(Zhang et al., 2010). These revealed that PIN motifs contribute to functional diversification in
PIN family and plant morphology.

Several outcomes occur on duplicated genes: subfunctionalization,

neofunctionalization, and pseudogenization (Zhang, 2003; Moore and Purugganan, 2005;
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Floyd and Bowman, 2007). The AtPINs may have evolved from a common single ancestral
sequence and AtPINI gene is more closely related to AtPIN3, AtPIN4, and AtPIN7 genes than
AtPIN2 gene (Paponov et al., 2005). The phylogenetic structure of PIN gene family has been
broadly conserved in eudicots and more divergent in grasses. It is likely that PIN diversity is
related to the plant characters, for example, development of root system or phyllotaxy
(Paponov et al., 2005).

Determining the phylogenetic relationships in the PIN gene family among plants is
necessary step for elucidating the evolution of PIN gene family, which has been thought to be
important for morphogenesis. The precise phylogeny of PIN gene family including
relationships among duplicated genes and their functional diversity is still not clear (Paponov
et al., 2005; Zazimalov4 et al., 2007; Krecek et al., 2009). And, the origin of PIN gene in the
evolutionary history of plants is also unknown (Paponov et al., 2005; Zazimalovi et al., 2007,
Krecek et al., 2009). To determining the phylogenetic relationships in the PIN gene family
among plants, we need to find the PIN gene family in charophyte alga. PIN genes are
observed in almost all of the land plants. However, PIN-like genes, which are similar in amino
acids sequence and not identified as the PIN gene, are found in prokaryotes and eukaryotes on
NCBI database (http://www.ncbi.nlm.nih.gov/), of course in A. thaliana, whereas the PIN
orthologous gene was not found in the whole-genome analysis of chlorophyta
(Chlamydomonas reinhardtii, Ostreococcus tauri, Micromonas pusilla, Chlorella vulgaris,
and Volvox carteri) (Krecek et al., 2009). In a latest study, a putative PIN orthologous gene

lacking 5’ end has been found from EST libraries in Spirogyra pratensis (De Smet et al.,

30



31

2011), but this was not enough for phylogenetic analysis.

To elucidate the evolution of the PIN gene family, I performed exhaustive analysis
of PIN genes in land plants and a charophyte alga. At the beginning, I found a new variant
sequence of PpPIND from the moss, Physcomitrella patens. I isolated PIN genes from plants
in the five major lineages: Pinus thunbergii (Coniferophyta), Ginkgo biloba (Ginkgophyta),
Physcomitrella patens (Mosses), Marchantia polymorpha (Liverworts), and Closterium
peracerosum-strigosum-littorale complex (Charophyta). For the genes from P. patens and C.
psl. complex, I have determined the exon-intron structures for phylogenetic inference. Then, I
describe phylogenetic relationships of the PIN gene family of land plants with the
phylogenetic tree using C. psl. complex as an outgroup gene and with the comparison of the

amino acid sequence motifs.
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3-2 Materials and Methods

3-2-1 Plant materials

C. psl. complex The strains of heterothallic Closterium peracerosum-
strigosum-littorale complex (C. psl. complex), unicellular charophyte alga, were NIES-67
(mt*) and NIES-68 (mt), which were obtained from the National Institute for Environmental
Studies, Ibaraki, Japan. The respective vegetative cells (mt*-V and mt-V) were obtained from
cultures grown in nitrogen-supplemented medium (C medium;
http://www.nies.go.jp/biology/mcc/home.htm), as described previously (Sekimoto et al.,
1990). The sexual reproduction of C. psl. complex was induced as described previously
(Sekimoto et al., 2006). At 24 and 72 hours after the mating reaction began, the cells were
harvested, frozen in liquid nitrogen, and stored at —80°C (mix-24 h and mix-72 h,

respectively).

P. patens Physcomitrella patens (Hedw.) Bruch & Schimp subsp. patens
originally collected in Gransden Wood, Huntingdonshire, U. K. (Ashton and Cove, 1977), was
used in this study. It was cultured in plant incubator on the same condition as follows.

Physcomitrella patens (P. patens) was grown on medium based on BCDAT medium,
which contains BCD medium [1 mM MgSO,, 10 mM KNO;, 45 M FeSO,, 1.8 mM KH,PO,
(adjusted pH to 6.5 with 4 M KOH), 1 mM CaCl,], 5 mM ammonium tartrate, and trace

elements (Knight et al., 1988). The trace elements included 0.22 yM CuSO,, 0.19 uM ZnSO,,
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10 uM H;BO,, 0.10 pM Na,MoO,, 2 yM MnCl,, 023 uM CoCL, and 0.17 uM KI
(Nishiyama et al., 2000). These media were solidified with 0.8 % (w/v) agar (01028-85,
NACALAI TESQUE, Kyoto, Japan) in 9 cm Petri dishes. The solidified medium was covered
with a layer of cellophane (TAIKO, Hyogo, Japan) to facilitate collection of the moss from
the medium (Grimsley et al., 1977). Polytron homogenizer (Kinematica, Littau, Switzerland)
or a homogenizer (AM-2, Nippon Seiki, Niigata, JAPAN) were used to homogenize the moss
with sterilized water, and approximately 5 ml of homogenized moss was applied to one solid
medium. The medium was put in the plant incubator under continued light condition at 25 °C.

BCDAT and BCD media were used for gametophyte development.

Gymnosperms Young male reproductive organs of Pinus thunbergii and
Iweek-old seedling plant of Ginkgo biloba were collected at University of Tokyo, Japan, in

April. All materials were frozen in liquid nitrogen.

3-2-2 Extraction of total RNA and preparation of cDNA

C. psl. complex Total RNA was isolated using the Trizol plus RNA purification
kit (invitrogen), according to the manufacturer’s instructions. Total RNAs derived from cells
in various stages of sexual reproduction (1, 2, 4, 6, 8, 12, 16, 20, 24 h after mixing) were
isolated, mingled and used as primary materials to construct full length cDNA library. Various
expressed sequence tag (EST) related sexual reproduction were obtained (Sekimoto et al.,

unpublished data) and used for similarity search by blastn program. Furthermore, the
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Complementary DNA (cDNA) was synthesized from total RNA that was isolated from
respective cells at two stages of sexual reproduction (mix-24 h and mix-72 h) using the
TaKaRa RNA LA PCR kit (AMV) version 1.1 (TaKaRa Bio) and oligo dT - adapter primer,

according to the manufacturer’s instructions.

P. patens Total RNA was extracted using the RNeasy Plant Mini Kit
(QIAGEN K. K., Tokyo, Japan) from chloronemata and gametophore, and treated with the
RNase-free DNase I (Roche) according to the manufacturer’s instructions. Single stranded
complementary DNA (cDNA) was synthesized from DNase I treated total RNA using the
SuperScript II (invitrogen) reverse transcriptase and the Oligo dT-Adaptor Primer (Gibco-

BRL, Rockvill, MD, USA).

Gymnosperms Total RNA extraction from gymnosperms for 3’ and 5’
RACE were performed as described by Shigyo and Ito (2004). Total RNAs of Pinus
thunbergii and Ginkgo biloba were extracted from male cones approximately 0.5-1.0 cm
long and young seedling approximately 1.5 cm, respectively. Complementary DNA was
synthesized from DNase I treated total RNA (1 ug) using SuperScript III (invitrogen)
reverse  transcriptase and an oligo dT  adapter primer (3’AP: 5’-

GGCCACGCGTCGACTAGTACT-T17-3’), according to the manufacturer’s instructions.

3-2-3 Cloning of the PIN genes
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C. psl. complex c¢DNAs containing the entire coding regions of CpslcPIN were
cloned using the partial sequences found in the EST database as follows. A cDNA of
CpslcPIN was amplified by PCR using the CpslcPIN-specific primers: CpPIN-F2 (5°-
TCATCAGCGTCGATCATTAGCGTCGAGC-3’), CpPIN-F3 (5’-
AGCGTCGAGCATTAGTGTTACACTG-3’), CpPIN-R1 (5'-
ACCAAAGAACGTCCTTAACGGAATAGCCTCC-3’) and CpPIN-R2 5’-
ACGGAATAGCCTCCTAGTTGACTG-3’), designed using sequence information from EST
data (Sekimoto et al., unpublished data). The PCR products were inserted into pPGEM-T Easy
Vector (Promega, Madison, WI, USA).

To determine the exon—intron junctions, I searched for whole genome sequences

data (Sekimoto et al., unpublished data) and compared with the cDNA of CpsicPIN (Fig.7).

Bryophytes The partial sequences of PhypaPIND were obtained from the
Physcomitrella  patens  EST  database, clone MS481l.seq.1  (PHYSCObase:
http://moss.nibb.ac jp/). A cDNA of PhypaPIND was amplified by PCR using the
PhypaPIND-specific primers: PpPIN-f2 (5’-GGGGTTCTTCGAGCTCGACTTAAATTC-3’)
and PpPIN-r2 (5’-GAAGTCCTTGCAAGTGATTTATGGTTA-3’) and sequenced it.

To determine the exon—intron junctions, I searched for whole-genome sequences
data (NCBI: http://www.ncbi.nlm.nih.gov/) and compared with the cDNA of PhypaPIND.
Moreover, PhypaPIND genomic DNA was cloned by PCR with a high fidelity enzyme using

the PhypaPIND-specific primers: PpPIN-5°f1 (5’-
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GGTCGAGAGAGATGAAGTATGTAGGGTTTTACC-3’) and  PpPIN-3’rl (5’-
AGTGGAGAAGCAGAGACTCAGCGGACC-3’) in Chapter 4 (Fig. 8).
PIN cDNA sequences of Marchantia polymorpha were provided by Prof. John

Bowman and Dr. Sandra Floyd at Monash University.

Gymnosperms To clone the PIN genes of the two gymnosperms, I proceeded
as follows. The partial PIN coding sequence was amplified by PCR using cDNA template
obtained and PIN-specific degenerate.primers. I synthesized four PIN-specific degenerate
primers based on a comparison of the amino acid sequences of previously reported PIN genes:
PIN-Nf1 (5°-TN CCN YTN TAY GTN GC-3°), PIN-Nf2 (5’-{CAU}, AAY RAY CCN TAY
RMN ATG AA-3’), PIN-Crl (5’- TC NYK NGC RAA NAC RAA-3’), and PIN-Cr2 (5’-
{CUA}, TG NGG NAR NGC NGC YTG-3’) where K, M, N, R, and Y follow the IUPAC
code. The 5’ and 3’ terminal sequences of the PIN gene were determined by rapid
amplification of cDNA ends (RACE) experiments. To obtain the full-length cDNA of the PIN
gene, we synthesized gene-specific primers based on regions located close to 5° ends of each
cDNA according to the nucleotide sequences of the RACE products. The cDNA of PinthPINI
and GinbiPINI was amplified by PCR using the universal adaptor primer (UAP: 5’-
CUACUACUACUAGGCCACGCGTCGACTAGT-3’) and the PinthPINI and GinbiPINI-
specific primers, respectively: PtPIN-F1 (5’- TGCCAAGCTATCAATAGACCAGAGG-3’)
and PtPIN-F2 (5’- TCCTGATTTGTATGCCGCGACTGTC-3’), and GbPIN-F1 (5’-

ACTGTAGGCTAGAGTATCCCAATATCATAG-3’) and GbPIN-F2 ¢5’-
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TAGAGTATCCCAATATCATAGATTAGCTGC-3’). The PCR products were inserted into

PGEM-T Easy Vector (Promega, Madison, WI, USA), and were sequenced (Fig. 9 and Fig.

10).

3-2-4 cDNA sequence determination
The cloned products were sequenced using a Dye Terminator Cycle Sequencing
kit and a CEQ 8000 Genetic Analysis System (Beckman Coulter). Sequencing was

conducted according to the manufacturer’s instructions.

3-2-5 Protein prediction

The transmembrane domains were estimated using TMHMM Server v. 2.0:
http://www.cbs.dtu. dk/servicess  TMHMM/.

Motifs were  predicted according to the PROSITE database:
http://prosite.expasy.org/, and were cited from Michniewicz et al. (2007); Zazimalov4 et al.
(2007); Mravec et al. (2009); Dhonukshe et al. (2010); Huang et al. (2010); and Zhang et al.

(2010).

3-2-6 Phylogenetic analysis
To construct a phylogenetic tree of PIN genes, the amino acid sequences showed in
Figure 11 were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG,

http://www.genome jp/kegg/) database and from Miyashita et al. (2010) (Table 2). Sequences

37



38

were aligned using the program MAFFT version 5, method L-INS-i (Katoh and Toh, 2008).
The maximum likelihood (ML) distances were calculated using the MEGA 5 software
(Tamura et al., 2011) with the Whelan and Goldman (WAG) model (Whelan and Goldman,
2001) of the amino acid replacements assuming a proportion of the invariant sites and four
gamma-distributed rates (WAG + I + G4 model) of amino-acid sequence evolution with all
sites containing gaps. ML heuristic method was the nearest-neighbor-interchange (NNI), and
initial tree for ML was made automatically. The robustness of the trees was assessed by
bootstrap analysis (100 replicates). Some sequences in database were excluded from the
phylogenetic analysis because of insertions, deletions, and/or atypical length. Bayesian
inference (BI) analysis was performed using MrBayes version 3.12 (Ronquist and
Huelsenbeck, 2003) with Metropolis Coupled Markov chain Monte Carlo (MCMC) with all
sites containing gaps used as the missing data. Trees were sampled every 100 generations for
a total of 1,000,000 generation MCMC analysis, and the first 2,500 trees (250,000
generations) were discarded as burn-in. The Convergence of the MCMC procedure was
assessed by calculating the effective sampling size (ESS) with the program Tracer version 1.3
(Rambaut and Drummond, 2004). An ESS above 100 was considered significant. Posterior
probabilities of nodes were estimated based on 50% majority rule consensus of the remaining

7,500 trees.
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3-3 Results

3-3-1 Isolation of PIN genes from a charophyte, a liverwort, a moss, and
two gymnosperms

By searching the EST database of Closterium peracerosum-strigosum-littorale
complex (C. psl. complex) (Sekimoto et al., unpﬁblished data), a unicellular charophyte alga,
the PIN homologous gene sequences were obtained. A PIN homolog was named C. psl.
complex PIN-FORMED gene (CpsicPIN, DDBJ accession number AB748929). The
CpslcPIN cDNA was amplified from each sample of 24 and 72 hours after the mating reaction
using the CpsicPIN-specific primers. The full-length CpsicPIN cDNA encodes a putative
protein of 762 amino acids residues (Fig. 7).

PIN gene sequences of Marchantia polymorpha (liverwort), were provided from
Professor John Bowman and Dr. Sandra Floyd at Monash University. MarpoPINI,
MarpoPIN2, MarpoPIN3, and MarpoPIN4 have the open reading flame of 2160, 1230, 1377,
and 1548 bp encoding 719,409, 458, and 515 amino acids residues, respectively.

PhypaPIND cDNA (DDBJ accession number AB748930) has the open reading
flame of 1290 bp encoding 429 amino acids residues, which has 71 amino acids residues
longer than already known PhypaPIND (NCBI accession number XM_001765711; Rensing et
al., 2008) in central hydrophilic loop region (Fig. 8). I could not confirm existence of
precedent PpPIND (NCBI accession number XM_001765711; Rensing et al., 2008) using

PCR in this study. This indicated that PhypaPIND (DDBJ accession number AB748930)
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isolated in this study is probably the complete and correct sequence of the cDNA.

Candidate PIN homologs of P. thunbergii and G. biloba (Gymnosperms), were
obtained from young male reproductive organs and one week-old seedling plant, respectively,
using the 3’ and 5° RACE systems with PIN-specific degenerate primers based on the
alignment of PIN genes in P. patens, A. thaliana, and O.sativa. Four of these degenerate
primers located in the amino and carboxy-terminal hydrophobic domain in predicted structure
of PIN protein. Using these primers, I obtained partial fragments of the putative P. thunbergii
PIN homolog and the putative G. biloba PIN homolog. The remaining parts of these DNA
fragments were cloned using 3’ and 5’ RACE systems. To confirm that the 3’ and 5° RACE
products were from the same cDNA, I synthesized gene-specific primers based on regions
located close to 3> and 5° ends of each cDNA according to the nucleotide sequences of the
RACE products. The PIN homologs were named P. thunbergii PIN-FORMED gene (PinthPIN,
DDBJ accession number AB748932) and G. biloba PIN-FORMED (GinbiPIN, DDBJ
accession number AB748931). The full-length PinthPIN and GinbiPIN ¢cDNA encodes a

putative protein with 695 and 707 amino acid residues, respectively (Fig. 9 and Fig. 10).

