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Functional analysis of MIKC®~type MADS-box genes in the
moss Physcomitrella patens to infer the functional evolution

of the gene family
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Summary (Abstract) of doctoral thesis contents

MADS-domain proteins are transcription factors found in a wide range of eukaryotes
including green plants, metazoans, and fungi. In green plants, MADS domain proteins with M, I,
K, and C domains are called MIKC-type, which is further classified into classic (MIKC®) and
star (MIKC*) types. MIKCC-type MADS domain proteins function through interactions with
different sets of other MADS-domain proteins, other transcription factors, and chromatin
remodeling factors. These various protein interactions enable to regulate different genes involved
in hormone biosynthesis, signalling, and growth regulation, and then MIKCC-type MADS-box
genes function in a range of developmental processes in gametophytes, seeds, embryos, roots,
leaves, inflorescences, and fruits.

Although approximately 40 MIKCC-type MADS-box genes are present in angiosperm
species, single MIKCC-type MADS-box genes have been found in species of the
Zygnematophyceae, Charales, and Coleochaetales algae, in which the Zygnematophyceae is
inferred to be most closely related to extant land plants. The moss Physcomitrella patens
(Physcomitrella) is a member of a basal lineage of land plants and possesses six MIKCC-type
MADS-box genes, which diverged in the moss lineage. These results suggest that the common
ancestor of land plants had a single MIKCC¢-type MADS-box gene, and that the increase in the
number of genes through gene and genome duplications and subsequent neo- and
sub-functionalization resulted in the evolution of body organization in the land plants.

In this study, to elucidate the precise functions of the MIKCC-type MADS-box genes in
Physcomitrella and to infer their evolution in land plants, spatiotemporal protein localization
patterns of all six Physcomitrella MIKCC-type MADS-box genes were analysed and the
morphology and development of deletion mutant and over-expression lines were characterized.

To examine the localisations of the MIKCC-type MADS domain proteins, reporter
fusion lines, in which a reporter gene is inserted to fuse with a targeted gene with homologous
recombination, were produced and observed. The localization of the fusion proteins differed
between MIKCC-type MADS domain proteins and at least one MIKCC-type MADS domain
protein was detected in most cells of Physcomitrella. To analyze functions of MIKCC-type
MADS-box genes, sextuple deletion mutant lines were produced by deleting all six MIKCC-type
MADS-box genes, since their protein localizations were found to partially overlap each other.
The gametophores of the sextuple deletion mutant lines were taller and had longer internodes
than those of wild type, and the number and length of cells in each internode increased in the
sextuple mutant lines compared to the wild type. These indicate that MIKCC®-type MADS-box
genes negatively regulate cell divisions and growth in gametophore internodes. An appropriate
length of the gametophore internodes led to external water conduction by capillarity, which
supplies water to shoot apices of gametophores. Gametangia are formed at shoot apices, where
sperms swim to eggs in water. Therefore, water supplied by external water conduction is

necessary for fertilization. Therefore, the longer internodes of the sextuple deletion mutant lines
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reduced the external water conduction, resulting in a defect in water supply to the shoot apex of
gametophores and thus in sperm swimming. Accordingly, the number of archegonia into which
the sperms entered and the percentage of gametophores forming sporophytes decreased in the
sextuple deletion mutant lines compared to the wild type.

If the defect in water supply is the reason for the less number of sporophytes, artificial
water supply should complement the phenotype of the sextuple deletion mutant lines. However,
artificial water supply partially complemented the number of sporophytes, indicating that water
supply is one of the reason but the mutant lines should have other defects in fertilization.
Therefore, | examined the viability of the sperms and found that sperms of the sextuple deletion
mutant did not swim with water as those of the wild type did under microscope. Comparisons of
transcriptomes between wild-type and mutant antheridia containing developing sperms showed
that the expression levels of 23 orthologs to flagellum-related genes decreased in the sextuple
deletion mutant lines compared to the wild type. These data suggest the structural defects in the
sperm flagella of the mutants.

Together, Physcomitrella MIKCC®-type MADS-box genes are necessary for proper
fertilization in two ways: the regulation of the length of the gametophore internodes affects
external water uptake, which enables the sperms to swim to the egg, and the regulation of motile
flagellum formation in the sperms. The former function appears to have been maintained in the
angiosperms, since internode length is determined by the regulation of cell division and growth,
and certain angiosperm MIKCC-type MADS-box genes also regulate cell division and growth.
The latter function was lost during the evolution of angiosperms, consistent with the loss of

sperm.
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Summary of the results of the doctoral thesis screening
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