
����
����	
�������
�����	����
������

����

��������	
��������������������
�������������������
��
�
��������������
��������������

����	
������
����������
��
�����
����	���	����
����
�����
��������������

��������� ��!�

�����"#$"%#&�#
��'���()%�"%$$�%(#*"%"
���+���+�
+��+�	,�%"��*$)



����������	
������
��������������
����������	������������������
����
������������
��	����������
���������������� ���
�!����������"�������#	�������$%��$&&'�����������	

�(���� ����	)��	��	��	)�*(��	�	�(����������	��������
��+�,(�������
���	
�-�������
�	���������
�.
 ���(+

��������

#����	
��/+�$&&'+�0�������	)��(������	
��
��.
�� �������	������
��(���	����������	
���
��
���+�/����
������������������
���+��	�	
������������	���������	������������
�	����
�
	���������
�������
��������	�	����'&+�%!���+�������+�10�#�'%23'�344�3%5!�3�+

0�
�������	��������
������-��
��
��	�����
�������	����������	
���������
�����)	��������6���	����
�(�����������(�
�����)	���� �����	
�	)��(���
�� ���
������	
������	�����(�������
��	
������
�(�	� (	�����	����	
+�,(���	����������	
������
�����-(��(����	
 ���	�	
��	)��(��������������
��	
 ���
�����
����(�����
���
�7�����	���������(�����6������
��������
�����
���	����������+
8��(������������������-	3(��������������	����
��)��
	�����	��������� ����	���	����� ����	)

�(���	���0
)�3��������6�
�����������	������(	-
��	��� �������
�� ��(	��	������+�,(��)�
���	

	)��(�����
��)�����
������	���*�06����
��*�06�$�-����
���9����
�	������	���������
������
���(�
��	�	 ������	���	)����
��0
)�3��������6�
����+
,(�� ����
���� �	��������  �
	��� ��7��
��� 	)��������	
���� -��� ����� �
� �� �	���������

����	��(� �	� ������ �	� -(��� ����
�� 6��� �
9���� �
��  �
�� )�������� �
�	����� �
� ���
��	��� �
�
�����	�����	)��� �����
�� �
� �� �����	
�	)� �(���
�� ���
�� ����	
������	��������� �	
������
���-��
��	������
��������������
��+
1��(����	
 ����
�6
	-
��(������
�)	������#/���
���������������	�������
��������	
���+

8��(����
	-��(	-
��(������(��#/���
���������������6��
�	������	+�0�������
 ����-��)	�
���(��
�(��	�� �
�������������
�������	������)�	���	������
�)	���
���	����
���-��(�����������#/+
*����������������)�	�����
�)	���
���	����
���-��(���
����9����#/�(������
�������������(�����
(	�	�	 	������	���
���	
�	������	(�������
����3�� ���	
+�,(����)�
��
 ����  �����(������(	��
���
 ��(�������������������)���������
��������	
���+
���	6�
����� �� 6��� �
9���� �
� �(�� ����	
� �����	������ ������9��� �(�� )����� ����� �
� (��	��

�����	����������������	��
�	������
��� �����
��
 ��
���� 
���
 +�8��(����
	-�������
��
�����
�(��������9���	
�	)��(���	�������(��	6�
����)�������
��������	
����-(��(�����
�	���������
 �
��+� ,-	�
�-� ������	)����
�� (��	6�
������ ������ �� �
�����-���� )	�
�� �
� ������	
� �	� �(�
�����	���������������������/��
���+

��� ����!����	6�
�����0
:;����� ����� 
���
 ������	
������	������*(���	�������������
��
�(����������	����������������	����9���	
���	����	� �
���

"������#	����$������
���
�������	���%	�����	�
��������	���&	����$�%�'�()*$�������
��	����	
�$���+,(-*.�������$�� ����

<�/
�����#����	
�$&&'

100#��54�35$&5
10�#�'%23'�344�3%5!�3�
��
=
�
=��=��=����3�&'!42��(���=>>��
+6�+��>���	���?��
@��
=
�
=��=��=����3�&'!42�



  

Tack alla nära och kära för ert stöd
under min doktorandtid vilket gjort

att jag slutligen lyckats skriva
samman denna avhandling



 

  



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Thelander, M., Nilsson, A., Olsson, T., Johansson, M., Girod, 

P.-A., Schaefer, D.G., Zrÿd, J.P. and Ronne, H. (2007) The 
moss genes PpSKI1 and PpSKI2 encode nuclear SnRK1 inte-
racting proteins with homologues in vascular plants. Plant Mo-
lecular Biology, 64:559–573. 

II Thelander, M., Nilsson, A. and Ronne, H. (2009) Carbon and 
Energy Metabolism. Annual Plant Reviews 36, 211–245. 

III Murén*, E., Nilsson*, A., Ulfstedt, M., Johansson, M. and 
Ronne, H. (2009) Rescue and characterization of episomally 
replicating DNA from the moss Physcomitrella. Proceedings of 
the National Academy of Sciences of the United States of Amer-
ica (in press). 

IV Nilsson*, A., Olsson*, T., Ulfstedt, M., Thelander, M. and 
Ronne, H. (2009) Two novel types of plant hexokinases in the 
moss Physcomitrella patens (submitted for publication). 

Reprints were made with permission from the respective publishers. 
 
* These authors made equal contributions to the work 
 
Paper II was published as a chapter in Annual Plant Reviews, Volume 36 

“The Moss Physcomitrella patens”, edited by Knight, C., Perroud, P.-F., and 
Cove, D.,  2009, Wiley Blackwell. 
  



 

  



 

Contents 

Introduction ................................................................................................... 11 
Carbon metabolism in plants .................................................................... 12 
The moss Physcomitrella as a plant model system .................................. 13 

From the field to the laboratory ........................................................... 14 
The life cycle of Physcomitrella patens .............................................. 15 
The Physcomitrella genome and transcriptome ................................... 18 
Transformation and gene targeting in Physcomitrella ......................... 20 

Sugar sensing and signaling ..................................................................... 22 
Glucose repression in yeast ................................................................. 23 
Sugar signaling in plants ...................................................................... 23 
Glucose signaling pathways in plants .................................................. 24 
Sucrose and trehalose sensing in plants ............................................... 26 

Snf1-related kinases ................................................................................. 28 
Snf1 related kinases in plants, animals and fungi ................................ 28 
Subunits of the Snf1-related kinases .................................................... 28 
Regulation of SnRK1 activity .............................................................. 29 
Transcriptional and post-translational targets of the Snf1-related 
kinases ................................................................................................. 30 
Role of SnRK1 in senescence .............................................................. 32 

Hexokinases ............................................................................................. 32 
Regulation of hexokinases ................................................................... 33 
Subcellular localization of plant hexokinases ...................................... 34 
Role of hexokinase in glucose sensing ................................................ 36 
The role of hexokinase in programmed cell death and production of 
reactive oxygen species ....................................................................... 38 

DNA repair pathways in plants ................................................................ 39 
Double-strand breaks and gene targeting ............................................. 40 

Shuttle vectors .......................................................................................... 42 

Aims of the present study ............................................................................. 44 
Paper I ...................................................................................................... 44 
Paper II ..................................................................................................... 44 
Paper III .................................................................................................... 45 
Paper IV ................................................................................................... 45 

Results and discussion .................................................................................. 46 



 

Paper I ...................................................................................................... 46 
The moss genes PpSKI1 and PpSKI2 encode nuclear SnRK1 
interacting proteins with homologues in vascular plants ..................... 46 

Paper II ..................................................................................................... 48 
The Moss Physcomitrella patens: Carbon and Energy Metabolism .... 48 

Paper III .................................................................................................... 51 
Rescue and characterization of episomally replicating DNA from the 
moss Physcomitrella ............................................................................ 51 

Paper IV ................................................................................................... 53 
Two novel types of plant hexokinases in the moss Physcomitrella 
patens ................................................................................................... 53 

Conclusions ................................................................................................... 55 

Future perspectives ....................................................................................... 56 
Does SnRK1 function downstream of hexokinase in plants? .................. 56 
Development of shuttle vectors in Physcomitrella ................................... 56 
The use of plasmids to study homologous recombination in 
Physcomitrella .......................................................................................... 57 
The use of shuttle plasmids for cloning of dosage suppressors in 
Physcomitrella .......................................................................................... 57 
Localization and expression profiles of hexokinases ............................... 58 
Functional analysis of hexokinases .......................................................... 58 
Is alternative splicing the molecular mechanism for generating nuclear 
hexokinases? ............................................................................................. 59 

Acknowledgements ....................................................................................... 61 

References ..................................................................................................... 64 

 



 

Abbreviations 

ABA  Abscisic acid 
AGPase  ADP-glucose pyrophosphorylase 
AMPK  AMP-activated kinase 
ATP  Adenosine triphosphate 
BAC  Bacterial artificial chromosome 
cDNA  Complementary DNA 
DNA  Deoxyribonucleic acid 
DSB  DNA double-strand break 
DSBR   Double-strand break repair 
EST  Expressed sequence tag 
GFP  Green fluorescent protein 
HR  Homologous recombination 
HXK  Hexokinase 
INV  Invertase 
MMEJ   micro-homology-mediated end joining 
NHEJ  Non-homologous end-joining  
NHR  Non-homologous recombination 
NLS   Nuclear localization signal 
ORF  Open reading frame 
PCD  Programmed cell death 
PCR  Polymerase chain reaction 
PEG  Polyethylene glycol 
Pp  Physcomitrella patens 
ROS  Reactive oxygen species 
Ski  Snf1-related kinase interactor 
Snf1  Sucrose nonfermenting-1 
SNP  Single-nucleotide polymorphism 
SnRK  Snf1-related kinase 
SSA  single-strand annealing 
SUS  Sucrose synthase 
T6P  Trehalose-6-phosphate 
TPS  Trehalose-6-phosphate synthase 
TGR  Targeted gene replacement 
TI  Targeted insertion 
UV  Ultraviolet irradiation 
YTH  Yeast two hybrid 





 11

Introduction 

The moss Physcomitrella patens (in the following simply referred to as 
Physcomitrella) is a tiny plant which most people would not even notice 
even if they were walking across an area where it grows, still most of the 
work presented in this thesis is based on studies of this moss. This thesis will 
hopefully make readers appreciate the great potential of this plant in unrave-
ling basic molecular processes that have been conserved throughout the evo-
lution of land plants or even in all eukaryotes.  