3-3-2 Characterization of PIN genes from a charophyte, a liverwort, a
moss, and two gymnosperms

PIN protein prediction The PIN proteins are known to have two
hydrophobic domains that are separated by a hydrophilic loop domain (Zazimalovi et al.,

2007). The transmembrane domains were estimated using TMHMM?2 server. The predicted
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amino acid sequences of CpsicPIN, PhypaPIND, MarpoPINI, MarpoPIN2, MarpoPIN3,
MarpoPIN4, PinthPIN and GinbiPIN ¢cDNA showed the three-domain topology typically
found in other PIN proteins (Fig. 12). Hydrophilic loop domains of CpsicPIN, MarpoPIN1,
PinthPIN, and GinbiPIN is longer than most of other PINs and they are more similar to the
P. patens PINA-C (Fig. 12). And a hydrophilic loop domain of PhypaPIND, MarpoPIN2,
MarpoPIN3, and MarpoPIN4 is intermediate length (middie-looped PIN) that is neither
short-looped PIN (ArathPINS5, 8) nor long-looped PIN (ArathPIN1-4, 6, and 7) (Fig. 12). In
the hydrophilic loop domain, the internalization motif NPXXY (Barak et al., 1994,
Zazimalov4 et al., 2007; Mravec et al., 2009), three TPRXS (N/S) phosphorylation motifs
(Dhonukshe et al., 2010; Huang et al., 2010), and a cluster of motifs Gly/2P (Zazimalovi et
al., 2007) were found in MarpoPIN1, PinthPIN and GinbiPIN amino acid sequences,
whereas these motifs were not found in CpslcPIN and PhypaPIND, MarpoPIN2,
MarpoPIN3, and MarpoPIN4 (Fig. 11). GinbiPIN contains two amino acids serine and
threonine that are phosphorylated by PID in ArathPIN1 (Ser337 and Thr 340) (Michniewicz
et al., 2007; Zhang et al., 2010) (Fig. 11), which suggests that the function of GinbiPIN

gene may be similar to ArathPIN1 gene.

Exon-intron structures analysis of the CpsicPIN and PhypaPIND genes It
has been supported that exon-intron structure in orthologous genes and in paralogous genes is
conserved, and is useful for phylogenetic inference (Rokas et al., 1999; Krem and Di Cera,

2001; Kolukisaoglu et al., 2002; Wada et al., 2002). The exon—intron structure of PIN gene
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family is well conserved (Paponov et al., 2005; Wang et al., 2009): For example, the exons
and intron posistions of AfPINI gene are conserved in the orthologous genes consisting of
AtPIN3,4,and 7, which are AtPINI paralogous genes, and in OsPINla, 1b, Ic,and Id, which
are orthologous genes of AtPIN]. In addition to domain and motif analysis, the CpsicPIN and
PhypaPIND genes were confirmed to belong the PIN gene family based on arrangement of
exons and introns. The putative homologous exon-intron structures and transmembrane
domains are shown in Figure 13. The 3"-4"-5®.6™-7" exons and introns of PhypaPIND gene
showed highly similar distribution to the 2°-3“-4"-5".6" exons and introns of other
PhypaPINA-C genes (Fig. 13). Furthermore, the 3-4"-5"-6"-7" exons and intron positions of
PhypaPIND gene are also highly similar to it of all ArathPIN genes except ArathPIN5 gene
which conserved only the 2™-3"-4"-5" exons and intron positions; the 2"-3-4"-5".6" the 5"-
6"-7"-8"-9" and the 3"-4"-5"-6"-7" exons and intron positions of ArathPINI, 3, 4, and 8,
ArathPIN2, and ArathPIN6 genes, respectively. The 4®-5"-6"-7" exons, transmembrane
domains and intron positions, although 4™ and 5" introns are long, of CpsicPIN gene showed
high similarity to the 4™-5"-6"-7" exons, transmembrane domains and intron positions of
PhypaPIND gene. Thus Figure 13 shows that in the 3’-terminal half region of the gene
structure, distribution of exons and C-terminal transmembrane domains is highly conserved
among PIN genes, and it suggests that CpsicPIN and PhypaPIND genes are members of PIN

gene family.

3-3-3 Analysis of phylogenetic relationships among PIN homologous genes
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Gene tree of PIN gene family The phylogenetic tree of PIN genes among
land plants was constructed based on 79 amino acid sequences of the full-length cording
region of PIN genes from the angiosperms, gymnosperms, lycophyta, and bryophyta (moss
and liverwort), and an amino acid sequence of charophyta to outgroup using ML and BI
methods (Fig. 11, Fig. 14, and Fig. 15). I used the CpslcPIN sequence of C. psi. complex as
outgroup for rooting the tree, because it is thought that several genes of land plants have
been gained in ancestor common to the streptophytes consisting of charophytes and land
plants (Gogarten et al., 1989; Iwabe et al., 1989). The alignment of 80 entire PIN sequences
provided a matrix of 1089 amino acid residues containing insertions and deletions (Fig. 11).

The resulting ML tree (Fig. 14) showed ten major monophyletic groups roughly
similar to BI tree (Fig. 15) with ten monophyletic groups expect tree topology: (1) The
group A consisted of bryophytes was supported with 99% bootstrap value and 1.00 posterior
probability in ML and BI, respectively (99/1.00). (2) The group B consisted of grasses was
supported with 100/1.00. (3) The group C was supported with 99/1.00. The branch of this
group C consisted of two subgroups: eudicots and grasses groups. (4) The group D was
supported with 97/1.00. The branch of this group D consisted of two subgroups: eudicots
and grasses groups. (5) The group E consisted of eudicots was supported with 100/1.00.
This group E in ML tree formed a clade with PoptrPIN15 and vvi_100253235 group of the
group E’, but was low bootstrap support (24%). (6) The group F consisted of bryophytes
was supported with 100/1.00. (7) The group G consisted of S. moellendorffii was supported

with 70/1.00. (8) The group H was supported with 77/1.00. The branch of this group H
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consisted of two subgroups: eudicots and grasses groups. (9) The group I was supported
with 78/0.87. The branch of this group I consisted of two subgroups: eudicots and grasses
groups. This group I in BI tree formed a clade with a PoptrPIN10 of the group E’ in ML tree
with 1.00 posterior probability. (10) The group J was supported with 72/0.98. The branch of
this group J consisted of two subgroups: subgroup J-1 and subgroup J-2 was supported with
98/1.00 and 49/0.95, respectively, moreover, the both subgroups consisted of eudicots and
grasses groups, respectively. Gymnosperms (PinthPIN and GinbiPIN) group has low
bootstrap support (39%) and not formed a clade in BI tree. Although ten monophyletic
groups were recognized by high bootstrap support, phylogenetic relationship among these
ten groups is still inconclusive because there are some clades with low bootstrap probability

in this ML and BI tree. A summary of ML tree was shown in Figure 17A.

Motif comparison among PIN genes To clarify phylogenetic relationships
in the PIN family furthermore, I compared with signature motifs of PIN amino acid
sequences. In a recent study, it has been revealed that ArathPINs have some motifs related
PIN localization and/or plant morphology (Michniewicz et al., 2007; Mravec et al., 2009;
Dhonukshe et al., 2010; Huang et al., 2010; Zhang et al., 2010). These motifs were found as
some molecular synapomorphies in the multiple alignment of amino acid sequences of PIN
genes which showed many molecular synapomorphies (Fig. 16): (1) All groups (group B to
J) except group A have a PNXY amino acid residues in site of NPXXY motif; (2) Groups C

to J have a NPNXY amino acid residues in NPXXY motif; (3) Groups E, F, G, H, I, and J



45

have a Gly/2P cluster (second cluster) and three TPRXS(N/S) motifs, but the group E has
two TPRXS(N/S) motifs; (4) Groups F, G, H, and J have one more Gly/P cluster at site of
the third cluster. The site corresponding to this third Gly/2P cluster lost the Gly (N-
glycosylation site, NX[S/T]X) and gained the CK2 (casein kinase II phosphorylation site,
[S/T1XX[D/E]) in the group I because Asn residue (N) in the Gly was altered to Glu residue
(E) (the 401st site in Fig. 11); (5) Group G, H, I, and J have one more PKC (Protein kinase
C phosphorylation site, [S/TIX[R/K]) at site of the third cluster and they have the third
Gly/2P cluster except group I; (6) Group H and subgroup J-1 have one more Gly/2P cluster
(first cluster). The site corresponding to this first Gly/2P cluster was altered to PKC from
Gly in the subgroup J-2; (7) Group I has no first Gly/2P cluster; (8) Subgroup J-2 has no
third TPRXS(N/S) motif; (9) Grasses groups of groups H, I, and subgroup J-2 have no first
Gly/2P cluster, no third TPRXS(N/S) motif, and no first TPRXS(N/S) motif, respectively;
and (10) The GinbiPIN has SPNT amino acid residues including two phosphorylation sites
by PID which had been found in ArathPIN1 (Ser337 and Thr340) by Michniewicz et al.
(2007) and Zhang et al. (2010). I constructed the phylogenetic tree using the signature
motifs (Fig. 17B), it indicated that the gene tree of the PIN family were supported and
reinforced with these molecular synapomorphies (Fig. 17A and Fig. 17B). Especially, the
monophyletic group consisting of groups B to J was supported by PNXY amino acid
residues in site of NPXXY motif, and groups C to J was supported by NPNXY amino acid
residues in NPXXY motif; the monophyletic group consisting of groups E to J was

supported by the second Gly/2P cluster and the first and third TPRXS(N/S) motifs; the
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monophyletic group consisting of groups F to J was supported by the second TPRXS(N/S)
motifs; and the monophyletic group of J-2 was supported by absence of the first Gly/2P

cluster and the third TPRXS(N/S) motif (Fig. 17A and Fig. 17B).
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3-4 Discussion

By characterizing the PIN genes from the charophyta, liverwort, moss, and
gymnosperms, I have provided new insight into the evolution of this gene family of auxin
efflux carriers. In particular, the presence of PhypaPIND, MarpoPIN2, MarpoPIN3, and

MarpoPIN4 suggested a new hypothesis about role of PIN genes.

3-4-1 Sequence analysis of the PIN family of Streptophyta

Streptophyta consist of charophyte algae and land plants that have separated from
Chlorophyta (McCourt et al., 2004). Homologs of the PIN gene family have been found in
many land plants, and PIN-like genes are widely present in life. But, until the present report,
no PIN orthologous gene had been reported in species of the Chlorophyta (Paponov et al.,
2005; Zazimalov4 et al., 2007; Krecek et al., 2009), and there was no report on these genes
in green algae. CpsicPIN is the first full-length PIN orthologous gene to be reported from
charophyte algae, although a PIN fragmental sequence was found in the EST library in
Charophyta, i.e. S. pratensis (De Smet et al., 2011). Furthermore, the full-length cDNAs of
PIN genes were isolated from two of the three major lineages of Bryophyta, the liverwort
Marchantia and the moss Physcomitrella. Although the PIN sequence has been found in the
moss P. patens (Paponov et al., 2005; Rensing et al., 2008), I could not confirm the
existence of precedent PpPIND cDNA (NCBI accession number XM_001765711; Rensing

et al., 2008) using PCR in this study. It is likely that XM_001765711 is a splicing variant
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and the expression level is very low. Thus, the sequence of PhypaPIND isolated in this
study provided perfect information for the analyses of phylogenetic relationships and
function of its gene and protein. I isolated full-length cDNAs of PIN genes from two of the
four major lineages of Gymnosperms, Coniferophyta Pinus and Ginkgophyta Ginkgo,
although a PIN gene from Coniferophyta Pinus has been reported in Palovaara et al. (2010).
These sequence data could contribute to improving the phylogenetic analysis of PIN genes
among streptophytes. The analysis of exon-intron structures suggests that the CpsicPIN and
PhypaPIND genes are orthologous genes of the PIN gene family (Fig. 13). The gene tree
suggested that the MarpoPIN2, MarpoPIN3, and MarpoPIN4 genes are orthologous genes
of the PhypaPIND gene (Fig. 14 and Fig. 15).

It has been suggested that the hydrophilic loop domain of the AtPIN protein is
involved in regulation via protein—protein interactions (Kerr and Bennett, 2007) and also
interacts with ABCB/PGP/MDR proteins to enhance the auxin efflux (Blakeslee et al., 2007;
Geisler and Murphy, 2006). In this study, it became clear that two hydrophobic domains and a
long-loop domain of PIN protein were well-conserved among the Streptophyta (Charophyta
and land plants) (Fig. 12). The Gly/2P motif, considered to be important for posttranslational
modifications (Zazimalovd et al., 2007), three TPRXS (N/S) motifs phosphorylated by the
PID protein (Dhonukshe et al., 2010; Huang et al., 2010), and a tyrosine-based NPXXY
internalization motif (Zazimalov4 et al., 2007; Mravec et al., 2009) in a hydrophilic loop
domain are conserved in all land plants, whereas the PhypaPIND, MarpoPIN2, MarpoPIN3,

and MarpoPIN4 proteins with a middle-loop have none of these motifs (Fig. 12). In addition,
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the CpsIcPIN protain from charophycean algae does not have these motifs. This suggests that
the function of the CpsicPIN gene and the PhypaPIND, MarpoPIN2, MarpoPIN3, and
MarpoPIN4 genes are likely to be different from other PIN genes. I cannot specify whether
the putative function of the CpsicPIN and PhypaPIND and MarpoPIN2, MarpoPIN3, and
MarpoPIN4 proteins is as an auxin carrier or whether there is an alternative or additional
function only from the present sequence information. The hydrophilic loop domain of
GinbiPIN contains the amino acids serine and threonine that may be target sites of PID-
dependent phosphorylation like the ArathPIN1 protein (Michniewicz et al., 2007; Zhang et al.,
2010) (Fig. 16), and thus it is likely that the behavior of GinbiPIN is similar to the ArathPIN1

protein.

3-4-2 Phylogenetic relationships and molecular evolution of the PIN gene
family

I found many molecular synapomorphies in the PIN genes of land plants. The
phylogenetic tree based on amino acid sequences of PIN genes was reinforced by the
presence and absence of some signature motifs. The phylogenetic relationships and
molecular evolution of PIN gene family were underpinned by the gene tree and signature
motifs.

In the ML tree obtained in the present study, I could recognize some gene groups;
however, the phylogenetic relationships among these groups could not be clarified due to

low support of the branches (Fig. 14). Thus, I employed motif information to recognize
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monophyletic groups, and constructed the maximum parsimonious tree using the signature
motifs (Fig. 17B). Figure 17 shows a summary of phylogenetic relationships among the PIN
genes in land plants. The phylogenetic trees of PIN genes were supported by some motifs in
some aspects; however, there was some conflict between the gene tree and the motif tree
(Fig. 17A and Fig. 17B). The monophyletic group consisting of groups F and G in the ML
tree could not be supported by the motifs because there is a feature common to groups G, H,
I, and J which is two PKC at the site corresponding to the third Gly/2P cluster (Fig. 16, Fig.
17A, and Fig. 17B). The third Gly/2P cluster shows molecular synapomorphy in the groups
G, H, and J. However, group I has no Gly corresponding to this third Gly/2P cluster because
the Asn amino acid residue in the Gly was altered to a Glu amino acid residue (Fig. 11 and
Fig. 16). I inferred that the third Gly/2P cluster has been individually lost in groups F and I
because the parallel gain of functional motif is a very low probability event in groups G, H,
and J in the ML tree, respectively. Therefore, Figure 17C proposed a possible phylogenetic
relationships among the PIN genes in land plants with the constraint of monophyly of the
group F and G. It was inferred that the third Gly/2P cluster was gained in an ancestor
common to groups F, G, H, I, and J; thereafter, the PKC and the Gly in the third Gly/2P
cluster was lost in groups F and I, respectively (Fig. 17C). This issue will be resolved when
more species are included in the phylogenetic analyses because our analyses were
performed with sequences of the full-length coding region. It would be highly desirable to
include more PIN sequences from the gymnosperms and ferns because the phylogenetic

distance between flowering plants, lycophyta, and bryophyta is very large.
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According to the ML and BI tree obtained in this study, it was interpreted that the
lineages of bryophytes and lycophytes have individually lost orthologous genes
corresponding to groups B, C, and D. However, it is also possible that problems with
random sampling error could have occurred (Fig. 14 and Fig. 15). Considering the present
understanding of land plant phylogeny, my results show that the PIN genes of land plants
consist of major three groups, which correspond to “Core”, “Basal”, and “Bryophyta-
specific” groups (Fig. 14, Fig. 15, and Fig. 17). Land plants consist of Bryophyta and
Tracheophyta. The “Core” group includes bryophytes and tracheophytes, which have a
long-loop and several motifs: a NPXXY motif, at least one Gly/2P cluster, and one TPRXS
(N/S) motif. The “Basal” group includes only angiosperms, which lack the long-loop and
have a PNTY or NPNXY amino acid motif. The absence of the “Basal” group gene in P.
patens and S. moellendorffii has been confirmed by genome sequence analysis (Rensing et
al., 2008; Banks et al., 2011). Therefore, the results suggest that at least two PIN genes
existed in the last common ancestor between eudicots and monocots. Group E, including
ArathPING (Fig. 14 and Fig. 15), is likely to have separated from the “Core” group early in
evolution because Mravec et al. (2009) have found that the AtPINS, 6, 8 proteins are
localized in the ER. The PIN homologous genes of Bryophytes, the liverwort M.
polymorpha and the moss P. patens are separated into the “Core” group and “Bryophyta-
specific” group. Proteins of the “Bryophyta-specific” group have a middle-loop and the
NPXXY and TPRXS (N/S) motifs are absent (Fig. 16). The PhypaPIND gene has suggested

the possibility of horizontal transfer of this gene from grasses because of the presence of
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intron sequences (Krecek et al., 2009; Mravec et al., 2009). However, the PhypaPIND gene
formed a cluster with the MarpoPIN2, MarpoPIN3, and MarpoPIN4 genes, supported by a
99% bootstrap value and 1.00 posterior probability, which indicate orthologous genes (Fig.
14 and Fig. 15). Thus, it is suggested that at least two PIN genes existed in the last common
ancestor between bryophytes and tracheophytes, and the orthologous PhypaPIND gene is
absent in tracheophytes. This suggests that genes of the “Bryophyta-specific” group may
have a bryophyte-specific role that is absent in tracheophytes. The lycophyte S.
moellendorffii PIN genes formed a clade, suggesting that SelmoPIN genes were generated
by S. moellendorffii-specific duplications, and SelmoPIN genes may have an S.
moellendorffii-specific role. Furthermore, I found that the group J clearly diverged into
subgroup J-1 and subgroup J-2 (Fig. 17). The subgroup J-1 includes ArathPIN1, whereas no
gene of A. thaliana was found in subgroup J-2, and the features of the motifs different
greatly between the subgroups (Fig. 16). This result suggests that the genes of subgroup J-2
probably have new role which is not required for A. thaliana. No PIN genes could be found
in the Chlorophyta Chlamydomonas, Ostreococcus, Micromonas, Chlorella, and Volvox,
whereas they were present in the filamentous charophyte algae S. pratensis (De Smet et al.,
2011) and the unicellular C. psi. complex. This indicates that the PIN family appeared early
in the evolution of Streptophyta. The cDNA of the CpsicPIN gene was amplified in samples
24 and 72 hours after the mating reaction, whereas I could not isolate it from vegetative
cells (mt*-V and mt-V), suggesting that CpsicPIN is likely to function in sexual

reproduction and/or zygote formation. A gene introduction and stable transformation system
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has been created in the unicellular charophyte alga C. psl. complex (Abe et al., 2008; 2011).
Furthermore, I found at least two PIN homologous genes from the EST database in Chara
braunii (Sakayama et al., unpublished data), and am trying to isolate the cDNA now. The
Charales, including Chara braunii, are often considered to be a sister lineage to land plants,
although it has been suggested that either the Zygnematophyceae or a clade consisting of
Zygnematophyceae and Coleochaetophyceae might be the most likely sister group to land
plants (Becker and Marin, 2009; Turmel et al., 2006; Wodniok et al., 2011). The elucidation
of the Charophyta PIN orthologous genes is expected to reveal a more comprehensive

evolutionary history of the PIN gene family.
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The analysis of the moss Physcomitrella patens PIND gene
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4-1 Introduction