Physcomitrella has several features that make it an excellent model sys-
tem for studying plant development, growth and metabolism (Cove 2005; 
Cove et al., 2006). The main reason for using Physcomitrella is, however, 
that it has an efficient native system for homologous recombination (HR) 
which makes gene targeting possible (Schaefer and Zrÿd 1997). This makes 
it unique among land plants. 

First of all it is worth noticing that plants arguably are the most important 
group of organisms on earth since they are needed to sustain almost all life 
on this planet as we know it today. This is because of the plants’ ability to 
convert the energy in sunlight to chemical energy in a process known as 
photosynthesis. The light energy is thus used to convert carbon dioxide and 
water into carbohydrates, and as a byproduct of this process oxygen is pro-
duced. Without the oxygen and carbohydrates produced by plants, animals 
including humans would never have been able to evolve on this planet 
(Campbell et al., 1999). 

The survival of all organisms is ultimately dependent on their ability to 
adapt to changes which may include sudden changes in the surrounding en-
vironment but also more subtle differences in the cellular requirement of 
nutrients within a multicellular organism. For a single-celled microorganism 
such as the yeast Saccharomyces cerevisae, the ability to sense and adapt to 
changes in the availability of sugars and other nutrients in its surrounding 
environment is of key importance since its survival is directly dependent on 
the uptake and metabolism of such nutrients. The average cell in a complex 
multicellular organism, on the other hand, is not involved in such direct up-
take of nutrients from the outside world. Despite this, systems to monitor 
nutrient availability within and around cells are needed to balance cellular 
activities with nutrient availability and to coordinate storage and allocation 
of sugars and other carbohydrates, lipids, and storage proteins between dif-
ferent cells and tissues. It is becoming increasingly clear that the central 
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regulators of the primary energy metabolism are conserved between single 
celled organism such as Saccharomyces cerevisae and multicellular organ-
ism such as animals and plants (Hardie 2007; Polge and Thomas 2007; Rol-
land et al., 2002b, 2006). The elucidation of these processes in model organ-
isms such as Saccharomyces cerevisae and Physcomitrella patens is there-
fore of great importance and of interest to a wider audience than researchers 
working only with these model organisms. 

Carbon metabolism in plants 
As mentioned above, plants possess the remarkable ability to capture energy 
in the form of sunlight (photosynthesis), which is then used to produce car-
bohydrates, a process which also results in the production of oxygen. Photo-
synthesis takes place within the chloroplast, an organelle that plants are be-
lieved to have acquired via endosymbiosis of a cyanobacterium (Campbell et 
al., 1999).  

Photosynthesis is usually divided into two different reactions, both of 
which take place inside the chloroplast. The light reaction uses solar energy 
to produce chemical energy in the form of ATP and reducing power in the 
form of NADPH. During this process water molecules are also split, result-
ing in the formation of oxygen which is released to the atmosphere. The 
second process in photosynthesis is the Calvin cycle, which uses the ATP 
and NADPH, produced by the light reaction. In the Calvin cycle carbon dio-
xide (CO2) is incorporated into ribulose-1,5-bisphosphate, which is then 
cleaved into triose phosphates that can be either exported from the chlorop-
last to the cytosol or converted in a series of reactions to starch that can be 
stored inside the chloroplast. In the cytosol, the exported triose phosphates 
can either be fed into the glycolysis and subsequently the Krebs cycle for 
energy production, or used for biosynthetic reactions.  

When the production of triose phosphates exported to the cytosol exceeds 
the cell’s energy demand, the cell may also convert the triose phosphates 
into sucrose. The two final enzymatic steps in the synthesis of sucrose are 
catalyzed by sucrose phosphate synthase and sucrose phosphate phosphatase. 
The result is that UDP-glucose and fructose-6-phosphate is used as sub-
strates to produce the disaccharide sucrose. The sucrose can then be stored 
inside the vacuole or exported to other cells where it may be used for starch 
synthesis. It should be noted that since sucrose is a non-reducing sugar, it is 
an excellent molecule both for storage and export (Buchanan et al., 2000; 
Taiz and Zeiger 1998). 

Cells that are photosynthetically active and produce an excess of carbo-
hydrates that can be exported (e.g. adult leaves) are referred to as Source 
tissues, while cells that are photosynthetically inactive and import carbohy-
drates (e.g. roots) are referred to as Sink tissues (Taiz and Zeiger 1998).  
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In order to convert excess sugars into starch for storage, the actions of 
several enzymes are required, and the end result can be either linear (amy-
lose) or highly branched starch molecules (amylopectin). Two key enzymes 
in starch formation are ADP-glucose pyrophosphorylase (AGPase) and 
starch synthase which catalyse the last two steps in the starch biosynthetic 
pathway. The precursor necessary for elongation of the starch chain is pro-
duced by converting glucose-1-phosphate and ATP into ADP-glucose, a 
reaction catalysed by AGPase. The ADP-glucose is subsequently transferred 
to the reducing end of the starch chain where it is linked via the glucose 
moiety of ADP-glucose to the elongating starch molecule by the action of 
starch synthase.  

During conditions of limited energy supply, the utilization of the stored 
energy in starch and sucrose will provide the necessary carbohydrates to 
sustain continued metabolism and growth. The degradation of sucrose is 
catalyzed by sucrose synthase (SUS) and/or invertase (INV) depending on 
the subcellular localization of the sucrose. Invertase catalyzed degradation 
produces fructose and glucose, while degradation by sucrose synthase pro-
duces fructose and UDP-glucose. The way that starch degradation occurs 
varies depending on the type of tissue but in general the degradation of tran-
siently stored starch in the chloroplast produces glucose or maltose that is 
then transported out into the cytosol for further metabolism (Fettke et al., 
2009; Smith et al., 2005).  

In order for the cell to be able to utilize the free hexoses glucose and fruc-
tose that are produced by the degradation of sucrose and starch in various 
metabolic pathways, they must first be phosphorylated by hexokinase to 
produce glucose-6-phosphate and fructose-6-phosphate. These hexose phos-
phates are then fed into catabolic pathways such as the glycolysis and subse-
quently the Krebs cycle. In addition hexose phosphates are also used in 
nucleic acid and amino acid biosynthesis via the pentose phosphate pathway. 

The moss Physcomitrella as a plant model system 
The first attempt to describe all organisms in a systematic way was made by 
Carl von Linné in the 18th century, but recent advances in molecular biology 
and especially DNA sequencing has revolutionized studies of phylogenetic 
relationships. For green plants the present consensus is that they can be di-
vided into two major lineages, the classical green algae (the chlorophytes) 
and the lineage that includes the land plants (the streptophytes). In the strep-
tophyte lineage the various types of charophytes (kransalger in Swedish) are 
the most basal clades followed by the liverworts, mosses (including Physco-
mitrella), hornworts and vascular plants (tracheophytes) (Mishler and Oliver, 
2009). In order to date the time of divergence of these lineages from each 
other, both fossil records and molecular clock analyses have been used. Both 
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methods are fraught with problems. The fossil record is necessarily incom-
plete, and the earliest observation of a new type of organism only puts a 
lower bound on its age. As for molecular clocks, there is evidence that evo-
lution may occur in rapid bursts (punctuated equilibria) rather than as a gra-
dual change. Molecular clocks frequently suggest a much earlier divergence 
of two groups than the fossil record, which is consistent with the notion that 
the latter is incomplete. That being said, the fossil records suggest that 
mosses diverged from the seed plants at least 460 million years ago, which 
fits well with two molecular clock analyses that estimated that this event 
took place between 412 and 580 million years ago (Kenrick and Crane 1997; 
Rensing et al., 2009; Theissen et al., 2001; Zimmmer et al., 2007).  

Although the mosses (including Physcomitrella) diverged from the ances-
tor of the seed plants approximately half a billion years ago, they possess 
many structures that are analogous to those of vascular plants, and respond 
to environmental cues and plant hormones in similar ways. These physiolog-
ical and molecular similarities, coupled with the fact that one can easily 
knock out genes and study gene function in Physcomitrella, are parts of the 
reason why this moss has emerged as a new plant model system (Cove 2005; 
Cove et al., 2006; Kamisugi and Cuming, 2009; Nishiyama et al., 2003; 
Quatrano et al., 2007). 

From the field to the laboratory  
Mosses in general are often much smaller than vascular plants but still re-
semble the latter in that they possess root-, stem- and leaflike organs. 
Mosses, like vascular plants, have a worldwide distribution and Physcomi-
trella patens is no exception. It is primarily found in the temperate zones, but 
also in the tropics. Although it is a small plant the collection of Physcomi-
trella specimens from around the world suggests that it is able to spread and 
colonize new territories with relative ease. The relationship between differ-
ent ecotypes has recently been investigated by sequence analysis, and the 
results suggest that some P. patens isolates are true ecotypes whereas others 
are separate subspecies or perhaps even different species (McDaniel et al., 
2009). The fact that Physcomitrella occasionally produces hybrids with dif-
ferent Physcomitrium species in nature also makes identification of true 
Physcomitrella patens ecotypes more difficult (McDaniel et al., 2009; 
Stackelberg et al., 2006). We collected the Uppsala ecotype of P. patens in a 
pasture near Wiks castle, where grazing horses had disturbed the ground, 
producing a fresh damp clay surface, a microhabitat that is frequently colo-
nized by this moss (Stackelberg et al., 2006). The fact that it prefers fresh 
damp clay surfaces also explains its name in Swedish, muddermossa, which 
refers to the fact that it is frequently found on dredgings (muddermassor in 
Swedish). The Physcomitrella patens strain that is used in research was col-
lected in 1962 in the United Kingdom and is referred to as the Gransden 
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strain (Cove 2005). This strain was first used for genetic studies in the 
1960:ies (Engel 1968).  

One reason why Physcomitrella was used as a model plant even before 
gene targeting was discovered is the fact that the dominant life phase of 
mosses is the haploid gametophyte stage. This makes isolation of mutant 
strains and genetic analysis much easier, since recessive traits can be ob-
served directly without further backcrossing to obtain homozygous diploids. 
Physcomitrella is also a rather small plant which can be grown as colonies 
on agar plates and does not require large green-house facilities. These fea-
tures, and the fact that one can easily obtain new moss colonies by cloning of 
a single cell (protoplasts) from any part of the plant, makes it very easy to 
work with in a laboratory setting. The propagation of moss strains is also 
very easy since it only requires that the moss tissue is fragmented in water 
using a blender and then spread onto new agar plates (Cove 2005; Cove et 
al., 2006). 

It is, however, only during the last decade that Physcomitrella has become 
a key plant model system used in molecular biology. The main reasons for 
the increased interest in using Physcomitrella were the development of a 
protocol for genetic transformation, and above all, the discovery that Phys-
comitrella has an efficient native system for HR. This makes it unique 
among land plants and allows for precise gene targeting and allele replace-
ments by transformation of moss cells with a construct containing genomic 
DNA that is homologous to the gene of interest (Kammerer and Cove 1996; 
Schaefer et al., 1991; Schaefer and Zrÿd 1997).  

Recently, the sequencing and assembly of the nuclear genome of Phys-
comitrella was also completed, and the sequences of the chloroplast and 
mitochondrial genomes have previously been published (Rensing et al., 
2008; Sugiura et al., 2003; Terasawa et al., 2007). This made Physcomitrella 
the first non-seed land plant whose genome was sequenced and annotated, 
thus providing an invaluable tool in comparative genomics and studies of 
land plant evolution. 

The life cycle of Physcomitrella patens 
During vegetative growth, bryophytes are in the gametophytic stage of the 
life cycle, which means that the haploid life phase is dominant. This is di-
rectly opposite to the life cycle of higher plants, where the diploid sporo-
phyte generation dominates. The life cycle of Physcomitrella is illustrated in 
Figure 1.  

Physcomitrella initially grows as protonemal filaments in a two-
dimensional pattern, which eventually give rise to upright three-dimensional 
gametophores, also referred to as leafy shoots. The life cycle and develop-
ment of Physcomitrella from the germination of the spore to the formation 
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of the sporophyte bearing gametophore has been reviewed by Reski (1998) 
and Cove (2005). 

 
Figure 1. The life cycle of Physcomitrella patens. Photos by Anders Nilsson and 
Mattias Thelander 

The first stage after spore germination is the polar outgrowth of a chloro-
nemal filament, which is one of the two types of protonemal filaments in 
moss. The regeneration of isolated protoplasts resembles the germination of 
spores in that it also produces chloronemal filaments and occurs by polarized 
growth, thus making moss a very good system to study cell polarity (Cove 
and Quatrano 2004). The cells in a chloronemal filament has a large number 
of well developed chloroplasts and perpendicular cell cross-walls.  

The differentiation into the second type of protonemal filament, caulo-
nemal filaments, is induced by the plant hormone auxin. It has also been 
proposed that the energy status may influence the developmental transition 
from chloronema to caulonema, since the latter is an adventitious tissue type 
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that only is produced if it can be afforded energy wise (Thelander et al., 
2005). Compared to chloronemal cells, the caulonemal cells grow faster, 
have fewer and less well developed plastids and oblique cell cross-walls. 
The subapical cells in caulonemal filaments frequently become polyploid 
with age (Cove 2005; Schween et al., 2003). The fact that both types of pro-
tonemal filaments are dependent on tip growth has stimulated much interest 
in Physcomitrella as a model system to elucidate the mechanism of polar tip 
growth in plants (Bezanilla and Perroud 2009; Menand et al., 2007a).  

When a side branch is initiated from a subapical caulonemal cell it may 
form a new caulonemal filament or differentiate back to form a chloronemal 
filament. This is in contrast to the side branches on chloronemal filaments, 
which are only able to form new chloronemal filaments. Sometimes caulo-
nemal side branch initials develop into buds, a process which is induced by 
the combined action of the phytohormones auxin and cytokinin. The bud is 
the meristem initial that develops into the upright gametophore (leafy shoot) 
which resembles the main diploid (sporophytic) body of higher plants. The 
gametophore has a stem-like structure but lacks a true vascular system, and 
along the axis of the stem it has photosynthetically active phyllids, which are 
leaf-like structures only one cell layer thick (Cove 2005; Reski 1998). It 
should be noted that many mosses including Physcomitrella have primitive 
tissues with conducting functions, but it is unclear to what extent they are 
homologous to the phloem and xylem of vascular plants (paper II). Primarily 
at the base of the gametophores, a type of filament known as rhizoids grows 
out by polar tip growth, these root-like structures anchors the gametophore 
to the substrate and keeps it upright. The development and function of rhizo-
ids in Phycsomitrella and the root hairs of Arabidopsis are in part regulated 
by the same types of transcription factors, which illustrates a functional con-
servation between developmental programs in mosses and vascular plants 
(Menand et al., 2007b).  

The gametophore is also the structure that carries the sexual organs (ga-
metangia), and in Physcomitrella both male (antheridia) and female (arche-
gonia) sexual organs develop at the apex on the same gametophore, making 
it a monoecious plant. Gametangia development is induced by a drop in 
temperature (from 25 °C to 15 °C) and is further enhanced by a short day 
light regime similar to early autumn in Sweden. The male gametes (sperma-
tozoids) which are produced in the antheridia have flagella and require a 
small amount of water to be able to swim into the archegonia and fertilize 
the egg. The fertilized zygote then develops and forms the diploid sporo-
phyte that consists of a short stalk (seta) that carries the spore capsule where 
meiosis takes place and produces about 4000 haploid spores. Since the spo-
rophyte is made up of cells that appear to be photosynthetically inactive, it is 
thought to be dependent on the gametophore to provide it with the necessary 
nutrients (Cove 2005; Kofuji et al., 2009; Reski 1998). 
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The Physcomitrella genome and transcriptome 
Plant cells have three different compartments where genetic information in 
the form of DNA is stored, the nucleus, the mitochondria and the plastids. 
The general consensus is that the mitochondria and plastids are remnants of 
two endosymbiotic events where the ancestral eukaryotic cell first engulfed a 
bacterium related to the alpha proteobacteria, which gave rise to the mito-
chondria, and subsequently a cyanobacterium, which gave rise to the plas-
tids. After these endosymbiotic events most of the genes encoded by the 
original prokaryotes were transferred to the host nucleus where they now 
reside.  

The publication of the chloroplast and mitochondrial genome sequences 
from Physcomitrella has provided a wealth of information facilitating studies 
of plant evolution such as the transfer of genes from the chloroplast to the 
nucleus, and the rapid evolution of the genome structure of plant mitochon-
dria (Sugiura et al., 2003; Terasawa et al., 2007; Zimmer et al., 2007). One 
of the most interesting findings that emerged from the analysis of the Phys-
comitrella chloroplast genome was the transfer of the ropA gene (encoding 
the � subunit of plastid RNA polymerase) to the nucleus, an event which 
appears to be specific to mosses. This finding was recently followed up by a 
study where a second homolog of the ropA gene was found to be encoded by 
the nuclear genome and interestingly, the two ropA homologs seems to af-
fect the transcription of chloroplast genes differently (Kabeya et al., 2007). 
An extensive review about the chloroplast genome and physiology in Phys-
comitrella was recently published by Sugita and Akoi (2009).  

For the Physcomitrella mitochondrial genome, no obvious synteny with 
green algae (chlorophytes) or flowering plants (angiosperms) could be de-
tected, but it does resemble the mitochondrial genomes of two liverworts and 
of the charophyte Chara vulgaris. This is consistent with the hypothesis that 
the charophytes occupy a basal position in streptophyte evolution (Terasawa 
et al., 2007). 

Although the analysis of the organelle genomes have provided many in-
sights into plant evolution, most of the comparative genomics studies in 
Physcomitrella have focused on the genes of the nuclear genome and its 
transcriptome. 

The size of the haploid genome of Physcomitrella patens is estimated to 
be around 500 Mb, and it is distributed on 27 regular chromosomes and an 
unknown number of microchromosomes (Reski et al., 1994; Schween et al., 
2003). Several attempts have been made to estimate the number of protein 
encoding genes by analyzing the transcriptome and the recently published 
genome sequence. Depending on the methodology used, the outcomes have 
been quite different. The first published estimates thus indicated that the 
Physcomitrella genome contains around 25 000 genes (Rensing et al., 2002).  
Nishiyama et al (2003) assembled 15 883 putative transcripts and Lang et al 
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subsequently found 26 123 virtual transcripts (Lang et al., 2005; Rensing et 
al., 2005). The total number of genes is likely to be considerably more than 
the 15 883 that were detected by Nishiyama et al (2003) since this analysis 
was performed using transcripts recovered only from a few developmental 
stages of the moss.  

When the predicted genes from the transcriptome analyses were analyzed 
with respect to their implied roles in different biological processes (gene 
ontologies), it was found that 70-80% are involved in metabolism, a very 
high number compared to the 10-44% seen in seed plants (Lang et al., 2005). 
This suggests that Physcomitrella may possess metabolic pathways which 
are not found in seed plants (Nishiyama et al., 2003). In a recent analysis, 
the high proportion of genes in Physcomitrella that are involved in metabol-
ism was explained by the retention of these genes after a large scale genome 
duplication (Rensing et al., 2007). The overrepresentation of metabolic 
genes is consistent with our finding that the hexokinase gene family is larger 
in Physcomitrella than in both rice and Arabidopsis (paper IV). 

With the publication of the draft sequence of the Physcomitrella genome 
(version 1.1) the number of predicted genes increased to 35 938, of which 
only 25% could be verified by expressed sequence tags (ESTs) (Rensing et 
al., 2008). It thus appears that the previous transcriptome based analyses 
significantly underestimated the gene content in Physcomitrella. However, 
another possible source of errors is if the gene finding algorithms used to 
analyze the draft sequence produced false gene models. After the publication 
of the draft sequence, a more extensive analysis resulted in the elimination of 
some gene models, leaving 27 949 predicted genes in version 1.2 of the 
Physcomitrella genome sequence (Lang et al., 2008).  

Beside the studies of the protein encoding genes, the publication of the 
genome sequence has also allowed for an in depth analysis of the small 
RNAs. The latter play important regulatory roles in plants and affect many 
diverse processes such as development and nutrient acquisition. Studies of 
small RNAs in moss may aid in finding conserved target genes that played 
an important role in land plant evolution since the regulation of some target 
genes by small RNAs is conserved between different plants (Arazi et al., 
2005; Axtell et al., 2006; Axtell 2009). 

To complete the assembly and annotation of the genome sequence of 
Physcomitrella the sequencing of more full-length cDNAs and also end se-
quencing of the genomic libraries cloned into bacterial artificial chromo-
somes (BAC) will be needed (Lang et al., 2008). This work is now under 
way by the same consortium that produced the draft genome sequence. A 
genetic map of Physcomitrella based on AFLP and microsatellite data was 
also recently published, but it was only possible to anchor a fraction of the 
2106 genomic scaffolds that had been assembled in v1.1 of the genome se-
quence to the map. A genetic map of much higher marker density is there-
fore necessary (Kamisugi et al., 2008). 
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We are participating in the above mentioned effort to produce a new ge-
netic map, by identifying single nucleotide polymorphisms (SNPs) through 
sequencing of the Physcomitrella ecotype Villersexel, which differs signifi-
cantly from the Gransden ecotype. The establishment of a genetic map with 
higher marker density than the present map will facilitate forward genetics in 
Physcomitrella, by making it easier to map genes, and thus further streng-
then Physcomitrella as a plant model system.  