Phylogenetic analysis of PIN family using a charophytes, bryophytes, lycophytes,
gymnosperms, and angiosperms suggests that bryophytes have a specific gene group,
presumably exhibiting bryophytes specific function (Chapter 3). In this chapter, the moss
Physcomitrella patens was used as a model plant for further research, and the PpPIND gene
belonging to the “Bryophytes-specific” group has been analyzed in detail.

The moss P. patens has many suitable features as a model plant. The simple
morphology of P. patens makes it a useful system for studies on plant physiology and
developmental biology (Cove et al., 1997; Reski, 1998; Schumaker and Dietrich, 1998). The
ability to target gene disruption in P. patens is attributed to a high rate of homologous
recombination that has not been observed in other land plants (Kammerer and Cove, 1996;
Schaefer, 2001). The life cycle of P. patens comprises haploid gametophyte and diploid
sporophyte (Cove and Knight, 1993). The haploid gametophyte of P. patens has two major
developmental stages: protonemata are branching system of cell filaments and
gametophores are leafy shoots that are the more familiar part of most moss plants. The
diploid sporophyte of P. patens has a short stalk without branching and lateral organ, and is
a typical one in bryophytes. In the evolution of vascular plants, tracheophyte, the dramatic
change in the gametophyte and sporophyte could have occurred, because many differences
in organization are found between bryophytes and tracheophytes both in gametophyte and

sporophyte (Kenrick and Crane, 1997). The gene tree shown in Chapter 3 (Fig. 14 and Fig.
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15) suggests that PpPIND gene is expected to carry the role specific to bryophytes.

Here 1 describe expression pattern of PpPIND gene using semi-quantitative RT-
PCR and real time PCR analysis. Furthermore, I report the results of functional studies of
PpPIND gene, as an initial contribution towards gaining an understanding of the role of PIN
gene family in a moss: The pppinD disruptant lines were generated. Additionally, to analyze
relationship between PpPIND protein and auxin transport, I generated pppinD disruptant
lines in the background of GH3:GUS1-1 and GH3:GUS36-1 lines (Fujita et al., 2008) that

indicate GUS activity in response to auxin.
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4-2 Materials and Methods

4-2-1 Plant materials and culture conditions

The plant materials were the moss Physcomitrella patens as written in Chapter 3.
BCDAT, BCD, and Jiffy-7 media (Jiffy-7; Jiffy Products International AS, Kristansand,
Norway) were used for the culture of P. patens. To induce the gametangia and sporophytes,
protonemata that had been vegetatively propagated on 9 cm petri dishes with BCDAT
medium were inoculated onto sterile 42-mm diameter peat pellets. Jiffy-7 medium was
autoclaved in a plastic plant box (Asahi Techno Glass, Chiba, Japan) with milli-Q water
(MILLIPORE, MA, USA). The mosses inoculated on the Jiffy-7 medium were cultured at
25°C under continued light conditions for 1 to 1.5 months, and then transferred to 15°C
under 8-hour light/16-hour dark conditions for induction of gametangia development. Under
these conditions, first antheridia and then archegonia differentiated at the shoot apices of the
gametophores. Fertilization was promoted by pouring sterilized water to the surface of the
gametophores colony. Sporophytes were visible under stereomicroscope 4 weeks after the

transfer to 15°C and were collected after an additional month of culture.

4-2-2 total RNA extraction
Total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN K. K., Tokyo,
Japan) from different stages of the moss life cycle: chloronemata, caulonemata,

gametophore with rhizoids, antheridia, archegonia, and sporophytes.
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4-2-3 Preparation of cDNA

Total RNA was quantified on the NanoDrop (NanoDrop Technologies, Wilmington,
DE, USA), and treated with the RNase-free DNase I (Roche) according to the
manufacturer’s instructions. For the semi-quantitative RT-PCR analysis, single stranded
complementary DNA (cDNA) was synthesized from 500 ng DNase I treated total RNA
using the SuperScript I reverse transcriptase and the Oligo dT-Adaptor Primer (Gibco-BRL,
Rockvill, MD, USA). For the real-time PCR analysis, single stranded ¢cDNA was
synthesized from 500 ng DNase I treated total RNA using the PrimeScript RT reagent kit
(Perfect Real Time) with the random hexamers and the Oligo dT Primer (TaKaRa)

according to the manufacturer’s instructions.

4-2-4 Semi-quantitative RT-PCR

To examine the patterns of expression, cDNAs were synthesized from total RNA
extracted from different stages. The PCR amplification test was performed with PpPIND
gene-specific internal primer set PpPIN-F300 5’-
TGGGTGATTACCTTATTCCAGCTCTC-3’) and PpPIN-R395 (5’-
ATGAGCGAGTAGACGATTCCCATAAC-3’). The P. patens orthologous gene of the
glyceraldehyde-3-phosphate dehydrogenase C subunit gene (PpGapC) was used as an
internal control. PpGapC was amplified by PCR with PpGapC-F850 (5'-

CGATGCCATTAAGACGGCTATCAA-3’) and PpGapC-R59 5-
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CATGAACGCTGGCGATGGAAATTA-3’) primers. PCR reactions were carried out using
0.1 ul TaKaRa Ex Taq HS (TaKaRa), 2u1 10 x Ex Taq buffer, 1.6 1 2.5 mM dNTP, 0.5 ul
each of 10 M gene-specific forward and reverse primers, and 1 ul of a cDNA in 20 ul of
final reaction volume. The PCR conditions were 1 cycle at 94°C for 60 sec, followed by 36,
38, or 40 cycles of 94°C for 30 sec, 56°C for 30 sec, and 72°C for 45 sec, and a final step at
72°C for 5 min. The results of expression analysis were confirmed by conducting an
additional independent experiment as a repeat of the whole procedure from the starting

point isolation of total RNA, and similar results were obtained (data not shown).

4-2-5 Quantitative real-time RT-PCR

To perform the quantification expression analysis, real-time PCR analysis was
carried out using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) with the TagMan Probe (Applied Biosystems) and the Premix Ex
Taq (Perfect Real Time) (TaKaRa) according to the manufacturer’s instructions. The
primers and probe for real-time PCR were designed using the Primer Express 2.0, a
software program provided with the ABI PRISM 7000 Sequence Detection System
(Applied Biosystems). PpPIND gene was detected using the PpPINDcDNA-303F (5'-
ACAAACGTCTGCGCTGAACA-3’) and PpPINDcDNA-375R (5°-
CCCACCGGGCAAATTTC-37) primers and PpPINDcDNA probe (5’-
TGGAAGCTGGCAGAATCGTTGAGGAG-3’). The P. patens orthologous gene of the

alpha-1 tubulin gene (PpTUAI, DDBJ Accession No. AB096718) was used as an internal
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control to normalize the amount of templates in RT-PCR. PpTUAI gene was detected using
the PpTUA1cDNA-1002F (5’-ACATGGCGTGTTGCCTGAT-3’) and PpTUAI1cDNA-
1088R (5’-CCGTGCGCTTCGTCTTG-3’) primers and PpTUA1 probe (5'-
AAGGACGTGAACGCCGCGGT-3). To test the accuracy of the amplification plot method
on DNA standard samples of known concentration, data from standard curves were
analyzed. The DNA standard samples of PpPIND and PpTUA1I were obtained by PCR. PCR
amplification was carried out with the plasmid of each gene that obtained in cloning and the
T7 (5’-TAATACGACTCACTATAGGG-3’) and SP6 (5’-ATTTAGGTGACACTATAGAA-
3’) primers. The duplicate measurement was carried out using each of the cDNA and
standard samples as template. Statistical analysis was performed according to standard
procedures. Standard errors are shown in the figure as bars on the data points. The results of
expression analysis were confirmed by conducting an additional independent experiment as
a repeat of the whole procedure from the starting point isolation of total RNA, and similar

results were obtained (data not shown).

4-2-6 Genomic DNA extraction
Genomic DNA was extracted from protonemata of P. patens by the CTAB

( Hexadecyltrimethylammonium bromide) method (Murray et al., 1980).

4-2-7 Genomic Southern hybridization

2 ug of P. patens genomic DNA were digested, separated on 0.7 % (w/v)
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SeakemGTG agarose (BMG, Rockland, ME, USA), and transferred to a Hybond N* nylon
membrane (GE Healthcare, UK). An Alkphos Direct kit (GE Healthcare, UK) was used for

labeling DNA probes, hybridization and detection.

4-2-8 Construction for PpPIND gene-knock-out

To disrupt the PpPIND gene, the plasmid pGUSmutNPTII (provided by Dr.
Hiwatashi), which contained the coding sequence of B-glucuronidase gene (#idA), nopaline
synthase polyadenylation signal (nos-ter), and neomycin phosphotransferase II (nptll)
cassette (Nishiyama et al., 2000), was used for construction of PpPIND-dis lines.

PpPIND genomic DNA (5130 bp) amplified using the gene-specific primer set
PpPIN-5’f1 (5’-GGTCGAGAGAGATGAAGTATGTAGGGTTTTACC-3’) and PpPIN-3’rl
(5’-AGTGGAGAAGCAGAGACTCAGCGGACC-3’) was cloned into pGEM-T Easy
vector (Promega, Madison, W1, USA), thereby generating pgPpPIND (Fig. 8).

A 1053 bp fragment of the 5’ region containing the estimated start codon of
PpPIND gene was amplified using the PpPIN-KO5’f 5’-
GGGGTACCGACAGGCAGAGGGGAGATCTG-3’) and PpPIN-KO5’r (5’-
CCATCGATTGTCAACATGACGATAACGTTGATTGTCC-3’) primers and pgPpPIND
plasmid. The 1053 bp fragment was digested by Kpnl and Clal and cloned into Kpnl-Clal
site of pGUSmutNPTII plasmid. A 664 bp fragment of the 3’ region containing the stop
codon of PpPIND gene was amplified using the PpPIN-KO3’f (5’-

CACTAGTCTGAGAAATACAAATTCCAGACAACGAATAC-3’) and PpPIN-KO3’r (5°-
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TCCCCGCGGGGTACCATTGACCTGTTTCTGAGATG-3’) primers and pgPpPIND
plasmid. This 664 bp fragment was digested by Spel and Sacll and cloned into Spel-Sacll
site of pGUSmutNPTII plasmid including the previous fragment of 5’ region of PpPIND
gene. Then the recombinant plasmid was designated as pPpPIND-dis. pPpPIND-dis plasmid
was linearized with Kpnl for gene targeting.

To disrupt the PpPIND gene in the GH3:GUSI1-1 and GH3:GUS36-1 transgenic
lines provided by Asst. Prof. Fujita, the plasmid pPpPIND-dis was modified stripping it of
the coding sequence of uidA by EcoRI digestion. Then this recombinant plasmid was
designated as pGH3GUS/PpPIND-dis. pGH3GUS/PpPIND-dis plasmid was linearized with

Kpnl, that was used for construction of GH3:GUS/PpPIND-dis lines.

4-2-9 Transformation of P. patens

Polyethylene glycol-mediated transformation was performed as previously
described (Nishiyama et al., 2000). Stable transformants were screened with PCR using
appropriate primer sets to confirm the insertion of the construct in the locus. PCR-positive

candidates were further analyzed by Southern analyses.

4-2-10 Detection of phenotypic abnormality by dissection
Since there is no information on the difference in intensity of connection between
the sporophyte and the gametophyte in P. patens, shoot tips of gametophores bearing a fully

mature sporophyte were collected 8 weeks after induction of gametangia development from
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the wild type and PpPIND disruptant lines. Differences in intensity of the junction between
vaginula and sporophyte foot were classified into three types, “looseness”, “moderateness”,
and “tightness” junction types. A method of dissection and classification was as follows.
Fresh plants were laid on a slide glass and were dissected immediately in 50 mM sodium
phosphate buffer (pH 7.0) without fixation treatment under a stereomicroscope (LEICA
MZ16, Leica Microsystems, Wetzlar, Germany). Shoot tip of gametophores bearing a fully
mature sporophyte was separated from gametophores at the site of innermost perichaetial
leaf, which is near to end of the sporophyte foot. Under holding the sporangium using a
tweezers, a slit was put into the vaginula from the bottom end using a sharp single-edged
razor, which was made from a twin bladed razor (Feather, Osaka, Japan). Then, the vaginula
was slipped off or was dragged away from foot using a sharp single-edged razor. At this
time, I recognized three types among them as follows. It was classified into the “looseness”
junction type when the vaginula was pushed very lightly and could be separated from foot,
and when the adhesion between vaginula and foot could not be perceived sensibly. It was
classified into the “moderateness” junction type when the vaginula was pushed lightly and
could be separated from foot, and when the adhesion between vaginula and foot could be
subtly perceived sensibly. It was classified into the “tightness” junction type when the
adhesion between vaginula and foot could be perceived sensibly and the vaginula was
dragged away from foot. I performed blind test when phenotypic abnormality between the

wild type and PpPIND disruptant lines was detected.
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4-2-11 Statistical analysis

The corelation between the PpPIND disruptant lines and junction types were
analyzed using a Pearson's Chi-squared test with Yates' continuity correction for evaluation
that there is no variation between the PpPIND disruptant lines. For testing difference
between the wild type and the PpPIND disruptants, we used a binomial generalized linear
model (GLM). All statistical analyses were performed with the software R v2.11.1 (R-
Development-Core-Team, 2010). For binomial, the junction type was classified into the

“looseness” and the “moderateness and tightness”.

4-2-12 SEM

For scanning electron microscopy (SEM), fully matured sporophytes at 8 weeks
after induction of gametangia development were fixed with 2.5% glutaraldehyde in 0.1 M
sodium phosphate buffer pH 7.0 for 48 hours at 4°C after 30 min under vacuum. The
samples were washed with 0.1 M sodium phosphate buffer (pH 7.0) for 1 hour at 4°C, and
then fixed in 2% osmium tetroxide for 2 hours at 4°C. The fixed samples were dehydration
through a graded ethanol series. The freeze-dried preparations were soaked through a
graded tert-butyl alcohol and ethanol mixture series. Change the tert-butyl alcohol again and
only small amount enough to soak the samples was used. The samples were frozen in
refrigerator for few minutes and freeze-drying using a JEOL JFD-300 Freeze Drying Device
(JEOL Ltd, Tokyo, Japan). The dried samples were mounted on stubs using carbon tape and

coated with gold with an ion sputter JFC-1100 (JEOL Ltd, Tokyo, Japan). The preparations
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were observed using a SEM_SU1510 (Hitachi High-Technologies, Tokyo, Japan) operating

at 15 kV and photographed.

4-2-13 TEM

For transmission electron microscopy (TEM), fully matured sporophytes at 8 weeks
after induction of gametangia development were injured using needle and were fixed with
2.5% glutaraldehyde in 0.1 M sodium phosphate buffer pH 7.0 for 48 hours at 4°C after 30
min under vacuum. The samples were washed with 0.1 M sodium phosphate buffer (pH 7.0)
for 1 hour at 4°C, and then fixed in 2% osmium tetroxide for 2 hours at 4°C. The fixed
samples were dehydration through a graded ethanol series. Subsequently, embedded in
spuur low viscosity resin (Polysciences, Inc. Pennsylvania, USA) through a graded spuur
resin and ethanol series. Sections were prepared and stained with uranyl acetate and lead
citrate. TEM micrographs were taken with a JEM-1011 (JEOL Ltd, Tokyo, Japan) operating

at 75 kV.