Transformation and gene targeting in Physcomitrella 
The key discovery that turned Physcomitrella into a major plant model sys-
tem was the finding that gene targeting is possible in this moss. In the mid 
1990:ies a series of experiments thus revealed that when Physcomitrella is 
transformed with a linearized construct containing genomic DNA from the 
moss, this construct is integrated into the genome preferentially by homo-
logous recombination. The conclusion made was that Physcomitrella pos-
sesses a native system for HR, which is as efficient as that found in budding 
yeast, something which makes Physcomitrella unique among multicellular 
eukaryotes (Kammerer and Cove 1996; Schaefer and Zrÿd 1997).  

This revolutionary finding has enabled the use of targeted mutagenesis 
and allele substitution methods in Physcomitrella, which are very powerful 
tools in functional genetics. Our understanding of the molecular mechanism 
responsible for the efficient HR in Physcomitrella is still limited, but there 
has been some recent progress (Kamisugi et al., 2005, 2006; Kamisugi and 
Cuming 2009).  

The most frequently used method for transformation of Physcomitrella is 
the uptake of naked DNA into moss protoplasts in the presence of polyethy-
lene glycol (PEG) and calcium ions (Hohe et al., 2004; Schaefer et al., 
1991). Transformation of Physcomitrella is also possible using biolistic me-
thods and Agrobacterium tumefaciens but so far publications where these 
methods have been used are scarce (Cove et al., 2009a, 2009b). More recent-
ly, efficient RNAi tools have also been developed for Physcomitrella, pro-
viding an attractive alternative method for studies of gene function, particu-
larly in cases where several duplicated genes provide redundant or overlap-
ping functions (Bezanilla et al., 2003, 2005; Khraiwesh et al., 2008). 

The outcome of PEG mediated transformation is dependent on both the 
nature and sequence of the transformed DNA. Transformation of moss pro-
toplasts with a circular DNA construct containing a selection cassette will 
initially produce more transformants than transformation with linearized 
DNA. Most of these transformants are, however, highly unstable and quickly 
loose the marker and die under selection. Therefore, transformation with 
circular constructs is preferred for various transient assays, whereas using a 
linear construct will result in a higher proportion of stable transformants 
where the construct has become integrated into the genome. This difference 



 21

between the results obtained with circular and linearized plasmids appears to 
be independent of the presence or absence of moss sequence on the trans-
formed construct, as evidenced by our study of episomally replicating DNA 
in Physcomitrella (paper III). 

If the desired result of the transformation is to generate a gene knockout it 
is advisable that a large part of the coding sequence is replaced in order to 
fully inactivate the gene. This is accomplished by constructing a plasmid 
where a selection cassette is cloned between two moss sequences homologous 
to the flanking regions of the gene that will be replaced.  

The length of the homologous sequences on each side will affect the fre-
quency of allele replacement by HR in the stable transformants. Thus, it was 
found that around 600 bp of homologous sequence is necessary to obtain 
allele replacement by HR in 50% of the stable transformants (Kamisugi et 
al., 2005). Furthermore, if highly asymmetric constructs are used in which 
the flanking homologies are of unequal length, there is a tendency for HR to 
occur only at one end of the gene, and the frequency of allele replacement in 
this case is proportional to the length of the shorter of the two flanking se-
quences. This type of integration that does not result in a targeted gene re-
placement (TGR) is referred to as targeted insertions (TI), and it seems to be 
the result of HR at one end and non-homologous end-joining (NHEJ) at the 
other (Kamisugi et al., 2005, 2006).  

It is also possible to target several loci during a single transformation in 
Physcomitrella, since a single protoplast may take up several different 
knockout constructs. However, this type of batch transformation is seldom 
used, since the frequency of multiple targeting events is still rather low. The 
frequency by which multiple targeting events occur is in fact equal to the 
multiplied frequencies of the single targeting events (Hohe et al., 2004; Ka-
misugi et al., 2006). Therefore, sequential transformations with targeting 
constructs carrying different selection markers or the use of RNAi are better 
options if several genes need to be targeted. 

One major difference from gene targeting in yeast is that the transformed 
construct often integrates in multiple copies at the targeted locus in Physco-
mitrella. This is thought to happen because transformed DNA fragments 
undergo concatenation in planta prior to the integration event. Our results 
suggest that the process of concatenation involves both recombination be-
tween homologous sequences within the transformed DNA and precise re-
ligation of linearized constructs (Figure2; paper III). These concatemers can 
integrate at the targeted locus by HR and the outcome can be either TGR or 
TI. A more detailed molecular analysis of a specific TI event revealed that 
HR actually occurred twice at the same chromosomal location, but between 
two different copies of the targeting construct (Kamisugi et al., 2006).  

Efficient HR is possibly a common feature of many or all mosses since 
there are reports that HR also occurs in the moss Ceratodon purpureus 
(Brücker et al., 2005; Trouiller et al., 2007). 
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Figure 2. One route for targeted gene replacement in Physcomitrella 

Sugar sensing and signaling  
A cell’s ability to sense whether the available nutrients are sufficient for 
sustained growth and development is vital to both free living microorgan-
isms such as yeast and multicellular organisms such as plants (Rolland et al., 
2006). In particular, the central role of sugars in the energy metabolism 
makes the ability to sense and adapt to changes in sugar availability crucial 
to maintain energy homeostasis. Baker’s yeast, Saccharomyces cerevisae, is 
the model organism in which sugar sensing and signaling has been most 
extensively studied. I will therefore start by describing some of the mechan-
isms for sugar sensing and signaling in yeast. 
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Glucose repression in yeast 
Saccharomyces is an organism with a rather atypical metabolism that gives it 
a selective advantage against other microorganisms in nature. When glucose 
is present it will use it as primary carbon source and metabolize it via fer-
mentation even if oxygen is present. This results in the production of ethanol 
which may have an inhibitory effect on other microorganisms. Once the 
glucose has been depleted the yeast cell changes its metabolism in order to 
metabolize the ethanol that it has just produced. 

This metabolic switch is known as the diauxic shift and involves the tran-
scriptional derepression of genes involved in respiration and gluconeogene-
sis as well as uptake and metabolism of other carbon sources than glucose. 
The mechanism behind this switch is known as glucose repression, since 
these genes are repressed by glucose until it is depleted. 

Depending on the concentration of glucose that is present, the yeast cell 
expresses either high or low affinity hexose transporters, some of which also 
function as glucose sensors. After the glucose has been taken up by the cell, 
the major hexokinase in yeast (Hxk2) phosphorylates it into glucose-6-
phosphate, but Hxk2 also provides a glucose-dependent signal causing re-
pression of the glucose-repressed genes. This signal involves dephosphoryla-
tion and inactivation of Snf1, a protein kinase that mediates derepression of 
the glucose repressed genes in the absence of glucose, when Snf1 is active. 
The mechanism by which Snf1 exerts its function involves the nuclear trans-
location of the transcription factor Mig1 which acts as a repressor of the 
glucose repressed genes (Nehlin and Ronne, 1990). When glucose levels 
decline, Snf1 is activated and phosphorylates Mig1, which in turn causes it 
to be exported from the nucleus, and as a consequence, the genes that are 
regulated by Mig1 are derepressed (Rolland et al., 2002b). 

Sugar signaling in plants 
As stated in the beginning of this section, the availability of energy in the 
form of sugars can affect both growth and development in plants, but the 
exact mechanism for how this is achieved is still not fully understood. Plant 
development is governed by a complex interplay between genetic programs, 
hormones, environmental cues and energy availability. Since plants are made 
up of different tissues this requires signaling over considerable distances and 
also in cell type specific manners. Most of the research on the signaling me-
chanisms in plants has been focused on plant hormones, such as auxin, ab-
scisic acid (ABA) and cytokinin. These hormones are involved in a wide 
variety of processes from regulation of seed development to senescence, and 
there is extensive cross-talk between the signaling pathways with more than 
one hormone frequently being involved in the same process. There is now 
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also evidence suggesting that sugars may function as signaling molecules in 
plants, similar to the roles of plant hormones (Rolland et al., 2006). 

In trying to elucidate the sugar signaling pathways in plants, one approach 
taken has been to isolate mutants in genetic screens. For example, mutants 
have been isolated which are hypersensitive or insensitive to the effects of 
sugars on Arabidopsis seedling development (Rook and Bevan 2003). These 
screens identified several mutants that proved to be allelic to mutants found 
also in different abscisic acid sensitivity and stress response screens. It has 
further been found that many mutants affected in genes involved in ethylene 
and ABA biosynthesis and signaling also show impaired responses to sugars 
such as glucose and sucrose. This suggests there is an extensive cross talk 
between sugar and plant hormone signaling, but it can also be interpreted as 
evidence that sugars have signaling capabilities similar to those of plant 
hormones (reviewed by Leon and Sheen 2003). This conclusion is further 
strengthened by the observation that sugars appear to have an important role 
in controlling meristem development (Francis and Halford 2006).  

One of the most intriguing findings that emerged from these genetic 
screens was, however, the discovery that the glycolytic enzyme hexokinase 
appears to have a role in sugar signaling also in plants. Thus, a hexokinase 
mutant, gin2, was discovered in a screen for mutants that are unresponsive to 
the inhibitory effect of high glucose concentrations on seedling development 
(Rolland et al., 2002a; Zhou et al., 1998). Results from these studies suggest 
that AtHXK1 (the gene affected in the gin2 mutant) is a key protein involved 
in sugar sensing and signaling in plants. Also in this case, there seems to be a 
cross talk with plant hormones, since the gin2 mutant is auxin insensitive 
and cytokinin hypersensitive. AtHXK1 is also connected to ethylene signal-
ing through the key transcriptional regulator EIN3 (Yanagisawa et al., 2003). 
Evidence that AtHXK1 has a distinct sugar signaling function which is inde-
pendent of its catalytic activity came with the discovery that the gin2 pheno-
type can be rescued by catalytically inactive AtHXK1 alleles (Moore et al., 
2003). Recently, it was further discovered that a minute amount of AtHXK1 is 
localized inside the nucleus where it interacts with two proteins, VHA-B1 and 
RPT5B, that have not previously been suggested to be involved in glucose 
sensing and signaling. The resulting complex appears to specifically target the 
promoters of glucose repressed genes in Arabidopsis (Cho et al., 2006b). 