4-2-14 Microtome section

For microtome sections (MS) using paraffin, fully matured sporophytes at 8 weeks
after induction of gametangia development were injured using needle and were fixed in
FAA (5% [v/v] formalin, 5% [v/v] acetic acid, and 45% [v/v] ethanol) for 24-48 hours after
30 min under vacuum. The fixed samples were dehydrated in ethyl alcohol and butyl

alcohol series, embedded in paraffin through a graded paraffin and butyl alcohol series, and
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cut into 7 um thick sections using LEICA RM2145 (Leica Microsystems, Wetzlar,

Germany). Sections were stained with safranine for 24 h and fast green for 20 s.

4-2-15 GUS assay

GUS staining was performed as described by Nishiyama et al. (2000). The
disrupted lines were cultured on BCDAT or Jiffy-7. The tissues were not fixed before GUS
staining, and infiltrated for 30 minutes under vacuum in a substrate solution (50 mM
NaH,PO, [pH 7.0], 0.5 mM 5-bromo-4-chloro-3-indolyl b-D-glucuronide [X-Gluc, Wako,
Osaka, Japan], 0.5 mM K,Fe (CN) ¢, 0.5 mM K, Fe (CN) 4, and 0.05 % [v/v] Triton X-100),
and then incubated at 37 °C for 12-24 hours for staining. After the incubation, the tissues
were dehydrated through a graded ethanol series. Images of the stained tissues were

digitized with CCD camera (LEICA DFC480, Leica Microsystems, Wetzlar, Germany).
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4-3 Results

4-3-1 Expression pattern of the PpPIND gene

Semi quantitative RT-PCR analysis To investigate the expression pattern of
PpPIND gene, 1 performed gene-specific semi quantitative RT-PCR using total RNA
extracted from gametophytes (chloronemata; caulonemata; shoot tips of adult gametophores
without rhizoids at 25°C; base of adult gametophores with rhizoids at 25°C; shoot tips of
gametophores bearing antheridia, 2 weeks after induction; and shoot tips of gametophores
bearing antheridia and archegonia, 3weeks after induction) and sporophyte with
gametophyte (shoot tips of gametophores bearing young sporophyte, 3.5 weeks after
induction; and shoot tips of gametophores bearing mature sporophyte, 5 weeks after
induction). As shown in Figure 18, PpPIND gene was highly expressed in chloronemata,
caulonemata, and young and mature sporophytes with shoot tips of gametophores, whereas
low expression was detected in reproductive organs and not detected in adult gametophores
with rhizoids at 25°C. This result indicates that the PpPIND gene is constantly expressed in
the protonemata and sporophyte phase, although slightly lower in the sporophyte, and
shows very low-level expression in reproductive organs. Furthermore, Figure 18 shows that
expression of PpPIND gene (XM_001765711; Rensing et al., 2008) was not detected in all
the sampling organs because the band is 386 bps, whereas PpPIND gene from this study is
559 bps. This suggested that PpPIND gene (XM_001765711; Rensing et al., 2008) is a

splicing variant and probably without a clear function.
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Quantitative real-time RT-PCR analysis To analyze the expression pattern
of the PpPIND gene in detail, I employed a real time PCR method that is capable to
quantitatively detect the differences of gene expressions among samples.

The expression of the PpPIND gene in sporophytes phase was highest in fully
matured sporophytes. In shoot tips of gametophores, the expression increased at fully
matured sporophytes phase, and the expression level of the PpPIND gene increased as the
sporothytes matured (Fig. 19). In gametophyte generation, high expression level was
observed in caulonemata (Fig. 19). This result indicates that the PpPIND gene is gradually
highly expressed in sporophytes and shoot tips of gametophores till sporophytes become
fully mature, and that the expression level in caulonemata is by far the highest among

gametophyte.

4-3-2 Functional analyses of the PpPIND gene and PpPIND protein
Generation of PpPIND and GH3:GUS/PpPIND disruptants To investigate
the function of PpPIND gene, the disruptants were generated by homologous recombination
using targeting constructs (Fig. 20). A DNA fragment containing the uidA and nptll cassette
was replaced into P. patens PIND gene locus to obtain PpPIND disruptants. After screening
of stable transformants of PpPIND gene locus by PCR analysis, eight lines (PpPIND-dis-5-
33, 5-113, 5-116, 5-135, 5-154, 5-162, 24-168, 24-292) were found. In addition to the

PpPIND disruptants, to analyze the relationship between PpPIND protein and auxin

68



69

transport, GH3:GUS/PpPIND disruptants were generated by disrupting PpPIND gene in the
background of the two types GH3:GUS transgenic lines which have auxin-responsive GH3
promoter with a GUS reporter gene in P. patens (Fujita et al., 2008). A DNA fragment that
contained the nptll cassette was replaced into PpPIND gene locus in P. patens GH3:GUS
lines (GH3:GUS 1-1 and GH3:GUS 36-1 lines which the GH:GUS insert is the reverse and
forward direction) to obtain GH3:GUS/PpPIND disruptants. By PCR analysis, five and
three lines (GH3:GUS 1-1/PpPIND-dis-1, 6, 9, 104, 206, and GH3:GUS 36-1/PpPIND-dis-
1, 8, 9) were found to have a disrupted PpPIND gene locus in GH3:GUS 1-1 and 36-1 lines,
respectively. Genomic southern analyses showed that all lines contained a single insertion in

PpPIND gene locus (Fig. 21, Fig. 22, and Fig. 23).

Phenotype of PpPIND disruptants All PpPIND disruptant lines possessed
phenotypically normal morphology. However, phenotypic abnormality becomes apparent
through the dissection of sporophytes. I counted the number of the appearances of the loose,
moderate, and tight junction types under the blind condition without information of wild
types or PpPIND disruptant lines. The PpPIND disruptant lines, line 5-33, 5-135, and 5-162,
were characterised by a more increase in population that loosed junction between vaginula
(gametophyte generation) and sporophyte foot in fully matured phase, and conversely
tightened population was decreased (Fig. 24): The frequency of the loose, moderate, and
tight junction were 27.3%, 32.8%, and 39.8% in wild type; 56.5%, 26.1%, and 17.4% in

PpPIND-dis-5-33; 55.1%, 24.6%, and 20.3% in PpPIND-dis-5-135; 63.3%, 23.3%, and
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13.3% in PpPIND-dis-5-162, respectively. For the statistical analysis, at first, I performed a
Pearson's Chi-squared test with Yates' continuity correction for evaluation. As a result, no
significant differences among the PpPIND disruptant lines were found. Then, a GLM
method was applied to test an effect of disruption of PpPIND gene. The equivalence among
the PpPIND disruptant lines was presented: p-value = 0.9036 between PpPIND-dis-5-33
and PpPIND-dis-5-135, p-value = 0.8265 between PpPIND-dis-5-33 and PpPIND-dis-5-162,
and p-value = 0.5871 between PpPIND-dis-5-135 and PpPIND-dis-5-162 (Table 3). As the
no significant difference among the PpPIND disruptant lines, I used these PpPIND
disruptant lines for functional analysis of PpPIND. The effect of disruption of PpPIND gene
was clarified using a GLM data analysis (p-value = 0.00768, Table 4). The present results
supported that the junction between vaginula and sporophyte foot in fully matured phase are
likely to become looser in the PpPIND disruptant than in wild type.

To examine a reason why it become loose, I observed intracellular structure, cell
structure, and surface of cell walls of sporophyte-gametophyte junction using transmission
electron microscopy (TEM), microtome sections (MS), and scanning electron microscopy
(SEM). A slight difference was recognized with SEM: the surface of cell walls of foot in
PpPIND disruptant lines was slightly smooth compared with wild type (Fig. 25). Under
TEM (not shown) and MS (Fig. 26), no morphological difference was detected between

wild type and disraptants.

GUS assay of GH3:GUS/PpPIND disruptants In the P. patens, GH3:GUS
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lines have indicated GUS activity of a GH3 auxin-responsive promoter in gametophyte and
sporophyte (Fujita et al., 2008). I examined changes in GUS staining patterns between
GH3:GUS lines and GH3:GUS/PpPIND disruptant lines. The localization of GUS signal
was detected, which was changed at upper region of vaginula in GH3:GUS/PpPIND
disruptant lines (GH3:GUS 1-1/PpPIND-dis-1, 9 and GH3:GUS 36-1/PpPIND-dis-8) as
compared with GH3:GUS lines (Fig. 27): The upper region of vaginula in GH3:GUS 1-1
was stained, whereas GH3:GUS 1-1/PpPIND-dis-1 and 9 were not detected; and the upper
region of vaginula in GH3:GUS 36-1 was weakly stained, whereas GH3:GUS 36-
1/PpPIND-dis-8 was increased GUS staining. The two different phenotypes caused by the
same gene disruption are unusual, however, there was difference in construction to insert a
GH3:GUS expression cassette between GH3:GUS 1-1 and GH3:GUS 36-1 transgenic lines.
In other organs, a significant difference in GUS staining could not be detected between
GH3:GUS lines and GH3:GUS/PpPIND disruptant lines because the GUS staining signal

was unstable among individuals.
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4-4 Discussion

4-4-1 Functional analysis of the PpPIND gene

PpPIND gene expression was found in the matured sporophyte and shoot tip of the
gametophore during sporophyte maturation, and in protonemata, especially caulonemata (Fig.
18 and Fig. 19). Additionally, disruptants defective in the PpPIND gene showed substantial
increases in the population that loosened the junction between the vaginula and sporophyte
foot in the fully matured phase (GLM data analysis, p = 0.00768) (Fig. 24 and Table 4). These
results suggest that the PpPIND gene may function in the regulation of the connection
between the sporophyte and the gametophyte in the fully matured phase. The fully matured
sporophytes phase occurs just before the release of spores. The PpPIND gene may have a role
specific to bryophytes, because tight junctions of the sporophyte—gametophyte may help to
widely disperse spores by wind and to provide a survival advantage. Interestingly, the
liverwort Marchantia, which has sporophytes suspended by a foot on the undersurface of an
archegoniophore (Smith, 1955), has three PINs which are in the sister group of the PpPIND
gene, as shown in Chapter 3 (Fig. 14 and Fig. 15). Thus, it is likely that the PIN genes in
Marchantia are more important for sporophyte development and the connection between the
sporophyte and the gametophyte than the PpPIND gene. Thus, the functional analyses of
Marchantia PINs will give us a better understanding of their function.

In bryophytes, the sporophyte—gametophyte junction also seems to be important in

nutrient transfer from the gametophyte to the sporophyte and in sporophyte penetration and
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growth (Uzawa and Higuchi, 2010). The PpPIND gene, which encodes for a putative
transporter protein and is highly expressed in sporophytes and the shoot tips of gametophores
in the fully matured sporophyte phase (Fig. 19), is expected to have a functional role in
substance transport and signal transduction, especially in the transport of nutrients or auxin, in
the fully matured sporophyte phase. Bryophytes have a sporophyte dependent on the
gametophyte throughout the life cycle, whereas tracheophytes have a reduced gametophyte
and a free-living sporophyte (Uzawa and Higuchi, 2010). The sporophyte—gametophyte
junction in bryophytes functions as a placenta. Placental cells generally have a dense
cytoplasm rich in mitochondria, endoplasmic reticulum and ribosomes, and they present a
wall-membrane apparatus typical of transfer cells characterized by wall ingrowths or a wall
labyrinth (Gunning and Pate, 1969; Ligrone et al., 1993). In this study, an abnormality in the
intracellular structure, cell structure, and wall ingrowths of placental cells in PpPIND
disruptants could not be detected by preliminary TEM and careful MS observation (Fig. 26).
More careful obéervations by TEM are needed because of the complex structure of placental
cells. It is likely that PpPIND gene is not important for nutrient transfer through placenta cells
or for the normal development of the sporophyte, but rather plays a role in signal transduction
(especially auxin signal transduction) without morphogenesis, because the sporophytes of
PpPIND disruptants looked normal without a clear change in placental cells. A reduced ratio
of auxin to cytokinin has been shown to promote cell adhesion in plant tissue culture
(Gamborg et al., 1968; Schiavone and Cooke, 1987), and auxin has been implicated in

providing positional cues during leaf abscission (McManus et al., 1998). The present
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phenotypic observation by dissection and SEM in the fully matured sporophyte phase showed
that the cell adhesion between the vaginula and sporophyte foot became loose in the PpPIND
disruptants (Fig. 24), and that the surface of cell walls in the foot of PpPIND disruptants was
slightly smoother without peeling damage or adhesion of fragments of the vaginula, whereas
the wild type seemed to be damaged and had fragments on the surface (Fig. 25). Feraru et al.
(2011) reported that cell wall integrity is required for PIN polarity in Arabidopsis; hence, PIN
gene defects may cause an abnormal condition in the cell wall. Because the regulation of
auxin concentration participates in the control of cell adhesion (Gamborg et al., 1968;
Schiavone and Cooke, 1987; McManus et al., 1998) and the Arabidopsis PIN gene is involved
in cell wall integrity (Feraru at al., 2011), one possibility is that the PpPIND gene encodes an
auxin efflux carrier and plays a role in cell adhesion between the sporophyte and gametophyte.
The study of the sporophyte—gametophyte junction is considered to be important for
understanding the relationship between the two generations in the evolution of land plants
(Ligrone et al., 1993; Uzawa and Higuchi, 2010), and a detailed study of the PpPIND gene
function would help us to understand this.

The phenotype of PpPIND disruptants obtained in this study showed a partial
abnormality; not all the PpPIND disruptants showed “looseness” and the surface of the cell
walls of the foot in PpPIND disruptants was not highly abnormal (Fig. 24 and Fig. 25). Auxin
transport is mediated at the cellular level by three independent mechanisms that are
characterized by the PIN-FORMED (PIN), ATP-BINDING CASSETTE GROUP B/P-

GLYCOPROTEIN/MULTIDRUG RESISTANCE (ABCB/PGP/MDR), and AUXIN-
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- RESISTANT1 (AUXI1)/LIKE-AUX1 (AUX1/LAX) transport proteins in A. thaliana
(Zazimalov4 et al., 2010). The ABCB/PGP/MDR and AUX1/LAX genes have been shown in
the P. patens genome (Rensing et al., 2008). It is possible that these genes could compensate

for the function a defective PpPIND gene, and further study of these genes is needed.

4-4-2 Functional analysis of the PpPIND protein

The GH3:GUS/PpPIND disruptants were produced to test whether the PpPIND
protein plays a role in auxin transport or not. As a result, different expression patterns of the
auxin response GH3:GUS reporter were found only in the vaginula (Fig. 27), which almost
corresponded but was not an exact match to the location of disruptant phenotypes of
PpPIND gene (Fig. 24 and Fig. 25) .The peculiar expression patterns in other organs could
not be detected because of the variance between individuals. This result suggests that the
PpPIND protein correlates with auxin transport in the vaginula and/or sporophyte foot.
Although a change in the GUS signal was detected only in the upper region of the vaginula
(Fig. 27), the auxin concentration might have been slightly changed over the entire vaginula
because the gradient of the GUS signal does not conform with the auxin concentration
gradient, and we cannot detect slight differences in the auxin concentration. There is the
possibility that a minor change in the auxin concentration could have an effect on the
junction between the vaginula and the sporophyte foot. On the other hand, it is possible that
the PpPIND protein may not be an auxin flux carrier, because a relationship between

GH3:GUS activity and the phytohormone abscisic acid has been reported by Fujita et al.
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(2008): The change in GH3:GUS activity can be suppressed by adding abscisic acid, which
is transported by the ATP-BINDING CASSETTE (ABC) transporter, which is in a
superfamily also containing the ABCB/PGP/MDR auxin transporter (Fujita et al., 2008; Seo
and Koshiba, 2011). Fujita et al. (2008) indicated that an auxin transport inhibitor can
disturb sporophyte development in the moss P. patens. 1 tested for a disturbance of the
sporophyte—gametophyte junction caused by an auxin transport inhibitor; however, no clear
effect was observed because some water controls also showed a loosened the
sporophyte—gametophyte junction and an insufficient number of developed sporophytes was
examined. A more systematic analysis is required to detect the function of the PpPIND
protein. The A. thaliana PINS protein has been tested in an auxin efflux assay using a yeast
system, indicating that ArathPINS has an auxin export function (Mravec et al., 2009). This

strategy will clarify if the PpPIND protein plays a role in auxin transport.
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General Discussion
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It is unclear whether the function of morphogenetic genes identified in
angiosperms is conserved between long-distant lineages (e.g., between bryophytes,
lycophytes, and other vascular plants) and, especially, which genes are responsible for some
traits specific to the bryophytes, lycophytes, and angiosperms (Floyd and Bowman, 2007;
Singer and Ashton, 2007; Rensing et al., 2008; Okano et al., 2009; Banks et al., 2011).
Because of this redundancy, pseudogenization, subfunctionalization, and
neofunctionalization events occurred following gene duplication over a long period of time
during evolution (Zhang, 2003; Moore and Purugganan, 2005). It is difficult to identify the
gene responsible for the birth of a new trait only by functional analysis. It is also a question
whether molecular phylogenetic analysis including morphogenetic genes, whose function is
known in some model plants of angiosperms, is a better method to select candidate genes
for the responsible genes in early land plants, or not. For example, in gymnosperms, the
function of the class B and class C MADS-box genes could partially or fully substitute for
their angiosperm orthologous genes in complementation and ectopic expression
experiments. This revealed that these gene functions were conserved over more than 300
million years of seed plant evolution, because extant gymnosperms and angiosperms
diverged more than 300 million years ago (Sundstrom and Engstrom, 2001; Winter et al.,
2002; Zhang et al., 2004). This result was consistent with the results of gene phylogenetic
analysis. Similarly, in lycophytes and bryophytes, if the selection of genes based on
molecular phylogenetic analysis can succeed in functional analysis, such an approach makes

a contribution to the study of plant evolutionary genetics. I addressed these questions at the
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beginning of the present study, and the results presented in this thesis could serve as a
framework for future studies in order to reveal gene function in early land plants.