Based on these findings there seems to be similar roles in both yeast and 
plants for hexokinases in sugar sensing and signaling. Another similarity 
between plants and yeast though, is that sugar signals can be sensed also by 
hexokinase independent pathways.  

Glucose signaling pathways in plants 
In Arabidopsis, there are at least three glucose signaling pathways that are 
responsible for regulating gene expression. These pathways have been clas-
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sified based on the role of hexokinase in the signal transduction (Figure 3; 
Xiao et al., 2000).  

 
Figure 3. Three proposed glucose signaling pathways in plants affecting gene ex-
pression 

The enzymatic function of hexokinase is to phosphorylate hexoses and the-
reby making hexose phosphates available to glycolysis and other metabolic 
pathways. The first proposed glucose signaling pathway in plants is depen-
dent on this catalytic function of hexokinase and it is possible that a down-
stream product in glycolysis, or the ATP level, is what actually is sensed 
rather than glucose per se (Xiao et al., 2000).  This pathway was illustrated 
in an experiment where the heterologous expression of yeast HXK2 in Ara-
bidopsis was shown to have the same effect on expression of the pathogene-
sis related genes PR1 and PR5 as overexpression of AtHXK1.  

The glucose signaling pathway that has attracted most interest is, howev-
er, the one which is hexokinase dependent but does not rely on its catalytic 
activity (Jang et al., 1997; Moore et al., 2003). This pathway regulates those 
photosynthetic genes whose expression is repressed by glucose, e.g. the 
genes encoding the ribulose-1,5-bisphosphate carboxylase small subunit 
(RBCS), the chlorophyll a/b-binding protein (CAB), and plastocyanin (PC). 
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of these genes in plants came from work analyzing the effects of various 
glucose analogs in a transient maize protoplast assay. Thus, it was found that 
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2-deoxyglucose, a substrate for hexokinase which cannot be further metabo-
lized, could cause repression of a CAB reporter construct, which suggests 
that it is not a downstream metabolite in glycolysis that is being sensed (Jang 
and Sheen 1994). Later, it was found that overexpression of AtHXK also 
caused sugar hypersensitivity while antisense lines were hyposensitive, 
which is the opposite of the effect of overexpressing the yeast ScHXK2 gene 
in plants. This suggested that the catalytic function provided by the yeast 
hexokinase is not sufficient to cause the sugar signaling effect in plants (Jang 
et al., 1997; Xiao et al., 2000). Further evidence that AtHXK1 plays a role in 
glucose signaling that is glycolysis-independent comes from the finding that 
the expression of catalytically inactive hexokinases in Arabidopsis can res-
cue the glucose insensitive gin2-1 mutant (Moore et al., 2003). A possible 
way that AtHXK1 may affect transcription of target genes was recently sug-
gested by Cho and coworkers (2006b). They showed that a small fraction of 
AtHXK1 is present as a complex with other proteins inside the nucleus, a 
complex which binds to the CAB promoter and affects its transcription in 
response to glucose. 

There also appears to exist glucose signaling pathways in plants that are 
completely independent of hexokinase. This is illustrated by the fact that the 
glucose-dependent regulation of the genes for aspargine synthase (ASN1), 
chalcone synthase (CHS), phenylalanine ammonia-lyase (PAL1) as well as 
AGPase are unaffected by overexpression of either sense or antisense 
AtHXK1 constructs or of yeast ScHXK2 (Xiao et al., 2000). 

Sucrose and trehalose sensing in plants 
Besides the effects of glucose on gene expression there is also emerging 
evidence that plants have specific sensing and signaling pathways that are 
regulated by disaccharides such as sucrose and trehalose (Rolland et al., 
2002a, 2006). The main obstacle when trying to analyze sucrose specific 
signal transduction is that sucrose is easily cleaved into monosaccharides by 
either invertase (glucose + fructose) or sucrose synthase (fructose + UDP-
glucose). As discussed above, these monosaccharides can trigger sugar sig-
naling and it is therefore hard to ascertain whether it is sucrose or its clea-
vage products that are responsible for the effects seen (Koch 2004). A way 
around this problem is to use nonmetabolizable sucrose analogs such as pala-
tinose (Loreti et al., 2000). One example of a gene whose transcription is 
specifically regulated by sucrose is the proton-sucrose symporter BvSUT1 
from sugar beet (Chiou and Bush 1998; Vaughn et al., 2002). The fact that 
the expression of a proton-sucrose symporter is regulated by sucrose is inter-
esting as it has a key role in energy allocation through its role in transport of 
sucrose from source tissues to sink tissues. An interesting question that re-
mains to be answered is whether any of the Physcomitrella proton-sucrose 
symporters also are regulated specifically by sucrose, a finding which, if true 
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might imply that mosses also transport carbon and energy between different 
tissues in the form of sucrose (paper II).  

Another set of interesting transporters are the SUT2 type sucrose trans-
porters from tomato and Arabidopsis which have been proposed to serve as 
sugar sensors in plants, similar to the two catalytically inactive hexose trans-
porters Snf3 and Rgt2 in yeast (Barker et al., 2000; Lalonde et al., 1999). In 
yeast, these two transmembrane proteins are localized to the plasma mem-
brane where they function as high and low affinity glucose sensors, trans-
ducing signals that regulate the expression of the appropriate set of hexose 
transporters, to assure optimal uptake under a wide range of glucose concen-
trations (Santangelo 2006; Westholm et al., 2008). The two plant SUT2 type 
sucrose transporters do show some structural similarities to the two yeast 
proteins and, furthermore, did not exhibit a detectable transport capacity for 
sucrose, observations which led to the hypothesis that they, too, might have a 
role as sensors of sucrose. Whether this is a correct interpretation of the data 
has, however, recently been questioned (Barker et al., 2000; Lalonde et al., 
1999; Sauer 2007). 

Another disaccharide that has also been the focus of some interest is tre-
halose, which is synthesized in two steps from glucose-6-phosphate and 
UDP-glucose. Thus, trehalose-6-phosphate synthase (TPS) produces treha-
lose-6-phosphate (T6P), which is then dephosphorylated by trehalose-6-
phosphate phosphatase to produce trehalose (Paul et al., 2008). The addition 
of trehalose to the growth medium of Arabidopsis seedlings causes growth 
inhibition possibly due to the induction and activation of AGPase, which in 
turn alters the sink-source relationship (Wingler et al., 2000). The effects 
observed with trehalose is probably caused by accumulation of the interme-
diate product T6P since heterologous expression of a bacterial trehalose-6-
phosphate synthase gene in an Arabidopsis tps1 mutant could rescue this 
embryo lethal mutant whereas trehalose was unable to do so (Schluepmann 
et al., 2003). It should be noted that T6P does not seem to regulate the activi-
ty of hexokinase in plants (Eastmond et al., 2002; Kandel-Kfir et al., 2006), 
unlike the situation in yeast, which in turn implies that trehalose could func-
tion in a hexokinase independent signaling pathway in plants. Interestingly, 
the expression of the SnRK1 protein kinase AKIN11 in Arabidopsis (further 
discussed below) appears to be regulated by the T6P concentration 
(Schluepmann et al., 2004), and furthermore, several of the trehalose phos-
phate synthases appear to be SnRK1 phosphorylation targets, observations 
which suggest a possible downstream role for SnRK1 in trehalose signaling 
(Harthill et al., 2006; Halford and Hey 2009; Rolland et al., 2006).  
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Snf1-related kinases 
Snf1 related kinases in plants, animals and fungi 
Snf1-related protein kinase-1 (SnRK1) is a key regulator of the carbon and 
energy metabolism in plants, which is consistent with the conserved function 
of this protein kinase in animals and fungi. The first plant SnRK1 gene was 
in fact identified by its ability to complement a yeast snf1 mutant, illustrating 
the conserved function of these kinases in all eukaryotes (Alderson et al., 
1991). The name SnRK1 is derived from its yeast homolog SNF1, which 
stands for Sucrose Non-Fermenting; in animals this protein is referred to as 
AMPK (AMP-activated protein kinase).  

In plants, there are three different subfamilies of SnRKs denoted SnRK1, 
SnRK2 and SnRK3, but the true orthologs of SNF1 and AMPK belong to the 
SnRK1 subfamily, with the SnRK2 and SnRK3 subfamilies being unique to 
plants. The Snf1/AMPK/SnRK1 kinases are believed to function as energy 
gauges that detect and respond to cellular energy starvation. Hence, animal 
AMPK is activated by a high AMP to ATP ratio while yeast Snf1 is acti-
vated by glucose deprivation, conditions being indicative of energy starva-
tion. The activated kinase will then restore the energy level by turning on 
catabolic pathways and turning off anabolic pathways. The effects mediated 
by the SnRK1s include both direct phosphorylation of metabolic enzymes 
and transcriptional regulation of genes involved in the carbon metabolism 
(Halford et al., 2003; Hardie 2007; Rolland et al., 2006). 

Subunits of the Snf1-related kinases 
The activity of SnRK1 is dependent on the formation of a heterotrimeric 
protein complex made up of a catalytic �-subunit and two regulatory �- and 
�-subunits. Similar heterotrimeric SNF1 and AMPK complexes are formed 
in fungi and animals. There are genes encoding true homologs of both the �-
subunits and the �-subunits in plants, but in addition there is also a family of 
more divergent plant specific �-subunits, e.g. SnIP1 (Bouly et al., 1999; Slo-
combe et al., 2002). Another plant specific family of regulatory proteins is 
the AKIN�� subunits that seem to be a fusion of a �- and �-subunit (Lumbre-
ras et al., 2001).  There also exists a plant specific group of truncated �-
subunits which appears functional since the Arabidopsis AKIN�3 is able to 
complement the yeast sip1�sip2�gal83� �-triple mutant (Gissot et al., 
2004). Several of the SnRK1 regulatory subunits were either identified in 
yeast two-hybrid (YTH) screens, or shown to interact with other components 
of the SnRK1 complex using the YTH system (Bouly et al., 1999; Lakatos et 
al., 1999). Recently, we identified a novel family of plant proteins that can 
interact with the moss SnRK1 protein PpSnf1a using this technique (paper 
I). Whether these novel proteins, PpSKI1 and PpSKI2, are part of the SnRK1 



 29

complex or targets for PpSnf1 is not clear yet. When the genome sequence 
of Physcomitrella recently became available, we found that most of the dif-
ferent regulatory SnRK1 subunits found in seed plants are encoded also by 
the Physcomitrella genome, which indicates that they are conserved in all 
land plants (Rensing et al., 2008; paper II). It is still unclear why plants have 
such a diverse set of regulatory SnRK1 subunits, as compared to animals and 
fungi, but it might reflect an involvement of the SnRK1 complex in other 
processes such as plant-pathogen interactions (Gissot et al., 2006; Polge and 
Thomas 2007).  