In Chapter 2, the SuKNOX1 gene was expressed in the shoot apical meristem but
not in the root meristem, as estimated by the molecular phylogenetic tree of KNOX genes
(Fig. 5 and Fig. 6). The expression of the SuKNOXI gene was also detected in the
rhizophore meristem (Fig. 6). This suggests that the rhizophore is an organ with stem
characteristics, not root characteristics. It was revealed that the SuKNOXI gene participates
in the development of the rhizophore, which is the peculiar organ to lycophyte. In this study,
I indicated that the function of the class 1 KNOX gene, expressed in SAM, but not in the
root meristem, might be conserved between lycophytes and angiosperms. Here, molecular
phylogenetic analysis including the gene identified in angiosperms was shown to be a useful
method to select a candidate gene for the functional analysis of molecular biology, also in
early land plants. In the present study, two KNOX-like genes were isolated from S. uncinata.
The phylogenetic tree of KNOX genes indicated that the SuKNOXI and SuKNOX?2 genes
belong to class 1 and class 2, respectively (Fig. 5). Most of the class 1 KNOX genes exhibit
a similar expression pattern in SAM in vascular plants, whereas class 2 KNOX genes have
more diverse expression patterns (Bharathan et al., 1997; Reiser et al., 2000; Harrison et al.,
2005; Sano et al., 2005). The analysis of the expression pattern of the class 2 SuKNOX2
gene will likely give us a greater understanding of the mechanism of morphogenesis in S.
uncinata and of the validity of molecular phylogenetic analysis to select a candidate

functional gene.
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In the Chapter 3, the phylogenetic relationships of PIN genes were estimated by
molecular phylogenetic tree and motifs comparison (Fig. 14, Fig. 15, and Fig. 16). I
suggested relationships between duplicated genes and their functional diversity among PIN
genes and showed that the PIN genes of land plants consist of major three groups (“Core”,
“Basal”, and “Bryophyta-specific” groups) (Fig. 17). Therefore, because it was predicted
that the PpPIND gene has a presumably bryophyte-specific function, I demonstrated the
result of functional analysis of the PpPIND gene in Chapter 4. A high expression level of
the PpPIND gene was especially detected in shoot tips of gametophores and sporophytes in
the mature sporophyte phase (Fig. 19). In addition, I could detect a phenotypic abnormality
and a change in the localization of the GUS signal at the junction between the vaginula
(gametophyte generation) and the sporophyte foot in PpPIND disruptants, and in the upper
region of the vaginula in GH3:GUS/PpPIND disruptants, respectively (Fig. 24, Fig. 25, and
Fig. 27). These results suggest that the PpPIND gene probably participates in subordination,
in which the sporophyte is dependent on the gametophyte, and the function of the PpPIND
gene is probably specific to bryophytes, as predicted by the molecular phylogenetic analysis
of each gene. The phenotype of PpPIND disruptants showed incomplete dysfunction (Fig.
24), indicating the possibility that instability of the cell wall composition and structure was
caused by the PpPIND gene defect. However, it is also possible to consider that the
redundancy of functions among PpPINA, PpPINB, PpPINC, and PpPIND caused this
instability. The redundancy of functions between P. patens KNOX genes belonging to

different groups on the phylogenetic tree has been reported by Singer and Ashton (2007).
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The functional analysis of three MKN genes, i.e. moss KNOX orthologous genes, has been
performed by gene knockout to produce single, double and triple mutants in P. patens. It has
been indicated that MKN2, a class 1 KNOX gene, functions in sporophyte ontogeny and
spore development; mutants of MKN4, another class 1 KNOX gene, were phenotypically
normal. MKN1I-3, a class 2 KNOX gene, functions in spore coat formation; thus, although
the two classes differ in terms of their main function, double and triple mutants indicated
functional redundancy between class 1 and class 2 KNOX genes. This report is the first to
demonstrate a case of functional redundancy between classes of KNOX genes. Considering
this result, although functional redundancy between PIN genes is only known in closely
related genes, i.e. AtPINI, AtPIN2, AtPIN3, AtPIN4, and AtPIN7 (Friml et al., 2003; Vieten
et al., 2005), it is likely that functional redundancy between the “Core” and “Bryophyte-
specific” groups of PpPIN genes is also possible by remaining partial function for their
main function before the gene duplication. This might be the reason why the abnormal
phenotypes of the PpPIND disruptants did not exhibit complete dysfunction (Fig. 24). To
support this hypothesis, further study is needed to create disruptants lacking gene
expression in both groups. Although well-known for closely related genes in flowering
plants (Byrne et al., 2002), functional redundancy between functionally different classes has
not been described. This phenomenon fnay peculiarly appear as an ancestral function,
because ancestral functions may not be fully diversified in bryophytes, compared with
flowering plants. PpPIN multiple disruptants may provide the ancestral functions of the PIN

gene.
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Genes as a subject of research in functional analyses are generally selected based
on an expectation of function which is known in some model plant of the angiosperms. In
my thesis, the study of the KNOX gene family in lycophytes followed this approach.
However, the PpPIND gene, whose function is probably unknown in some model
angiosperms, was selected in expectation of a bryophyte-specific function according to the
results of molecular phylogenetic analysis. As a consequence, I suggest that molecular
phylogenetic analysis is broadly helpful for functional analysis, not only for functionally
conserved genes, but also for functionally peculiar genes in early land plants. Thus, the
molecular phylogenetic analysis including a gene whose function is known in some model
angiosperm plant would be helpful in the functional analysis of both of functionally
conserved and unknown genes in early land plants. In addition, it will be interesting and
important if the functional redundancy between clades discriminated by clearly different

function exists in bryophytes.
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Table 1. KNOX genes

Accession no.  Gene name Species Fmily class Subdivision Division

U32344 STM Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AF482995 KNAT1 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
X81353 KNAT2/ATKI Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AY 086091 KNAT3 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
X92393 KNAT4 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AF306661 KNATS Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AB072361 KNAT6 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AF308451 KNAT7 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
X61308 KNI Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AAAB6287 RS1 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AF100455 LG3 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AF457118 LGda Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
P56659 KNOX1 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AAB33488 KNOX4 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
P56663 KNOXS5 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AAB33490 KNOX6 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
P56666 KNOX8 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AAB33489 KNOXI10 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
U90091 SKNI Picea mariana Pinaceae (Pine) Coniferopsida Gimnospermae (Gymnosperm)  Spermatophyta (Seed plant)
U90092 SKN2 Picea mariana Pinaceae (Pine) Coniferopsida Gimnospermae (Gymnosperm)  Spermatophyta (Seed plant)
AAV63997 PmKN3 Picea mariana Pinaceae (Pine) Coniferopsida Gimnospermae (Gymnosperm)  Spermatophyta (Seed plant)
AB043954 CRKNOX1 Ceratopteris richardii Adiantaceae Pteridopsida Pteridophyta (fern)
AB043956 CRKNOX2 Ceratopteris richardii Adiantaceae Pteridopsida Pteridophyta (fern)
AB043957 CRKNOX3 Ceratopteris richardii Adiantaceae Pteridopsida Pteridophyta (fern)
AB288208* SuKNOXI1 Selaginella uncinata Seclaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
AB288209* SuKNOX2 Selaginella uncinata Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta

AY 667449 SkKNOXI1 Selaginella kraussiana Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta

AY 667450 SkKNOX2 Selaginella kraussiana Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta

AY 667451 SkKNOX3 Selaginella kraussiana Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta

AF285148 MKNI1-3 Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

AF285147 MKN2 Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

AF284817 MKN4 Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

AF170172 AaKNOXI1 Acetabularia acetabulum Polyphysaceae Ulvophyceae Chlorophyta

CCD63401 CEH-20 Caenorhabditis elegans Caenorhabditis Secernentea Nematoda

CAA92154 CEH-40 Caenorhabditis elegans Caenorhabditis Secernentea Nematoda

BAA05957 PBX2 Homo sapiens Hominidae Mammalia Vertebrata Chordata

AAH94883 PBX3 Homo sapiens Hominidae Mammalia Vertebrata Chordata

CAC28212 PBX4 Homo sapiens Hominidae Mammalia Vertebrata Chordata

* s isolated from this study.



Table 2. PIN genes

KEGG Entry name Gene name Species Fmily Class Subdivision Division

AT1G23080 ArathPIN7 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
ATI1G70940 ArathPIN3 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
ATIG735%0 ArathPIN1 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
ATIG77110 ArathPIN6 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AT2G01420 ArathPIN4 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
ATS5G15100 ArathPIN8 Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AT5G16530 ArathPINS Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AT5G57090 ArathEIRV/ PIN2  Arabidopsis thaliana Brassicaceae (Mustard) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 231887 PoptrPIN3 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 560374 PoptrPIN8 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 728847 PoptrPIN7 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 734743 PoptrPIN2 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 759514 PoptrPIN13 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 774965 PoptrPIN15 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 780408 PoptrPIN12 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 797521 PoptrPIN10 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 798645 PoptrPINS Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 803601 PoptrPIN6 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 809416 PoptrPINS Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 824601 PoptrPIN1 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 827532 PoptrPIN11 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
POPTR 831533 PoptrPIN4 Populus trichocarpa Salicaceae (Willow) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
RCOM 0583560 Ricinus communis Euphorbiaceae (Spurge) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
RCOM 0843030 Ricinus communis Euphorbiaceae (Spurge) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
RCOM 1437510 Ricinus communis Euphorbiaceae (Spurge) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100242778 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100244520 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100249181 Vitis vinifera Vitaceae (Grape) Dicotyledoneac (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100250503 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100253234 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi;: 100256460 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100258578 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermac (Angiosperm) Spermatophyta (Seed plant)
vvi: 100259491 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi:00263725 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
vvi: 100268124 Vitis vinifera Vitaceae (Grape) Dicotyledoneae (Eudicot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)



Table 2 (continuation)

KEGG Entry name Gene name Species Fmily class Subdivision Division

BR000827* OrysaPIN1a Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000828* OrysaPIN1b Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000829* OrysaPINlc Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000830* OrysaPIN1d Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR0O00831* OrysaPIN2 Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000832* OrysaPIN3a Oryza sativa Poaceac (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BRO00833* OrysaPIN3b Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000834* OrysaPIN5a Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000835* OrysaPINSb Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000836* OrysaPIN5c Oryza sativa Poaceae (Grass) Monocotyledoneac (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000837* OrysaPIN8 Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
BR000838* OrysaPIN9 Oryza sativa Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 02g029210 SorbiPIN1 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 032029320 SorbiPIN2 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 03g032850 SorbiPIN3 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 03g037350 SorbiPIN4 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 05g002150 SorbiPIN7 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 07026370 SorbiPIN8 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 10g004430 SorbiPIN9 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 10008290 SorbiPIN10 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
SORBI 10026300 SorbiPIN11 Sorghum bicolor Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100191787 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100273056 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100281763 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100285745 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100381964 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
zma: 100383548 Zea mays Poaceae (Grass) Monocotyledoneae (Monocot) Angiospermae (Angiosperm) Spermatophyta (Seed plant)
AB748932** PinthPIN Pinus thunbergii Pinaceae (Pine) Coniferopsida Gimnospermae (Gymnosperm)  Spermatophyta (Seed plant)
AB748931** GinbiPIN Ginkgo biloba Ginkgoaceae (Ginkgo) Cycadopsida Gimnospermae (Gymnosperm)  Spermatophyta (Seed plant)
SELMODRAFT 102666 ~ SelmoPIN2-1 Selaginella moellendorffii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 105586  SelmoPIN3-2 Selaginella moellendorffii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 131936 SelmoPIN1-2 Selaginella moellendorffii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 234325  SelmoPINI-1 Selaginella moellendorlfii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 422990  SelmoPIN4-1 Selaginella moellendorffii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 88887 SelmoPIN5-1 Selaginella moellendorlfii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta
SELMODRAFT 98910 SelmoPIN3-1 Selaginella moellendorffii Selaginellaceae (Spike moss)  Lycopodiopsida (Club moss) Lycopodiophyta



Table 2 (continuation)

KEGG Entry name Gene name Species Fmily Class Subdivision Division

PHYPADRAFT 117036  PhypaPINB Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

PHYPADRAFT 202504  PhypaPINA Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

PHYPADRAFT 71313 PhypaPINC Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

AB748930** PhypaPpPIND Physcomitrella patens subsp. patens Funariaceae Bryopsida (moss) Bryophyta

ki MarpoPIN1 Marchantia polymorpha L. Marchantiaceae Hepaticopsida (liverwort) Bryophyta (Marchantiophyta )
b MarpoPIN2 Marchantia polymorpha L. Marchantiaceae Hepaticopsida (liverwort) Bryophyta (Marchantiophyta )
b MarpoPIN3 Marchantia polymorpha L. Marchantiaceae Hepaticopsida (liverwort) Bryophyta (Marchantiophyta )
* MarpoPIN4 Marchantia polymorpha L. Marchantiaceae Hepaticopsida (liverwort) Bryophyta (Marchantiophyta )
AB748929%* CpslcPIN Closterium peracerosum-sirigosum- Closteriaceae Charophyceae Charophyte( Green alga)

littorale complex

* is GenBank Accession number (Miyashita et al. 2010).
** js DDBJ Accession number (isolated from this study).
** is provided by Dr. Sandra Floyd and Professor John Bowman.



Table 3. Effects of disruption of PpPIND gene between the PpPIND disruptants.

The number of samples

looseness moderateness + tightness
WT 35 93
é PpPIND-dis-5-33 13 10
g PpPIND-dis-5-135 38 31
5 PpPIND-dis-5-162 19 11

Effects of disruption of PpPIND gene was equivalence between the PpPIND disruptants
(2 x 2 Pearson's chi-square test with Yates's continuity correction, X 2 = 0.0147, p-value =
0.9036 between PpPIND-dis-5-33 and PpPIND-dis-5-135, x 2 = 0.048, p-value = 0.8265

between PpPIND-dis-5-33 and PpPIND-dis-5-162, and x 2 = 0.2949, p-value = 0.5871
between PpPIND-dis-5-135 and PpPIND-dis-5-162).

Table 4. Effects of disruption of PpPIND gene on junction between vaginula and
sporophyte foot in fully matured phase using a binomial GLM.

Estimate Std. Error z value Pr(>lzl)
(Intercept) -0.97725 0.19830 -4.928 8.3e-07 ***
disruption 1.23962 0.46502 2.666 0.00768 **
PpPIND-dis-5-135 -0.05877 0.48528 -0.121 0.90362
PpPIND-dis-5-162 0.28418 0.56610 0.502 0.61567
PpPIND-dis-5-33 NA NA NA NA

Asterisk indicates a significant (*** p< 0.001, and ** p< 0.01). NA indicates not analyzed.