Regulation of SnRK1 activity 
In contrast to animal AMPK which is allosterically activated by AMP that 
accumulates during starvation conditions, neither yeast SNF1 nor plant 
SnRK1 have been shown to be regulated allosterically by AMP (Rutter et 
al., 2003; Sugden et al., 1999a; Wilson et al., 1996). The identity of the mo-
lecule(s) responsible for activation of yeast SNF1 and the plant SnRK1s still 
remains elusive. What is known is that the activity of SnRK1 is dependent 
on the phosphorylation of a threonine residue on the SnRK1 catalytic sub-
unit. Furthermore, the phosphorylation state is somehow regulated by the 
AMP level since low concentrations of AMP inhibited dephosphorylation 
(Sugden et al., 1999a). The protein kinase kinases responsible for this activa-
tion in the yeast Saccharomyces cerevisae are Elm1, Sak1, Tos3, and in 
mammals the corresponding kinases are known as LKB1 and CaMKKs 
(Hawley et al., 2005; Hong et al., 2003; Hurley et al., 2005; Nath et al., 
2003; Sutherland et al., 2003; Woods et al., 2003; 2005). Recently, two plant 
kinases were also identified in Arabidopsis named AtSnAK1 and AtSnAK2, 
that are able to complement an elm1, sak1, tos3 triple mutant yeast strain. 
They could also phosphorylate a synthetic peptide identical to the phospho-
rylation target sequence within the catalytic SnRK1 subunit (Hey et al., 
2007). Inactivation of yeast Snf1 involves its dephosphorylation by a protein 
phosphatase complex that is formed after the interaction of Hxk2 with Glc7 
and Reg1. At present, no such phosphatase complex responsible for the de-
phosphorylation and inactivation of SnRK1 has been identified in plants, 
however, there is a protein tyrosine phosphatase that potentially could serve 
a similar function in plants since it possesses a domain that interacts with the 
SnRK1 protein AKIN11 from Arabidopsis (Fordham-Skelton et al., 2002).  

The kinase activity of some SnRK1s has also been shown to be inhibited 
by glucose-6-phosphate, whereas neither glucose nor AMP had any such 
effect (Toroser et al., 2000). Several studies during the last couple of years 
have instead focused on another metabolite that has been implicated in regu-
lating SnRK1 activity and possibly sugar signaling: trehalose-6-phosphate 
(T6P). The exact roles of T6P and SnRK1 in this putative hexokinase inde-
pendent signaling pathway are, however, still largely unknown (Rolland et 
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al., 2006). What is known is that SnRK1 can phosphorylate certain treha-
lose-6-phosphate synthases, and also regulate the transcription of their genes, 
and the expression of some SnRK1s appears to correlate with T6P levels 
(Baena-González et al., 2007; Glinski and Weckwerth, 2005; Harthill et al., 
2006; Schluepmann et al., 2004). In a recent study, it was further shown that 
the SnRK1 activity of AKIN10 and AKIN11 is inhibited by T6P in young 
tissues of Arabidopsis and that this inhibition is dependent on an unknown 
intermediary factor. This factor is not present in mature leaves, hence the 
regulation of SnRK1 by T6P appears to be specific to actively growing tis-
sues (Zhang et al., 2009).   

There is also evidence of sucrose regulation of SnRK1 activity, but the 
mechanism is not still fully understood. What has been shown is that the 
kinase activity is increased in the presence of sucrose (Bhalerao et al., 1999). 
This result was somewhat puzzling since SnRK1 has been suggested to have 
a key role during energy starvation (Rolland et al., 2006). This apparent 
contradiction could be explained by the fact that the SnRK1s regulate starch 
biosynthesis through both transcriptional and post-translational regulation of 
key enzymes (see below). If there is an excess of energy in the form sucrose 
it would therefore make sense to store it as an energy reserve in the form of 
starch. Interestingly, a Physcomitrella snf1a snf1b double knockout cannot 
survive in darkness, a condition that resembles starvation in that it requires 
the mobilization of stored starch (Thelander et al., 2004). In a recently de-
scribed Arabidopsis akin10 akin11 double knock-down mutant, starch accu-
mulation was not impaired; instead it appears that this mutant is unable to 
mobilize starch, resulting in a high starch content at the end of the night. The 
role of SnRK1 in starch storage and mobilization was suggested to be pri-
marily a starvation response, and it was further reported that the SnRK1 
activity is not regulated by sucrose (Baena-González et al., 2007). However, 
this conclusion has been questioned since SnRK1 activity is required for 
starch biosynthesis in various storage organs in other plants (Halford and 
Hey 2009). 

Transcriptional and post-translational targets of the Snf1-related 
kinases 
The elucidation of the amino acid target sequences for SnRK1-dependent 
phosphorylation has been important for identifying possible SnRK1 targets 
that could be post-translationally regulated (Halford and Hardie 1998). Sev-
eral key metabolic enzymes have thus been found to be negatively regulated 
by SnRK1-mediated phosphorylation, e.g. nitrate reductase, HMG-CoA 
reductase, sucrose phosphate synthase (Sugden et al., 1999b), and trehalose 
phosphate synthase (Harthill et al., 2006). This illustrates that the SnRK1 
kinase functions as a central hub regulating a diverse set of biosynthetic 
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pathways that are involved in nitrogen assimilation, isoprenoid biosynthesis, 
and sucrose biosynthesis. It is conceivable that the two homologous SnRK1-
interacting proteins that we identified in Physcomitrella, PpSki1 and PpSki2, 
could be transcriptional effectors, since they localize inside the nucleus and 
since they both have a cryptic SnRK1 target site that might be phosphory-
lated in vivo by SnRK1 (paper I). 

SnRK1 is also involved in another type of post-translational regulation, 
the redox activation of AGPase (Tiessen et al., 2002; 2003). It is possible 
that this regulation of AGPase is connected to the regulation of trehalose 
synthesis by SnRK1, since trehalose-6-phosphate also affects redox activa-
tion of AGPase (Kolbe et al., 2005). In the end, the activation of AGPase 
will result in an altered starch content in the cell. Such an effect has also 
been observed during overexpression of SnRK1 in potato where both the 
expression and the activities of sucrose synthase and AGPase increased, 
resulting in starch accumulation (McKibbin et al., 2006). The upregulation 
of starch biosynthesis by SnRK1 is also in accordance with the observation 
that the Physcomitrella snf1a snf1b double knockout mutant that lacks de-
tectable SnRK1 activity is unable to accumulate the starch needed during the 
night (Thelander et al., 2004).  

Most studies so far have focused on the post-translational effects of 
SnRK1 that are mediated by direct phosphorylation of various substrates, 
and only a few genes have been shown to be transcriptionally regulated by 
SnRK1s in plants. Two examples are the genes encoding sucrose synthase, 
which is involved in sucrose degradation, and �-amylase, which is important 
for starch degradation (Laurie et al., 2003; Purcell et al., 1998). Using a 
whole-genome microarray chip for Arabidopsis, the influence of AKIN10 
(one of the SnRK1 genes in Arabidopsis) on gene expression was studied. 
From this genome wide study a total of 1021 putative AKIN10 target genes 
were identified. By combining the expression data with data from seven 
other studies, it was further concluded that AKIN10 target genes show a 
positive correlation with genes expressed under sugar and energy starvation 
conditions, and a negative correlation with genes expressed in carbon dio-
xide fixing adult leaves and in glucose or sucrose treated seedlings. The 
functional classification of these genes revealed that genes that are activated 
by AKIN10 and repressed by sugar treatment mainly are involved in catabol-
ic processes. This illustrates the conserved function of SnRK1 in restoring 
the energy status by activating pathways that could provide alternative 
sources of energy (Baena-González et al., 2007).  

Using the promoter of the ASN1 gene (a hexokinase independent glucose 
regulated gene) fused to the luciferase gene, the same study also identified a 
set of bZIP transcription factors through which AKIN10 might regulate gene 
expression via binding of these bZIP proteins to G-boxes in the promoters of 
targets genes (Baena-González et al., 2007). 
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Role of SnRK1 in senescence 
There are many indications that the ability of a cell or organism to sense and 
respond to changes in the energy status is crucial not only for its immediate 
survival but also for long term survival and ageing, as exemplified by the 
effect of caloric restriction on ageing in eukaryotes from yeast to primates 
(Holloszy and Fontana 2007; Steinkraus et al., 2008). The proposed role of 
Snf1/AMPK/SnRK1 kinases as the energy gauges could therefore also make 
them important regulators of the life span.  

In plants there are now at least two independent studies which suggest 
that SnRK1 affects plant senescence. In Physcomitrella, the SnRK1 double 
knockout mutant thus shows a more rapid senescence than the wild type 
(Thelander et al., 2004). Similarly, a double knock-down akin10 akin11 
mutant in Arabidopsis showed accelerated senescence, whereas overexpres-
sion of AKIN10 in seedlings instead promoted plant survival under starvation 
conditions. In conclusion, it appears as if SnRK1-deficient mutants have the 
metabolism running at full speed which ultimately leads to premature senes-
cence, an effect which is the opposite of caloric restriction. 

Hexokinases 
The first step in the glycolysis is the phosphorylation of glucose into glu-
cose-6-phosphate, a reaction that is catalyzed by hexokinase. This enzyme 
usually has dual specificity, as it also can phosphorylate fructose. Hexoki-
nases that specifically phosphorylate either glucose or fructose are called 
glucokinases and fructokinases, respectively, but one human hexokinase 
with dual specificity is for historical reasons still called glucokinase. In 
plants, no true glucokinases have been identified so far and the plant en-
zymes are therefore simply referred to as hexokinases (Cárdenas et al., 1998; 
Granot 2008). Plants also have a separate fructokinase, an enzyme which is 
unrelated to the eukaryotic hexokinases (Dai et al., 2002; Pego and Smee-
kens 2000) 

The hexokinase enzyme is made up of two domains, which upon glucose 
binding undergo a conformational change that allows the binding of ATP 
(Kuser et al., 2000). In plants, as in many other eukaryotes, there are mul-
tiple hexokinase genes which encode different isoforms of the enzyme 
(Cárdenas et al., 1998). The functions and intracellular localizations of these 
different isoforms is something that needs to be further investigated in order 
to better understand their physiological roles (Claeyssen and Rivoal 2007). 
In rice, ten catalytically active hexokinase genes have been identified whe-
reas the Arabidopsis genome encodes three catalytically active hexokinases 
and three hexokinase-like proteins (Cho et al., 2006a; Karve et al., 2008). 
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During the annotation of the Physcomitrella genome, we found eleven puta-
tive hexokinase genes (paper IV). 

Regulation of hexokinases 
Based on what we know about plant metabolism, it seems likely that the 
main substrate in vivo for plant hexokinases is glucose, but those plant hex-
okinases that have been characterized also possess the ability to phosphory-
late fructose (Cárdenas et al., 1998; Claeyssen and Rivoal 2007; Granot 
2008; Olsson et al., 2003). The fact that that many plants have several dif-
ferent hexokinases raises the possibility that the kinetic properties of these 
hexokinases could vary. It has been suggested that this could be a way for 
the plant cell to cope with variations in the substrate concentration or in the 
pH. Thus, if the plant is flooded by water, this may lead to hypoxic condi-
tions with a resulting decrease in the pH, and it has been suggested that hex-
okinases that are active at a more acidic pH could be useful under such con-
ditions (Claeyssen and Rivoal 2007). 

Metabolic enzymes are often regulated by their products, a mechanism re-
ferred to as feedback regulation, and hence ADP and glucose-6-phosphate 
could possibly affect hexokinase activity. Available evidence suggest that 
ADP inhibition of hexokinase activity varies between plant species and also 
between different isoforms (Claeyssen and Rivoal 2007). It has furthermore 
been suggested that cytosolic hexokinases which are thought to be less af-
fected by ADP inhibition are most important for the catalytic function of 
hexokinase in glycolysis. The non-cytosolic hexokinases are on the other 
hand more sensitive to ADP inhibition and could therefore serve as hexose 
and energy sensors (da-Silva et al., 2001). 

The mammalian type I, II and III hexokinase isozymes are all inhibited by 
the product glucose-6-phosphate, while type IV which is also called glucoki-
nase is probably not inhibited by glucose-6-phosphate under physiological 
conditions (Postic et al., 2001; Wilson et al.,2003). The regulatory effect of 
glucose-6-phosphate on hexokinases in plants is not as well understood as 
for the mammalian hexokinases. The plant hexokinases that has been studied 
so far show large variation in sensitivity to glucose-6-phosphate. However, 
there is data suggesting that glucose-6-phosphate could solubilize mitochon-
dria-associated hexokinases in some plants and also in human cells (Cárde-
nas et al., 1998; Claeyssen and Rivoal 2007). This raises the interesting pos-
sibility that hexokinases which are usually associated with mitochondria 
could be released to the cytosol and subsequently re-localize to the nucleus 
where they might affect transcription of glucose regulated genes.  
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Subcellular localization of plant hexokinases 
Subcellular fractionation and biochemical studies in plants have identified 
hexokinase activities that are associated with several different subcellular 
compartments, including the cytosol, the Golgi complex, the mitochondria, 
and the plastids (Granot 2008; Claeyssen and Rivoal 2007). Furthermore, a 
combined computational and biochemical study of the plant hexokinase 
ScHK2 from Solanum chacoense suggested that this hexokinase may local-
ize to the plasma membrane (Claeyssen et al., 2006). This result has, howev-
er, been questioned (Granot 2008) since this protein has the same N-terminal 
membrane anchor that is found in the type B hexokinases (Olsson et al., 
2003) which often are localized to the mitochondria. 

In recent studies, the genes encoding different hexokinase isozymes and 
the subcellular localizations of these hexokinases have been described in 
several seed plants. The two main methods used to study subcellular locali-
zation of hexokinases have been proteomics and translational fusions be-
tween the green fluorescent protein (GFP) and the hexokinase of interest. 

Using these methods the subcellular localization of all six putative hex-
okinases in Arabidopsis has been determined (Giegé et al., 2003; Karve et 
al., 2008). It should be noted, however, that only three of these proteins 
(AtHXK1, AtHXK2 and AtHXK3) possess detectable glucokinase activies. 
The functions of the other three hexokinase-like proteins (AtHKL1, AtHKL2 
and AtHKL3) are not fully understood. The facts that they are all expressed 
do, however, suggest that they serve some function in vivo (Karve et al., 
2008; Karve and Moore 2009). Using fluorescent microscopy, five of the 
translational GFP fusions where shown to localize to the outer mitochondrial 
membrane (Karve et al., 2008), which is in accordance with the fact that 
they all have hydrophobic N-terminal membrane anchors characteristic of 
plant type B hexokinases (Olsson et al., 2003). The Arabidopsis hexokinase 
3 (AtHXK3) was, however, localized inside the chloroplast similar to the 
previously described type A hexokinase PpHXK1 in Physcomitrellla (Ols-
son et al., 2003). This was expected, since both PpHXK1 and AtHXK3 pos-
sess an N-teminal transit peptide needed for import into the chloroplast 
(Karve et al., 2008; Olsson et al., 2003; paper IV). An interesting finding is, 
however, that small amounts of AtHXK1 also are localized inside the nuc-
leus in both transfected maize protoplasts and in Arabidopsis cells (Yanagi-
sawa et al., 2003; Cho et al., 2006b). 

The second most extensive study of an entire hexokinase gene family so 
far is from rice, and it suggested that nine of the ten genes are expressed and 
encode functional hexokinases. Translational fusions using GFP furthermore 
showed that one of the genes investigated encodes a cytosolic hexokinase 
(Cho et al., 2006a).  

From spinach, there is biochemical data suggesting that the SoHXK1 en-
zyme is associated with both the chloroplast outer envelope membrane and 
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the mitochondria (Wiese et al., 1999). However, GFP fusion experiments 
instead suggested that SoHXK1 localizes only to the mitochondria, and not 
to the plastid envelope (Damari-Weissler et al., 2007). Whether SoHXK1 
actually has dual targeting is still unclear, but it has been proposed that some 
plant hexokinases might be targeted to both mitochondria and plastids 
(Claeyssen and Rivoal 2007). 

In Physcomitrella, PpHXK1 is the hexokinase that has been most tho-
roughly investigated, and it was shown to be a new type of hexokinase that is 
localized inside the chloroplast stroma (Olsson et al., 2003; Thelander et al., 
2005) Subsequently, several hexokinases from other plant species have also 
been found to reside inside the chloroplast stroma (Cho et al., 2006a; Giese 
et al., 2005; Kandel-Kfir et al., 2006; Karve et al., 2008;).  

The subcellular localization of hexokinases are determined in part by their 
N-terminal sequences. The finding of a chloroplast-localized hexokinase 
illustrated that there is at least two different types of hexokinases: type A 
hexokinases which have chloroplast transit peptides at their N-termini and 
type B hexokinases which have a hydrophobic membrane anchor (Olsson et 
al., 2003). Recent findings suggest that there also are cytosolic hexokinases 
in plants that lack N-terminal extensions (Cho et al., 2006a; paper IV).  

The membrane bound hexokinases (type B) is a rather heterogenous 
group with different types of membrane anchors. In recent experiments, we 
have found that some of these hexokinases in Physcomitrella have dual tar-
geting to both mitochondrial and chloroplast membranes (Figure 4; paper 
IV). This is in contrast to the situation in seed plants, where available evi-
dence suggest a mainly mitochondrial localization of the type B hexokinases, 
with the possible exception of the above mentioned results for SoHXK1 and 
the minute amount of AtHXK1 in the nucleus (Cho et al., 2006b; Wiese et 
al., 1999; Yanagisawa et al., 2003). 



 36 

 
Figure 4. Subcellular localization of the various hexokinases in Physcomitrella 
(paper IV). 

Role of hexokinase in glucose sensing 
Besides the fact that hexokinase catalyses the first step in glycolysis which 
greatly influences the overall carbon metabolism, it has also been suggested 
to function as a hexose sensor both in yeast and in plants (Rolland et al., 
2006). As discussed above, it has been suggested that at least three different 
glucose signaling pathways exist in plants, two of which are hexokinase 
dependent (Xiao et al., 2000).  

The evidence for a dual role of hexokinases comes mainly from experi-
ments in yeast, and in one plant species, Arabidopsis thaliana. Therefore it 
remains to be proven that hexokinases in plants in general have two distinct 
functions. However, recently two rice hexokinases have also been suggested 
to function as glucose sensors. If we could find evidence for this also in 
Physcomitrella, which diverged from the ancestors of the flowering plants 
early in land plant evolution, it would be reasonable to assume that the dual 
function of hexokinases is conserved in all land plants. 

In yeast, it has been shown that the cytosolic hexokinase ScHxk2 can en-
ter the nucleus and participate directly in gene regulation (Moreno et al., 
2005). The finding that small amounts of AtHXK1 also are found in the nuc-
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leus suggests that it, too, could be involved in gene regulation (Yanagisawa 
et al., 2003; Cho et al., 2006b). However, it should be noted that AtHXK1 is 
a type B hexokinase with a hydrophobic membrane anchor, which makes it 
hard to understand how it could become soluble and enter the nucleus. In 
rice, two of the type B hexokinases (OsHXK5 and OsHXK6) have been 
shown to encode a nuclear localization signal (NLS) directly downstream of 
the N-terminal membrane anchor. When the membrane anchor is artificially 
deleted in these proteins, they are primarily localized to the nucleus, but so 
far no transcript in rice have been detected where the membrane anchor is 
missing. It is still possible that this NLS could be functional after posttran-
slational cleavage of the full-length protein (Cho et al., 2009). A functional 
characterization of both wild type and catalytically inactive mutants of the 
two rice hexokinases showed that glucose dependent repression of both the 
rubisco small subunit and �-amylase genes was dependent on these hexoki-
nases but independent of their catalytic activities. Furthermore, the expres-
sion of these different alleles in the Arabidopsis gin2-1 mutant resulted in a 
wild type phenotype and overexpression in rice plants caused an enhanced 
glucose dependent repression of the rubisco small subunit gene (Cho et al., 
2009). This suggest that these rice hexokinases may function as glucoses 
sensors, but the molecular mechanisms need further investigation. 