Table 5-1. Primers used in this study.

primer name sequence (5'to 3')

T7 TAATACGACTCACTATAGGG

SP6 ATTTAGGTGACACTATAGAA

3'AP GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT
5'AP CUACUACUACUAGGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG
UAP CUACUACUACUAGGCCACGCGTCGACTAGT
CpPIN-F2 TCATCAGCGTCGATCATTAGCGTCGAGC

CpPIN-F3 AGCGTCGAGCATTAGTGTTACACTG

CpPIN-R1 ACCAAAGAACGTCCTTAACGGAATAGCCTCC
CpPIN-R2 ACGGAATAGCCTCCTAGTTGACTG

PIN-Nf1l TN CCN YTN TAY GTN GC

PIN-Nf2 CAUCAUCAUCAU AAY RAY CCN TAY RMN ATG AA
PIN-Crl TC NYK NGC RAA NAC RAA

PIN-Cr2 CAUCAUCAUCAU TG NGG NAR NGC NGC YTG
PtPIN-F1 TGCCAAGCTATCAATAGACCAGAGG

PtPIN-F2 TCCTGATTTGTATGCCGCGACTGTC

GbPIN-F1 ACTGTAGGCTAGAGTATCCCAATATCATAG
GbPIN-F2 TAGAGTATCCCAATATCATAGATTAGCTGC
PpPIN-£2 GGGGTTCTTCGAGCTCGACTTAAATTC
PpPIN-r2 GAAGTCCTTGCAAGTGATTTATGGTTA
PpPIN-5'fl GGTCGAGAGAGATGAAGTATGTAGGGTTTTACC
PpPIN-3'rl AGTGGAGAAGCAGAGACTCAGCGGACC
PpPIN-F300 TGGGTGATTACCTTATTCCAGCTCTC

PpPIN-R395 ATGAGCGAGTAGACGATTCCCATAAC
PpGapC-F850 CGATGCCATTAAGACGGCTATCAA

PpGapC-R59 CATGAACGCTGGCGATGGAAATTA

PpPIN-KO5'f GGGGTACCGACAGGCAGAGGGGAGATCTG

PpPIN-KO5'r
PpPIN-KO3'f
PpPIN-KO3'r

CCATCGATTGTCAACATGACGATAACGTTGATTGTCC
CACTAGTCTGAGAAATACAAATTCCAGACAACGAATAC
TCCCCGCGGGGTACCATTGACCTGTTTCTGAGATG




Table 5-2. PpPIND specific TagMan probe and primers used in real time PCR.

primer or probe name

sequence (5'to 3')

PpPINDCDNA-303F

PpPINDCDNA-375R

PpPINDcDNA-328T (Tagmgn probe)
PpTUA1cDNA-1002F
PpTUA1cDNA-1088R
PpTUA1cDNA-1043T (Tagmgn probe)

ACAAACGTCTGCGCTGAACA
CCCACCGGGCAAATTTC
TGGAAGCTGGCAGAATCGTTGAGGAG
ACATGGCGTGTTGCCTGAT
CCGTGCGCTTCGTCTTG
AAGGACGTGAACGCCGCGGT




Figure 1

Fig. 1. A photograph of Selaginella uncinata.
The spikemoss Selaginella uncinata has creeping stems with leafy microphylls and rhizophores

(closed arrowhead), which produce roots (opened arrowhead). Scale bar = 10 mm.
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Fig. 2. Alignment of deduced amino acid sequences of KNOX genes.

Dashes indicate gaps. The underlined amino acids were used in the phylogenetic analysis shown in Fig. 5.
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Fig. 3. The nucleotide and deduced amino acid sequences of the SuKNOX1
(A) and SuKNOX2 (B) cDNA isolated in this study.

The numberings are nucleotide position when the end of the isolated sequence
is 1. The MEINOX domain is broken-line boxed. The ELK domain is solid-line

boxed. The homeo domain is red-line boxed.

¢ 2In3I



SuKNOX1
8STH

KREAT1
KRAT2/ATK1
CRKNOX1
NKHE

Figure 4

MEINOX domain
i

|
1 104
IKSAIILHPQ YRELVRAHLN CKRIIZAVQD SGETSADSII GELIHKHLLR -PKPAKSSTV GHPELDQPMV AYVNVLMANG EDLSKTFYGA IECCREMEQE LSNI

VRAKIMAHPH YHRLLAAYVN CQKVGAPPEV VARLEEACSS ARAAARS--= --] MGPTGCLG EDPGLDQFME AYCEMLVKYE QBLSKPPKER MVFLQRVECQ FKSL
MKAKIIAHPH YSTLLQAYLD CQKIGAPPDV VDRITAARQD FEARQQR--- -STPSVSASS RDPELDQFME AYCDMLVKYR BELTRPIQRA MEPIRRIESQ LSML
IKSKIASHPL YPRLLOTYID CQKVGAPMEI ACILEEIQRE HHVYKRD--- --VAPLSCPG ADPELDEFME TYCDILVKYK TDLARPFDEAR TTPINKIEMQ LONL
IRSKIMSHPT YPRLVMAYVHN CHRKIGAPPEV ATSLEBISKK YQSPRe-ewe «o SSSPAPTG ADPELDNPME TYCHVLOKYH DELMQPYREAR MTFPRKIELQ LEAL

LRDAIVDHPL YPELVVAHIS IFKIGAPKGL LIKLDENEKR PQRPQYGESS WNVLHVTRPG QDPSLDPFMR SYIDLLTKPR EDLENPYNKF AQYKDRVTKD LEDL

ELK domalin Homeo domain

I T 1
1 8s

ELKEMINCKP GGPIKGLHRE QLOXKKKGKL PRERRDKLFQ WWSEHLDHPY PTEVEKAQLC BITRLDAKQI KNWPINQRKR HWKPS
ELKGQLLRKY SGYLGSLKQE PMKKRKKGKL PREARQQOLLD WWSRHYKWPY PSEQORLALA BSTGLDQKQI KNWPINQRKR HWKPS
ELXHHLLKKY SGYLSSLKQE LSKKKKKGKL PREARQKLLT WWELHYKWPY PSESEKVALA ESTGLDQRQI HNWPINQRKR HWKPS
DLXDQLLRKF GSHISSLKLE PSKKKKKGRL PREARQALLD WWNVHNKWPY PTEGDKIALA BETGLDQKQI NNWPINQRKR HWKPS
KVKEQLLRKY SGYIYKLKQE FLKKKKKGKL PRMARBKLLD WWHQHYRWPY PSEAEKAALA BTTGLDQKQI NEWFPIKQRKR HWKPS
ELRKMLRLKY GRHIAGLKAE PHRVRKKGKL PTHARQILKD WPSRHSYWPY PSEMEKAYLQ RLCGLHLKQI NEWPINERKR HWSCK

Fig. 4. Alignment of deduced amino acid sequences of SuKNOX]I and representative class 1
KNOX genes from Arabidopsis thaliana (STM, KNATI, and KNAT2/ATK), the fern
Ceratopteris richardii (CRKNOX1), and the moss Physcomitrella patens (MKN4), including
(A) the MEINOX domain and (B) the ELK and homeo domains. The underlined amino acids

were used in the phylogenetic analysis shown in Fig. 5.
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Fig. §. Maximum likelihood (ML) tree.

ML tree showing the phylogenetic relationships among KNOX genes of the spikemoss and
representatives from other land plants, a green alga, and metazoans (outgroup). Symbols
following the genus names represent plant classifications: open square, angiosperms; square
filled with an angled bar, gymnosperms; open circle, ferns; filled circle, spikemosses; open
triangle, mosses; filled triangle, green alga. The Selaginella uncinata genes are indicated by
arrows. Bootstrap values calculated using the ML and neighbor-joining (NJ) methods are
indicated above and below the nodes, respectively; only values exceeding 80% and supported
by both the ML and NJ topologies are indicated reliably. The length of the bar represents 0.1

amino acid substitutions per residue.
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Fig. 6. Expression pattern of the SuKNOX1.

(A-E) Longitudinal sections show the shoot apex (sa), microphyll primordium (mp),
rhizophore primordium (rp), and rhizophore apical tip (ra). Scale bars = 100 um. (A, C, E)
The locations of SuKNOX! mRNA expression were detected using in situ hybridization.
(B, D) The sense probe was used as a negative control. (F) Amplification of SukKNOX/
RT-PCR products. Complementary DNA was synthesized from RNA extracted from the
apical tips of microphylls (lane 1), internodes (lane 2), microphylls (lane 3), rhizophore
tips (lane 4), and root tips (lane 5). SuKNOXI! PCR products were hybridized with
SuKNOX-specific probes. The SuRPL6 was used as a quantifying control.
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1681 CTTTGCTCGCCCCCTTCGTGCTCCTCCACTCCCTCTCCGCACAGGTGCACCGCTGCTGCC
1741 TGTCTTGTACCGGGAGGGATGACACTGGAGAGTTGATGTTGCAGAGAGTGGTGCTGCAGT
1801 CGGCCATCTGGATGCCGCTCACCATCCTGCTGCTCCCCTTCCTCATTCCCTCAACAGGTG
1861 TGCCTCAACAGGTGTGCCTCAACAGGTGTTCCCATCATCAGGTGTGCCCCTACTATCAGC
1921 CATGTACAGGGAGGACGCTGGCGACCTCATGGCACAGATAATGGTGCTGCAGGTGCAGAT
1981 GTGCCTTGGAATCCTAGGCATAAGTCGCCTCTCCCCCGTCTTCCTTCCCTCCCCCCGCAG
2041 GTATACCACTCTTATCAGCCTTGAACGGGGATGAGGCCGGCGATCTGATGGCGCAGATAG
2101 TGGTGCTGCAGTCGGCCATCTCTCTGCGCCTCACCATCCTGCACCTCCCGTTCCTCATTC
2161 CCCCAACCGCGCAAATGCTCCGCTGCTCTCAGCCATGTACGGGGAGGACGCCGGCGACCT
2221 GACGGCACAGATAGTGAGGCTGCAGCAGTCCGTGATTTGGCTGCCGCTCACCATCCTGCT

2310 2320 2330 2340

281 GCGCCTCGTCCTCCTTGCCCCTCATCAGGTGTGCCCCTACTCTCAGCCATGTACGGGGAC

v P L L S A M Y G D

2350 2360 2370 2380 2390 2400
GAGGCCGGGGATCTGATGGCGCAGATAGTGGTGCTGCAGTCGGCCATCTGGATGCCGCTC
E A G DL MMAAOQTIV V L Q S LW M Pk

2410 2420 2430 2440 2450 2460

ACCATCCTGCTGCTCTCCTGCCAGCAAGCCACGGCCCTCAGCACCCGTGTGCATGACGCC
T I L L L §$ €C Q Q A TAUL S TR V HUD A

2470 2480 2490 2500 2510 2520
AGTGGCAACCAGGCTGCTGGGATCACTGGCAACCCTGGCAACCCTGGCAACGCTAGCAAC
S G N Q AAG I TGNUPGNUP G N A N

2530 2540 2550 2560 2570 2580
GCTGGCAACGGTGACAGCACGAGCAACCACCCAGCAAGCTCTACCACGGGGTCTTCTTGC
A G N G D S T S N HPAS S T TG S S C

2590 2600 2610 2620 2630 2640
TCGCAAGCTGTCCCTGCTGCTGGTGTGTCTCACCCCCGGCAGCGCGTGATGACTCGGCTG
S ¢ AV PAA G V S HPROQRUVMTRL

2650 2660 2670 2680 2690 2700
GACAGCATGCTGCTGCGCAGCAGCTCCTTCAACGGCAGCTGGTTCAACACCCGCGGCTTC
M L L R S 8§ S FN G S WU FNT F

2710 2720 2730 2740 2750 2760
ACTGGCAGCAACCGCAGCTCTAGCAGCCATTTCGAACACACCACCTCCACTGGAGCTACT
T G S N R S S 8 S HF EHTTT S TG AT

2770 2780 2790 2800 28 2820
TGCTCTCAGGCAACCCCTACTGCGGGTGCAGTCGATCCTGCTGCCGCCCCTGCTGCTGGT
C S Q ATP T AG AV D P A A AP AAG

2830 2840 2850 2860 2870 2880
GTGTCTCACCCCCAGCAGCGCGTGATGACTCGGCTGGACAGCATGTTGCTGCGCAGCAGC
vV S H P 0Q Q RV MTITIRTILUDSMULIL R S S

2890 2900 2910 2920 2930 2940
TCCTTCAACGGCAGCTGGTTCAACACCCGCGGCTTCAATACAGCCACACTCACACGATCC
S F NG S W FNTIRGV FMNTA ATTL TR S

2950 2960 2970 2980 2990 3000
CTTAGTGGCAGATCCGCTAGTGGTAGAGGCACCTTGGTAGACGTCAGCTCGGCAAGTGGT
L S G R S A S GRGTTULV DV S 8 A 8 G

3010 3020 3030 3040 3050 3060
ACAAACAGCACATCAGCAGACTTAGTAGGAGCTCAGTTAGGATCCGAAATGGGAAGCAGG
T N §$ T S A DL V G A QL G S E M G S§ R

3070 3080 3090 3100 3110 3120
TGGGAAGAATCCGATGGCAGAGGGAGCCAGGGCGGGGACGAGCAGCAGGGGAGTCAGGAG
W E E S b G R G S Q G G D E Q O G s Q E

3130 3140 3150 3160 3170 3180
GATGTGCAGGGGGGAGTGAGCAGGCGAATTGGGAGGCAGGAGGAGGTGACGGTGTGCATT
D V. ¢ G G V s R R I GUROQEEV TV C I

3190 3200 3210 3220 3230 3240
GAGGCAGCGGAACGTCAGACCAGAAATGCAGCCCAGGTGACCGCTGCCGTAGTTGCTGCT
E A A E R QT RDNAAOQV T AA AV V A A

3250 3260 3270 3280 3290 3300
GCTGCGGGGTCAGCGGCGCATGCAGGTGCAGGGAGAATGGCGACTGTAACTGCAGGGCCA
A A G S A A HA GAGIRMATUVTAG P

3310 3320 3330 3340 3350 3360
GCAGCACGTGCTTCAGAGGATGGTGGGAGCGATGGTGGGAGAACAAGGGGAAACAGCGCC
A AR A S ED GG S D G G RTU RGN S A

3370 3380 3390 3400 3410 3420
AGGGAAGATGATGTGAGAGGGAGGATACAGGGAGAGGGAGAACGGTTAGGGGGCGGGGGG
R E D DV R GR I Q G E G EUR L G G G G

3430 3440 3450 3460 3470 3480

GGAGGAGTGGGGCTTGGGAGCTGCTTGGGACGGGGGAGCAGCAGCAGCTTGGGGCGGTGC

G G V 6 L 6 58 CL G R G S S 5 8 L G c
3490 3500 3510 3520 3530 3540

CCGTCGATATCTGAGACCAGTACTTTTGAAGAGCCGTTGGATAGAGGGTGGGATGCAGAG
P S I S ET S T F E EPUL DR G W D A E

3550 3560 3570 3580 3590 3600
GGCAATTCAAGCCTTGGGAGTGACGTTGTTGCTGGTTACGCGGTTACAGGTCCAGCAGCA
G N S s L 6 s pD VvV VvV A G Y AV T G P A A

3610 3620 3630 3640 3650 3660
AAGGAGGAGCAGGACGAAGGAACTCGTGAGCAGCAGCAGAAGGAGGAGGAGGTGGGGCAG
K E E Q D E G TR E Q Q Q K E E E V G Q

3670 3680 3690 3700 3710 3720
GGAGCAGTGGTGCCCTCGGTTGATGGGAGCAAGTGTGGAGACGAAGTGGGGCATGGGAAG
RN N P 8T8 8 KE € @ B OE WG H 6 K

L 2Ingi



3841
3901
3961

4021

5461
5521

3730 3740 3750 3760 3770 3780
AGACGGCGGAGAGGGAGGAGGCTGCTGGCGGTGCTGTGGGTGGTGTGGGCGAAGCTGGTG
R R R RGRURULULAUV L WV V WA KLV

3790 3800 3810 3820 3830 3840
AGGAATCCCAACAACCATGCGGCGCTCATCGGAGTTGTCTACTCGCTTGTTTCCARATGCG
R N P NN H A ATLTIGUV V Y S L V 8 N A

TGAGTTGGTTTCCCCCGTGTGCTGAAGCTGCGTATGTTTGTGCTGTGGTGCCTGCTTGTG
TTGTGTTGGGTGGTGCTGTGGTGCCTGCTTGTGTTGTGTTGGGTGGTGCTGTGGTGCCTG
CTTGTGTTG-——————————————— e AACCCCCCCGTCTCGCCCTCTGTTCCATTCT

4040 4050 4060 4070 4080
CCCTCCTTCCCTCAACCCABCTGCGGCTTTGGCTACCCAGAGATGCTGCGCACGTCAGTG
G F G Y P EMULR T S V

4090 4100 4110 4120 4130 4140
AAGATCGTTGCGGACACGGGGCTCGGCATGTCCATGTTCAGCCTCGGTGAGARATAGGCTT
K I v A D TGULGMSMT F S8 L G

GGTAACCGACTCCTCTCAGGCTCGGTAGGCTCGGCTCAGACACGGGACTGGGCATGTCCA
TGTTCAGCCTCGGTAAGCACAGTAGCCAACCCTACTCAGGCTCGGGCTTGGTGTCGAGCT
CATTTCAGGCTCGGTAGGCTCGGCATATCCGTGTTCAGGCTGCGTAAGTAGGGGCCTGCG
TGGTCTGGTCTGGTGCAGCCTTGGTAAGTGCTGTCACGTGAAACTTTGGACCGCCCGTCT
TCTCTCTTTTTTGGCTCAAGATTCATATTTCCTGCGGCCTATGGCGCACCTCGTGGTCGC
TCATTCTGCACTTCGCCCCCTCGCTCTCCTCCCACCCCTGTGTACTAATCCTGTCCCCCG
CCCCCTTTAGGTCTGTTCATGGCCAGNGAGTCTGCTCTCTTGCAGCCTCTGGACGTCGTC
TGGTCGCTCACTCTGCGCTTTGCCTTCACTCCACCGACTCTCTCATCCACCCCCTACCCG

4630 4640 4650 4660 4670 4680
CCACCCCCCAACCCCCTTCCCCTCAGGTCTATTCATGGCCAGCCAGAAGAGCCTGCTCTC
F M A S Q K 58 L L 8§

469 4700 4710 4720 4730 4740
CTGCGGCCTGTGGCACACCATCTGGTCGCTCACTCTGCGCTTTGCCCTCACTCCCCTCAC
C G L WH T I WS L TLRUPF AL TTUPULT

4750 4760 4770 4780 4790 4800
CACGGCCCTCTTCGCCTTCCTCTTTGGCATCCGCGGCAAGCTCTTCCGAATAATTGCCAT
T A L F A FL F GIRG KLV F R I I A M

4810
GCAGGTAAGATAGTTACCGGATTTCATGCCTGATAGCATGTCTGATTCTCTGTGAGAGGT
Q

GTCACTATTTTCCTTCGAGACAATAATCACCAGGCACGTAACTAGCTGCCCTCACTCCCC
TCACCACGGCCCTCTTCGCCTTCTTCTTTGGCATCCGTGGCAAGCTCTTCTGAATCATTG
CCGTGCAGGTTGGGGTACACTGTCTTGCACTGAGGGAATTACCACCAGACACATAGCTAG
TTGCCCTCACTCCCCTCAACCCCCTTACCACTGCCCTTTTTGCTTTCCAATTTCGCGTTC
GTGACAAGCTCCTGCAAATCATTGTTATGTAGGTGAGGGAACCCCGTGCCTGATTCAATG
TTCACGTGCTTTCTCTCTCTTCCCTCGCCCCTTCTGTCTCCCAAGCCCCCTGTTTCCTCC
GCGTTCCTGCTCTCACTGCCCCCAGGGGTGGAGAGATTTGTCTTGGAATCACAGCCCCCA
TCACCCTCCCCTGCCTTCCCCGTGCTCCCCTTGTCTCCCCCAACCTTCACGTTGTCAGTC
S

5350 5360 5370 5380 5390 5400
CGCACTGCCCCCAGGGGTGGTGACCTTCGTTCTGGCCAACGAATATAAGTCACACACTGC
AL P P G V V T F VL A NE Y K S H T A

5410 5420
CATCCATAGCACGGGGTAAGGACAAAAAGCGCTTTGTGTCTACATCCACGTGCARAGCAC
I H 8 T G

CCTTCCTCCCCGCATACGCATACTCTACATCCAGTGCATGTGCGCACACTGACTAATGCA
TCACAATTCCACTCATTTTTTGTTTCTCACCCCCTTCACACAATTCCCCGTTTCCCCCAT

5590 5600 5610 5620 5630 5640
GTCTGCAGBTGTTTGCTTTGGAACGCTCATCTCCTTTCCCATACTCATGGGATACTACCTC
v ¢ F G TUL I 8 F P I L M G Y Y L

5650 5660 5670 5680
CTCCTAGGGGAGTGQEAACAGTCAACTAGGAGGCTATTCCGT
L L G

5460

5520
5580

Fig. 7. CpslcPIN genomic DNA, cDNA, and deduced amino
acid sequences isolated in this study.

The numberings are nucleotide position when the end of the
isolated sequence is 1. The putative start codon is boxed.
Broken-lined box indicates stop codon. Bold “GT” and “AG”
show the exon-intron splice junctions according to the GT-AG
rule (Mount, 1982). cDNA sequence is indicated by red. An

unclear domain in intron 3 is indicated by gap (-).
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1981
2041
2101
2161

2221

GGTCGAGAGAGATGAAGTATGTAGGGTTTTACCATCTCGGTTAGCGARAGTCGCAGAAGT
CCCATTGCCCGTGTCTTCCGCCTACGACCCTGCTCCCGCTCTTGGAACGTCGTCGCTGAA
GTCTCCTCGACTCCCCTTTCACTGCCTCCTTATTCACTTGACGATGAACCCAAGGTAGCC
TCATCGTTCTCTATTGAAGATCTAGTCTGTGTATTTTGARATGAGTTCTTCATTGGAGCT
ACGACTTCCCATAGATCCTCTTTTTCTAAARACACTCTGTAGTGCTACGACAAGCCTTATA
ATTACCTAGACTTGCCAACATTTTGGACTGTGCGATAATGGAGTCCATAGTTCCCATGCT
CTTCGGAGGAACCCACTGTCTACCCCTAGTACTTATGTGACCCGCTCTGATACCATGATA
ATTTCAGAGTCTATCCGTCTGCCACTACATCACGAATAGAAAGGCAATAAARACAGCCAAG
CCACAATAAGCACATTAACCACGAAGACCACAACAGGACATCGCAGATAACCACAACTCC
ATGTTTTATTTCGCAAGAAACACATAAACAGTTGGTTCCCCGATGTCAGGTTGAAACCTT
GACCATAGCAGATTCCCGATGAACCTATTGATATCTAGGTTCGGCTATGTATAGGTCTCG
GGGCGCAATACTCGACATGTTCAACAGTGTGTGCACTGGAGGTGACAGGCAGAGGGGAGA
TCTGTTAAACAGCAATAGTCGTCCCGAACTGAAAGATGCATGTGAAGGTTGTGATCGCCG
AGGAGTCAGCCTCACGGCCACGGCCAACGCAGTGGATTCATGTGCATTGGCAGCATCCGA
CCACTGTCACAGCGACGTGGGGCCACGAGGTAATCAGGTGCAAACCACTAGACCCGCTGG
CAAGTGCTCGCCTTTATGAAGGTTTTGCGGGAGCTTTTTCGAAGAGGCGATGTTGTTTTG
CTCAATCGGGCACCGCAACTTGTGCCATGAGAAGCAGGGATTGTACAGTGAGGCATCTCG
ACGCCTTGTCGTATTGCCGTGGTTCTTGAGCGACTGCACCATTCCTACAGGCATCTGGGC
GTAGTCCCCACGGAAAGGTGTGGGCTTAGGATCTTCCACCAACCCCTGCAAGCGAACTGT
TGAACCCTTTTCAGAACAGCGACCCAGCCCCTGTACCCGAGAAATTGATACTTCTTTTCG
CAAGTTACGAAATGGTAGCAGCGTCAAGAAGGGAACGGCTTTTCCGGTTCACCTCGAGGT
TCTTCGAGCTCGACTTAAATTCCCTTTCCATGGGATATTGACGTCGTCATGTTGCGGTCT
GGATTACGCTTGATTGTCTGATTGTGCAGTCGAGAAGATTTTATTGGAGGTTCATTGTAC
TAAGGTCGAAAGTGGTTTATGAAACGTCACGAGTAAGAATCCAAGTCCATTAGAATCGAG
GCGCGCACGGTGGAAGCGATCCGATTATACCCTAAGGATTATCCATTCAAGTCCATGCAG
AAGTAGACGGAGCAGGGAGTTTGTTGTGTCGACAATGTTTGTGTCAGATTTCCGACGCAA
CAAACGTCTGCGCTGAACAGTATATGGAAGCTGGCAGAATCGTTGAGGAGAGGGTGAAAT
TTGCCCGGTGGGCAAGAAGAGARATCGAGACTTCATCACCCACACTGCCGTGCAATTGGC

0 1740
GGCCGAATTTGTGGTGTCGTCGAGGACAATCAACGTTATCGTd%iéETGACAGGTGGTCA
T G G Q

1 1760 1770 1780 1790 1800
GTTTTACGATGTACTCTGTGCCGTCGTGCCGCTATATGTAGCCCTATTTCTTGGATACGG
F Y p v.L CAV V PL Y V AL F L G Y G

1810 1820 1830 1840 1850 1860
GTCCCTTAAATGGTGGGGAGTCGTTACGCCGGAGCAARAGTGCAGGGATAAGTCGCTTCAA
S L K W WGV VvV TUPE QS AGTI S R F N

1870 1880 1890 1900 1910 1920
TGCCCTARTAGCGATGCCACCGCTCATCTTCGAGATCATCGCTTTTAATAACCCCTACAC
A I A M P P I P EI I A F N NP YT T

1930 1940 1950 1960 1970 1980
CATGAACAACCGCCTAATTGCTGCATACTGTTTGTCTAACGGAATCGTTCTCGGTGAGTG
M N N RL I A A Y CUL S NG I V L V

CCTTTCCTGCCATACCACACCCGCATTATAGCAACACTTCTGCTCAAATTCGTTCCTCAA
TGATAAGCATGTAGATAACAGAGGAAAGCATGCTTGAAAGATGTCGTTCATATCTAGGGC
TATTACACAACCATCCAATGCAGTCCCTGTCTGTTTCGACTACAAACTGATCTGTGTTGT
CTGTGAATGAGGCATTAATCTGTAGTGAAAATTGAATGAAATTTCCAACTTCATGCTARC

225 2260 2270 2280
GCCGTGTGGCTGARATTTGGAACABTTGGATTGTGCGCGTGGGTTTGGTGCACAAAATGC
G L C A WV W CTIEKC

2290 2300 2310 2320 2330 2340
GGTAATCTCGACTGGGTGATTACCTTATTCCAGCTCTCGGTGATGCCGAACACAATTATC
G N L DWWV ITU LU FQUL S VMUPDNTITI

2350 2360 2370 2380 2390 2400
GTGGGAATCCCTGTGCTATCGCCGCTGTACTCCGTTACTGAATCCGGCATAGCAGCGATC
v 6 I P V L S P L Y v T E § G I A A I

2410 2420 2430 2440 2450 2460
TTCATAGGCCAAGTCCTGTGGTTGTTTCCCACTCTGTTTCTTTATGAACTGAAGGAAGTG
FI'GE Q VL WL F P T L ¥ L Y E L K E ¥

2470 2480 2490 2500 2510 2520
AGGAAAATGGGTCAGCCTGCCGTGGGTTCCGTCGCACAAGTTCAGGATGATGGGCCTCGG
R KM G Q P A V G S V A Q V Q D D G P R

2530 2540 2550 2560 2570 2580
AGCCTTCATTCTGGTGAAACARACGGAATCAGCAGCAGAGCACGGATTCGAAGGTCATGAA
S L H S G E T T E S A AEHGTF E G H E

2040
2100
2160
2220

3661
3721

2590 2600
AGTGGTATTCCTG@ITCGTTACAGAACCTTCTCTCCTTCCTCCAGACTCCAAGTCCTTGA
S G I B A

ACACTTTCTCATTTGGCTTCTCTAGGAACTTTTGAGCCTGCGTGAATGCTTTAGTCATTA
ACTATACCACATTCGAAATTCAACTCGAGGGCGTCTGTGTGTATGCAATCAACAGCTCTG

L
2770 780 2790 2800 2810 2820
CTGACGCAAGGTGAGCATAACGACTTTCGCATTGGAATTGGTGACGAACCAAGCCATGCA
L T Q G E N b FRIG I G DEP S H A
283 840 2850 2860 2870 2880
GCAACCGAAGTGTCCCATAAAGATGAARGAGCATGTCAAGAATGGAAGTCGGCAGCGAARC
A T E V S H K DEEHV KN Q R N
2890 2900 2910 2920 2930 2940

TCATTTTCTGTTGCGAATGGGGAGAGCGGTACGAGAGAAAATGGAACAGAACACGGTCAC
S F S vV A NG E S G TUREWNGTEH G H

2950 2960 2970 2980 2990 3000
GAGATGGCACCCTCCCAGATGAACTTGAAGGAGATGGCAATTAAGGTTGCGAAGAAAATG
E M A P S QM NILIEKEMA ATII KV A K KM

3010 3020 3030 3040 3050 3060
GTGCAGCTACCGCTTACTCACGCCACCGTTATGGGAATCGTCTACTCGCTCATTGCTGGC
v Q T T VM 6 I VvV Y 5 L I A G

AGGTATTCAATTCCCAAGTCTCGCTTCTACCTCATGTAGTAAACCTCCACACGGTCATGT
R

ACTCGCATGACTCTGTTTCAATTAGGAGATTAGCTTCTCTTTGGAGACAAAAGTATCTTG
AATTAGTTCGCATTGAGCTGCTACCGTGCAACCATTGCATGTGATGAGTGCAGGTGGGGC
W G

3250 3260 3270 3280 3290 3300
TTCGATCcTCTTCGAATTTTGAGAAATTCGCTCGATATTATGGGCAGGATCACACTGGGG
F D P L R I L RNS L DIMGU RTITTUL G

3310 3320
CTGACCATGTACTCCATCGGTATTCATTCACCCGCTGTAACCCCCTTTCGATTTGTACAT
L T M ¥ S I G

TTAAATATACAGTAAACTACTTTTAGAGTCTTCTTGCTCCTGGGCTTCTGAAGTGTGCAG
TAGTATTCATTAGGGCAAGTTGTGAGTTCTGGCACTAGAATTGAATCCCGATGTGCTTAC

49 3500 3510 3520 3530 3540
TGCTCBGGACTGTTCATGGCGGGTCAGAAGAAGCTTGTTGCATCCTGGTGGGTTGCCTTT
L FM A G QK KL V A v A F

3550 3560 3570 3580 3590 3600
TATGGTGCATTCTGTCGTTTTATAGTAGGCCCTGGTACAATGGGCGTCGCATCGTTACTG
Y G A F CRF IV GGP GTMGV A S L L

3610 3620 3630 3640
CTTGGATTGCGCGGTGATACCTTGCGCTTCGCATTTTTACAGE@TTGGAAGCTTGTCTTGC
L G L R G D TTULURVFATFTULQ

AAAACATTGCTTTTCTTCCAATGTGCAGAACAGCATCTCATTTGTTATTATGTACTTAAA
GAGGTGTACTTGACAATCTTTTTTGACGATTTCTACCTCCAATACATGCGAAAACTTTTC

3790 3800 3810 3820 3830 3840
TCTTCTCAMGGCAGCGTTGCCGCAGGCTGTTATAARGCTTCGTGTTTGCTAARGGATTACAAT
AL P Q A V I S F V F A K D Y N

3850 3860 3870
CTGCATACGGACGTCTTCACTACTGCGTARATATTCACCCCTCATCTCTTACCAGTGATT
L H T D V F T T A

GCCTTGCCATGCTTCATTCTGCTAGTCAATCGTCAGGTGAGGCTTGGAACCCTGTTATAA
TCGGTCACATGATATGTCTACAACAATTTTCTTCTGATCAGCCTCCTGARAAAACGCTGT

4030 4040 4050 4060 4070 4080
GCABAGTGTCACTTCAGACCATAGTGTTCATGCCAATTGTGCTGGTGTATTACACACTAC
v s L. Q T I V F M P I VL VY ¥ T UL L

4090 .
TTGAAC1CWGNGAAATACAAATTCCAGACAACGAATACATTGGTGTTGAAGTAGAACATA
E L

2640

2700
2760

3120

3180
3240

3360

3420
3480

3660

3720
3780

3900

3960
4020

4140

Q 2In31]



4141 AACGTGGCGAATCTTGGTCGCCAACAACATCAAAAGTGGGGAACGATTGTAGAACTCTGA 4200
4201 TGCTGCGTCGGCCCCAAGGTGACTGATTGGTCACATTCATACTTATGTTGATTAATAGTT 4260
4261 TTACAGGAAATTATAACACTCACTGGACTCGGATTTTTAACCATAAATCACTTGCAAGGA 4320
4321 CTTCCTTCGGAAAAAATGGTTATTTTGTTGCAAAGCTAACCATGTGGGGGTAAACAATTT 4380
4381 AGTATCGAAGGGGTGACACGCCGAGCAAAGTGAACAGACTACGTGTGCAGAGGAAGATTC 4440
4441 AGGACTGAAACTGTAACGAAGACTGGAGATATACCACGTATTTTATATTATCAACTGATA 4500

4501 AGTGGGGATCAGAGAACCCAAGTGAAGACATGCCTCATTTGAAGGCAAGCTCCAGCACAT 4560
4561 AAGTTTTGTTACATGGGTTACGATGTATATGCACGTGTAGGTTGAGTTTAAGCACGTACA 4620
4621 ACAATTTAAACACCAACAAGTGATGTGAAAGTTGGAAGATGAGATTAGGGAAGAAGTAGA 4680
4681 AGTTATTAGTAAATTATTCACTCATTCCATCATCTCAGAARACAGGTCAATGGTACCACAG 4740
4741 CAGGTGCAGAGCACTATATACTGGATCGGATATATACCTCTARAGATTCACTCTTGCTGT 4800
4801 CCGAGGATGGTATATTTCTCAAGTTGAAAGTAAAGTGAGTTAACTTCAATTAATGAAGTT 4860
4861 CARAAGCTGTGTTTTCACACTTGAGTTGGGCCTGAGGAATAACGATGTTACARAAAGTAC 4920
4921 AATGCTAGTTACAGCCTTTTTGGGCGAAAACAATATACATGTGAACTGAAGTTAGGACTA 4980

4981 CATGCTTCAACTAAGAGGTTATGTGACGCTGTTGAGAGAATTTTAATGCGCAATAATACA 5040
5041 CAATATAGTTACACAATGGCAAAGATTACAATATATCACAGTATGGTCCGAGGCATTCTG 5100
5101 TTGGTCCGCTGAGTCTCTGCTTCTCCACT 5129

Fig. 8. PhypaPIND genomic DNA, cDNA, and deduced amino acid sequences isolated in this study.
The numberings are nucleotide position when the end of the isolated sequence is 1. The putative start codon is boxed. Broken-lined box
indicates stop codon. Bold “GT” and “AG” show the exon-intron splice junctions according to the GT-AG rule (Mount, 1982). cDNA

sequence is indicated by red.



1 TTTCCTGATTTGTATGCCGCGACTGTCATTGCAGCCATTTCTGGTTTTCTGTGCCGATCT 60
61 TTGACAAMATGATTAATGGAGCAGACATATACAACGTACTCTCGGCAGTGGTGCCACTGT 120

M I N G A DI Y NUVIL S AUV UV PULY

130 140 150 160 170 80
ACGTGGCCATGATCTTAGCATACGGGTCTGTGAAATGGTGGAAGATTTTCAGCCCCGATC
V A M I L A Y S V XK W W K I F 8 P D Q

190 200 210 220 230 240
AGTGCTCGGGAATCAACCGTTTCGTGGCCCTGTTCGCAGTTCCCCTGCTCTCCTTCCATT
C $S G I N RF VALV F AV PLTULSTFHTF

250 260 270 280 290 300
tCA’l‘CTCCACCAACAACCCATAtGCCATGAaT‘I‘TGAGATTCAtAGCAGCAGATTCGC‘I'GC
N N P Y A M NTUL R A A D S L Q

310 320 330 340 350 360
AGAAGATCATCATATTGGCAATGCTGGTCATATGGGCCAAAGTGGGGAAAAGAGGGAGCC
K I I I L A ML VI WAIKUVGI KT RG S Q

370 380 390 400 410 420
AAGAATGGATGATAACACTTTTTTCGTTGTCCACTCTGCCCAACACTCTGGTCATGGGAA
E WM I TULVF S L S TULUPNTIULUVMGI

430 440 450 460 470 480
TTCCCCTGCTCAAGGCAATGTATGGAAATTTTTCGGGTGACCTGATGGTCCAGGTTGTGG
P L L K A M Y G S G DL MV Q V VYV

490 500 510 520 530 540
TGCTGCAGTGCATAATI‘TGGTATAC TCTCATGCTTTTCATGTTCGAATACCGCGGAGCCA
L Q0 C I 1 Y T L ML FMFE YR G A K

550 560 570 580 590 600
AGCTTTTGATCATGGAGCAGT'I'I‘CCCGACACAGCTGCCTCCATTGTTTCTTTCCGGQTGG
L LI MEOQFPDTA AWM AS S I VS FR D

610 620 630 640 650 60
ATTCTGACGTCCTGTCA'I'I‘GGATGGCAGAGAACCGATTCAGACGGACGCGCAAGTCGGAG
s D VL 8 L DGR REUPTIOQTD Q G E
710 720

670 680 690 700
AAGACGGGAAGCTTCATGTTACAGTCAGAAMtCCACTTCT'I'GTCTCTCTGTTTtGTCGT
D G K L HV TV RIK S T S C L V L s s

730 740 750 760 770 780
CTCATAGATCTCAGGGGGCGCTGAGCCTCACTCCCAGGCCTTCCAATTTAAGCAATGCAG
H RS QG AL SL TUPIRUPSNIULSNA AE

790 800 810 820 830 840
AGATCTACTCAAACCCAACACCCAGAGGCTCCAGTT’I‘TAATCATQCTGAT’I“I‘C TATTCCC
I ¥ S N T N D F Y S8 L
850 60 870 880 890 900

TG'I‘TCACCAACAGAGCAGCAGCAGCAGCAGCAGCAATGAGCCC’I‘CGCGCAtCCAA'I‘I‘TCG
F T NRA A A A A AAMS PR ASNTF G

910 920 930 940 950 960
GCCTTTCAGATGTCTATTCACTCCATTCCTCCCGGGGTCCTACACCCAGAEAT‘I‘CGAATT
L 8§ D S S R G P TP RN S N F

970 980 990 1000 1010 1020
TCGATGAAGAAAATTTCAAGGACATAAATAACAAGCTTATGATCCAGAATGCCAACAATG
D E ENTF K DINWNIKTILMTIIUGONANINDNA

1030 1040 1050 1060 1070 1080
CCAACTCCCCTCGATTCGGACCTCGGCCCCTGTATTCCCCATATGGGCCGAGAAGCCAGG
F G P R P Y S P Y G P R Q

109 1100 1110 1120 1130 1140
GGAGCACAGCGAATGCATTTGAGCTGAACCCAGGTGTTAGTGTTCAGGGAAGTGTGAGTT
S TA NA F ELDNUPGV S V Q G s V s 8

1150 1160 1170 1180 1190 1200
CTTATCCCACTCCTAGTCCAACTCATG GTGTGT TATC TCCAMTGTATCGAAAACAGGGA
Y P T P 8 T H G S P N K T G K

1210 1220 1230 1240 1250 1260
AGAAGACTCTGGGTGATAATCCAAGGCACTATCAGCaGAGAATGATGGCAACGGATGATA
K T L G DNPRHY QOQRMMATDUDN
1270 1280 1290 1300 1310 1320

ACAAGGAGCTTCATATGTTTGTATGGAGTTCTAGCGCATCCCCTGTATCAGAAGCAAATC
K EL HMF V W S S S A S PV S EANH

1330 1340 1350 1360 1370 1380
ACCACCATGTATTCGCTCATGGCTCAGATATTATAGCTCCtGACAACAACCATAACAGTA
H HV FAWHGS D ITIAUPUDNNUBHNSN

1390 1400 1410 1420 1430 1440
ATTcCCATGTCAAGGATATACGGATGTTGAATTCTTCCCCACTCACTGCACAGACACTCA
S HV K DI RMILNSSUPU LT AUOTTULN
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Fig.9. PinthPIN cDNA and deduced amino acid sequences isolated in this study.
The numberings are nucleotide position when the end of the isolated sequence is 1. The putative
start codon is boxed. Broken-lined box indicates stop codon. Bold “GT” and “AG” show the

exon-intron splice junctions according to the GT-AG rule (Mount, 1982).
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Fig. 10. GinbiPIN cDNA and deduced amino acid sequences isolated in this study.
The numberings are nucleotide position when the end of the isolated sequence is 1. The putative
start codon is boxed. Broken-lined box indicates stop codon. Bold “GT” and “AG” show the

exon-intron splice junctions according to the GT-AG rule (Mount, 1982).
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Fig. 11. Alignment of deduced amino acid sequences of PIN genes.

All sites are used for the phylogenetic analyses shown in Fig. 14 and 15. Dashes indicate gaps.
The amino acid motifs in central hydrophilic loop domain are indicated: (S/T)XX(D/E), casein
kinase II phosphorylation site (CK2), is broken-line boxed; (S/T)X(R/K), protein kinase C phos-
phorylation site (PKC), is solid-line boxed; NX(S/T)X, N-glycosylation site (Gly), is red-line
boxed; bold-lined box is PKC and CK2 site (P/C), (S/T)X(R/K)(D/E); TPRX(N/S) is light-gray
boxed; and NPXXY is bold-red-line boxed. Framed Ser and Thr are phosphorylation sites that
have been revealed in AtPIN1 by Zhang et al. (2010) and Michniewicz et al. (2007). Asterisks
above the alignment indicate the putative phosphorylation sites that have been predicted by
Huang et al. (2010).
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Fig. 12. The predicted transmembrane helices of the PIN proteins.

The transmembrane domains were estimated using TMHMM2: www .cbs.dtu.dk/services/ TMHMM/, and
the red peaks show the predicted transmembrane regions of proteins. The membrane hydrophobic regions
at the N- and C-termini and the central hydrophilic region are indicated. The four PIN genes from this

study are indicated with black boxes.
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Fig. 13. The exon-intron structures of the PIN genes in charophycean C. psic and moss P. patens,
and angiosperm A. thaliana.

Gene structures for A. thaliana and P. patens were taken from http://www .Arabidopsis.org and NCBI
respectively: ArathPINI, At1g73590; ArathPIN2, At5g57090; ArathPIN3, Atlg70940; ArathPIN4,
At2g01420; ArathPINS5, At5g16530; ArathPING, Atlg77110; ArathPIN7, At1g23080; ArathPINS,
At5g15100; PhypaPINA, NW_001865266.1; PhypaPINB, NW_001865274.1; PhypaPINC,
NW_001865288.1. The PhypaPIND structure was constructed by sequences of cDNA and genome from
this study. CpslcPIN was obtained from the genome sequences data in C. ps/c (Sekimoto et al.
unpublished data). The blue boxes represent transmembrane domains. The transmembrane domains were
estimated using TMHMM: http://www .cbs.dtu.dk/servicessTMHMM/. White boxed domains indicate
translated exon sequence. Introns are depicted as black lines. The four PIN genes from this study are

indicated with black boxes.
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Fig. 14. Maximum-likelihood (ML) tree for PIN genes.

ML tree showing the phylogenetic relationships among PIN genes of land plants and C. pslc (outgroup)
using 80 amino acid sequences and 1089 sites (amino acid residues and gaps in Fig. 11) as final dataset. The
evolutionary history was inferred by using the maximum-likelihood based on the WAG+I+G4 substitution
model. Local bootstrap probabilities are shown on or below the branches. Scale bar corresponds to 0.5 amino

acid substitutions per residue. The four PIN genes from this study are indicated with black boxes.
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Fig. 15. Bayesian inference (BI) tree for PIN genes.

BI tree showing the phylogenetic relationships among PIN genes of land plants and C. psic (outgroup)
using 80 amino acid sequences and 1089 sites (amino acid residues and gaps in Fig. 11). The smallest ESS
value was about 265. Numbers on or below branches are posterior probabilities. Scale bar indicates 0.5

amino acid substitutions per residue. The four PIN genes from this study are indicated with black boxes.
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Fig. 16. Summary of motifs in multiple alignment of deduced amino acid sequences of
PIN genes.

It shows relationship between the motifs in Fig. 11 and gene tree in Fig. 14. The red line boxes
indicate cluster of N-glycosylation site and two phosphorylation sites (Gly/2P). CK2 is casein
kinase II phosphorylation site {(S/T)XX(D/E)}. PKC is protein kinase C phosphorylation site
{(S/T)X(R/K)}. Gly is N-glycosylation site {NX(S/T)X}. P/C is PKC and CK2 {(S/T)X(R/K)
(D/E)}. Light gray indicates TPRXS(N/S) motif. Framed Ser and Thr are phosphorylation sites
that have been revealed in AtPIN1 by Zhang et al. (2010) and Michniewicz et al. (2007).
Bold-red-lined box is NPXXY motif. Dashes indicate gaps. Grouping is provided by gene tree
in Fig. 14, which are indicated by blue lines. The amino acid number corresponding to
ArathPIN1 is above. The site number in Fig. 11 is in parenthesis. The four PIN genes from this

study are indicated with black boxes.
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Fig. 17. The summary of phylogenetic relationships among PIN genes in land plants.
Phylogenetic relationships among PIN genes in land plants was constructed by based on the gene tree and signature motifs shown in Fig. 14 and Fig. 16.
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Ch Ca TG BG An AA YS MS
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400 bp

33 .35 .37 33 35 .5/ 33 .35 37 33 .35 37

PpPIND
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33035 37 33 :35.37

PpGapC 456 bp

Fig. 18. Semi quantitative RT-PCR analysis of P. patens PIND gene.

(Ch) chloronemata; (Ca) caulonemata; (TG) shoot tips of adult gametophores without rhizoids at 25°C; (BG) base of adult gametophores
with rhizoids at 25°C; (An) shoot tips of gametophores bearing antheridia, 2 weeks after induction; (AA) shoot tips of gametophores bearing
antheridia and archegonia, 3weeks after induction; (Y'S) shoot tips of gametophores bearing young sporophyte, 3.5 weeks after induction;

(MS) shoot tips of gametophores bearing mature sporophyte, 5 weeks after induction. The PpGapC was used as a quantifying control.
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Figure 19
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Fig. 19. Quantitative real-time RT-PCR analysis of P. patens PIND gene.

(Ch) chloronemata; (Ca) caulonemata; (BG) base of adult gametophores with rhizoids at
25°C; (TG) shoot tips of adult gametophores without rhizoids at 25°C; (An) shoot tips of
gametophores bearing antheridia, 2 weeks after induction; (AA) shoot tips of gametophores
bearing antheridia and archegonia, 3weeks after induction; (YS) shoot tips of gametophores
bearing young sporophyte, 3.5 weeks after induction; (MS) shoot tips of gametophores
bearing mature sporophyte, 5 weeks after induction; (TG6) shoot tips of gametophores
excluding fully matured sporophytes, 6 weeks after induction; (FS6) fully matured
sporophytes in early period, 6 weeks after induction; (TG7) shoot tips of gametophores
excluding fully matured sporophytes, over 7 weeks after induction; (FS7) fully matured
sporophytes in latter period, over 7 weeks after induction; (Sp) sporangium of fully
matured sporophytes in latter period, over 7 weeks after induction; (SF) shoot tips of
gametophores including foot from fully matured sporophytes, over 7 weeks after induction.

The PpTUAI was used as a quantifying control to normalize the amount of templates in
RT-PCR.



Figure 20
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Fig. 20. Genomic structures of PpPIND in wild type and transformant lines.

Genomic structures of PpPIND gene in wild type (A), PpPIND disruptant, PpPIND-dis
(B), and GH3:GUS/PpPIND disruptants, GH3:GUS 1-1/PpPIND-dis and GH3:GUS
36-1/PpPIND-dis. The boxes indicate the translated regions. The lines indicate the
untranslated regions. The circle and asterisc indicate putative start and stop codons. The
thin-broken lines indicate same region. The probes for genomic southern analyses in Fig.
21,22, and 23 are shown as bold-broken lines. The uidA, nos-ter, and nptll designate the
uidA-coding region, nopaline synthase polyadenylation signal, and NPTII expression

cassette, respectively. Kpnl, Clal, and EcoRlI indicate the restrict enzyme sites. Scale bar
corresponds to 1 kb.
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Fig. 21. Southern analysis of PpPIND gene in the wild type.
Genomic DNA of wild type was digested with Bg/ll, EcoRV, EcoT22l, and EcoRI,

and the probel were used for hybridization.

Figure 21



A B C

= o2 8 Z 8 g § o 2 ¥ 0 & g 5: o o o oF o g %
b¥ S [ BL S S = = - B B 2 o5 o= 8 M 8

B ook oo Aok N R SRl s e S B o 2 & b e EE

(kbp) _ | &bp)  (kbp) (kbp)  (kbp) &3 (kbp)

12 2

12 _ =T }I- — —11.7
9.0 — | o ¢
80 — =

6.0 — 6.0 — 6.0 —

50 — 50 — 50 —

el I T a———— N S G 50 Y — S S —— . —4.5
40 — 50 4.4 =
3.0 — 3.0 — 3.0 —

Fig. 22. Southern analyses to confirm gene targeting in PpPIND-dis lines.
Genomic DNA of wild type (wt) and transformants PpPIND-dis lines were digested with EcoRI, and the probe2 (A), probe3 (B),
or plasmid including construct as probe (C) were used, respectively. (A) The membrane for hybridized with probe2. (B) The

membrane for (A) re-hybridized with probe3. (C) The membrane for (B) re-hybridized with plasmid pPpPIND-dis probe.
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Fig. 23. Southern analyses to confirm gene targeting in GH3:GUS/PpPIND-dis lines.

Genomic DNA of wild type (wt), GH3:GUSI-I1, 36-1, and GH3:GUS/PpPIND-dis lines were digested with EcoRI, and the

probe2 or plasmid including construct as probe were used, respectively. (A) The membrane for hybridized with probe2. (B) The

membrane for (A) re-hybridized with plasmid pGH3GUS/PpPIND-dis probe.
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Fig. 24. Comparison of frequency of junction strength between sporophyte and

gametophyte of wild type and PpPIND disruptant lines.
The untransformed line [Wild type (n = 128)] and transformed lines [PpPIND-dis-5-33 (n =
23), PpPIND-dis-5-135 (n = 69) and PpPIND-dis-5-162 (n = 30)| were measured. Blue, red,

and yellow bars indicate the loose, moderate, and tight junction, respectively. The inset

indicates longitudinal microtome section of sporophyte-gametophyte junction in P. patens.

Red line indicates the place of sporophyte-gametophyte junction. F foot, G gametophyte, S

sporophyte, V vaginula.



Figure 25
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Fig. 25. The scanning electron microscopy (SEM) micrographs of sporophyte foot of the
wild type and PpPIND disruptant line.

(A-C) The wild type. (D-F) PpPIND disruptant line, PpPIND-dis-5-135. (B, E) Close-up
(x7000) of a cell of the foot tip in (A) and (D). (C, F) Close-up (x7000) of a cell of middle
region of the foot in (A) and (D). Red frames indicate position of (B) or (C) or (E) or (F).



Figure 26

Fig. 26. The microtome section (MS) micrographs of longitudinal section of
sporophyte-gametophyte junction of the wild type and PpPIND disruptant lines.

(A, B) The wild type. (C, D) PpPIND disruptant line, PpPIND-dis-5-135. (B, D)
Magnification of (A) and (C) showing sporophyte-gametophyte junction. F foot, G
gametophyte, S sporophyte, Se seta, V vaginula. Scale bars are 500 gm in (A, C), and 100
umin (B, D).



Figure 27

Fig. 27. Histochemical detection of GUS activity in the control strains and
GH3:GUS/PpPIND disruptant lines.

(A, C) The control strains, GH3:GUS1-1 (A) and GH3:GUS36-1 (C). (B, D)
GH3:GUS/PpPIND disruptant lines, GH3:GUS1-1/PpPIND-dis-9 (B) and
GH3:GUS36-1/PpPIND-dis-8 (D). A change of blue staining was observed in upper
region of vaginula (arrows): (A) was stained but not, or very weak, in (B); and (C) was

very weak but (D) was sufficient. V vaginula. Scale bars are 500 pm.