In Physcomitrella, we have cloned several hexokinase transcripts that are 
spliced in unusual ways. In one case, we found a transcript from a type B 
hexokinase, PpHxk7, where the sequence encoding the N-terminal membrane 
anchor was spliced away. The typical PpHxk7 transcript encoding an N-
terminal membrane anchor was, as expected, shown to localize to mitochon-
drial and chloroplast membranes when fused to GFP. A GFP fusion to the 
alternatively spliced product was on the other hand partly localized to the 
nucleus. Alternative splicing could therefore be one molecular mechanism 
that enables otherwise membrane bound hexokinases to localize to the nuc-
leus (paper IV). 

 Once inside the nucleus, the yeast hexokinase ScHxk2 affects transcrip-
tion by forming a complex with the Mig1 glucose repressor, which binds to 
the promoters of glucose-regulated genes (Moreno et al., 2005). In a recent 
study using proteomics and the YTH system, it was shown that the AtHXK1 
which is found in the nucleus interacts with two proteins, VHA-B1 and 
RPT5B. These proteins are the vacuolar H+-ATPase B1 and the 19S regula-
tory particle of proteasome, neither of which have previously been impli-
cated in glucose sensing (Cho et al., 2006b). 
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The role of hexokinase in programmed cell death and production 
of reactive oxygen species 
From studies in mammalian systems, it is known that a release of cytoch-
rome c from the mitochondria into the cytoplasm is one of the first steps in 
programmed cell death (apoptosis). This release is dependent on a pore 
complex (the permeability transition pore) in the mitochondrial membrane. 
Interestingly, mammalian mitochondrial hexokinases have been shown to 
interact with this pore complex via the voltage-dependent anion channel 
(VDAC) and thereby inhibit cytochrome c release (Azoulay-Zohar et al., 
2004; Pastorino et al., 2002; Pastorino and Hoek 2008).  

In a recent study, it was shown that NtHxk1, a mitochondrial hexokinase 
in tobacco (Nicotina tabacum) also is involved in programmed cell death 
(PCD), and that it functions in a similar way as animal hexokinases in regu-
lating the release of cytochrome c. Overexpression of the mitochondrial hex-
okinases AtHXK1 and AtHXK2 on the other hand resulted in increased re-
sistance to cell death induced by oxidative stress, observations which suggest 
that mitochondrial hexokinases could have a conserved function in regulat-
ing PCD also in plants. This conclusion is also supported by the fact that 
only those recombinant NtHxk1 constructs which retained its type B mem-
brane anchor could inhibit clotrimazole/H2O2 induced PCD and cytochrome 
c release (Kim et al., 2006). 

It remains to be shown whether the role of plant hexokinases in PCD is 
independent of their catalytic and sensory functions. The fact that both a role 
in glucose sensing and a role in PCD has been suggested for hexokinases 
that are associated with mitochondrial membranes further indicates that there 
could be a link between PCD and sensing of the energy status in eukaryotic 
cells. 

Further evidence of a connection between sensing of the energy status and 
mitochondrial hexokinases in plants came with the recent finding that mito-
chondrial membrane bound hexokinases in potato tubers also modulate pro-
duction of reactive oxygen species (ROS), the production of which is con-
nected to the energy metabolism via mitochondrial respiration. The produc-
tion of ROS is thus primarily caused by the electron transport system in the 
mitochondria, and it may result in uncontrolled oxidative stress if it is not 
strictly regulated. In potato tubers, this regulation is in part dependent on the 
catalytic function of mitochondrial membrane-bound hexokinase (Camacho-
Pereira et al., 2009). When this hexokinase catalyzes the phosphorylation of 
glucose, ADP is thus produced which is recycled into the mitochondria via 
an adenine nucleotide transporter and used to support oxidative phosphoryla-
tion, resulting in a decreased membrane potential and an increased synthesis 
of ATP. The recycling of ADP was found to be dependent on mitochondrial 
bound hexokinases since an increase in soluble hexokinase activity could not 
modulate ROS production (Camacho-Pereira et al., 2009). These results 
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suggest that mitochondrial membrane bound hexokinase has a conserved 
role in regulating the production of ROS, since a similar result was obtain in 
a study of a mammalian mitochondrial bound hexokinase (da-Silva et al., 
2004). 

It has also been suggested that the glycolysis and the mitochondrial ener-
gy metabolism are tightly connected since a complete set of glycolytic en-
zymes are being localized adjacent to the mitochondrial outer membrane. 
The fact that ADP recycling after a hexokinase dependent phosphorylation is 
important for modulating ROS production supports the hypothesis that a 
close physical connection exist between glycolysis and the mitochondrial 
energy metabolism (Giegé et al., 2003; Rolland and Sheen 2005).  

DNA repair pathways in plants 
Natural selection and evolution ultimately depend on mutations. Thus, even 
though most mutations are deleterious, certain mutations that arise confer a 
selective advantage to the individuals that carry them. If the mutation is in-
herited by the next generation and the individuals that carry this mutation 
produce more offspring than most other individuals in the population, then 
the mutation will increase in frequency in the population. Over time, the 
occurrence and fixation of new mutations will lead to evolution of species 
(Brown 1999; Hartl and Jones 1998). 

Although the variation that is created by new mutations is needed for nat-
ural selection to work, most mutations that arise are deleterious to the organ-
ism and hence it is necessary that the repair mechanisms for genetic damage 
are swift and accurate. The continuous formation of various DNA lesions by 
e.g. environmental factors such as chemicals and ionizing radiation, or by 
the formation of reactive oxygen species (ROS) as a consequence of the 
metabolism, causes different types of DNA damage which require that dif-
ferent repair pathways are activated in order to repair the DNA and restore 
the original sequence. Plants are particularly exposed to damage by ultravio-
let irradiation (UV) because of the necessity to capture sunlight in order to 
drive photosynthesis. 

One mechanism that is used to repair UV damaged DNA in particular is 
photoreactivation, in which photolyase proteins and the energy of visible 
light is used to repair the DNA. Nucleotide excision repair is also involved 
in the repair of UV damage, although this mechanism is also used to resolve 
lesions caused by other agents. Nucleotide excision repair can be coupled to 
active transcription, which may cause DNA damage, or occur in response to 
other types of lesions. It typically involves excision of 20-30 nucleotides 
containing the damaged sequence followed by DNA synthesis using the sin-
gle stranded DNA as template, which is completed with the ligation of the 
DNA strand. Oxidative damage to the DNA that may be caused by ROS and 
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occasional deamination of bases is repaired by base excision repair, where 
the first step involves removal of the damaged base by DNA glycosylase 
which catalyses cleavage of the sugar-phosphate bond, followed by DNA 
synthesis. The process of DNA synthesis is not an error free process and 
occasional incorporation of an incorrect nucleotide by DNA polymerase can 
be corrected by the mismatch repair system. This process requires that the 
correct strand is used as a template to restore the DNA sequence, and the 
required strand specificity may involve the recognition of methylation on the 
original template strand. The various DNA repair pathways in plants have 
not been fully elucidated, but it appears that even though plants do share 
many repair mechanisms with other eukaryotes, plant specific pathways may 
also exist (reviewed by Kimura and Sakaguchi 2006).   

Double-strand breaks and gene targeting 
DNA double-strand breaks (DSBs) is the DNA damage that may have the 
most severe consequences since it can lead to permanent loss of genetic in-
formation due to the absence of an undamaged DNA strand that can be used 
as template, unlike single-stranded lesions. There are several environmental 
factors that may result in DSBs, in particular energy-rich ionizing radiation 
such as x-rays. However, the formation of DSBs is also a common pheno-
menon in certain normal cellular processes, for example during mating type 
switches in yeast, in meiotic recombination in all eukaryotes, and in the re-
shuffling of immunoglobulin genes that creates the variable region in the 
cells of the immune system. Significantly, the endogenous machinery that 
has evolved to repair DSBs is also the mechanism that makes gene targeting 
feasible in some organisms such as Saccharomyces cerevisiae and Physco-
mitrella patens (reviewed by Bleuyard et al., 2006; Budzowska and Kanaar 
2009; Kamisugi and Cuming 2009;). 

Eukaryotic cells have two main pathways that can be used to repair DSBs, 
homologous recombination (HR), which is dependent on the presence of 
sequence homology on another undamaged DNA molecule, and non-
homologous recombination (NHR) which rejoins free DNA ends regardless 
of their sequence. (Bleuyard et al. 2006; Kamisugi and Cuming 2009). It has 
been suggest that these two main pathways can be further divided into dif-
ferent sub-pathways (Bleuyard et al., 2006). The main factor that determines 
which of these two methods that is used to repair DSBs in various organisms 
and/or cells is still unclear, but it may be connected to the phase of the cell 
cycle. Thus, a cell in G2 has access to a sister chromatid for each DNA mo-
lecule, and is therefore more suitable for repair using HR. The cells that are 
used in transformation of Physcomitrella are almost exclusively chloronemal 
cells which are in the G2/M phase, which may explain the high frequency of 
HR in Physcomitrella (Schween et al. 2003). Finally, it should be noted that 
haploid organisms are particularly vulnerable to DSBs, and to mutations in 
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general, and it has been suggested that the proficiency of HR in budding 
yeast and Physcomitrella may be related to the fact that both have important 
haploid stages in their life cycles. 

The two sub-pathways for repair by NHR are known as non-homologous 
end joining (NHEJ) and micro-homology-mediated end-joining (MMEJ). 
NHEJ requires that two DNA ends are brought in close vicinity to each oth-
er, and the free ends are then processed to produce either blunt ends or short 
overlaps which can be joined by ligation (reviewed by Bleuyard et al., 2006; 
Kamisugi and Cuming 2009). The other sub-pathway MMEJ has been sug-
gested to differ from NHEJ since it is independent of a set of proteins found 
in the KU complex. In this sub-pathway, the free ends are processed to pro-
duce single stranded DNA which can then form imperfect base pairing 
around patches of microhomology that are present between the two mole-
cules. The protruding single stranded DNA that is not used for the base pair-
ing is then removed and the fragments are ligated together (reviewed by 
Bleuyard et al., 2006). This means that repair by NHR may cause insertions 
or deletions in the DNA sequence due to end processing and/or imperfect 
base paring, and more extensive rearrangements may also occur if two dif-
ferent molecules are joined which are not supposed to be ligated together. 

Two different mechanisms for HR that have been described will ultimate-
ly produce very different results under normal cellular conditions: single-
strand annealing (SSA) leads to loss of DNA while double-strand break re-
pair (DSBR) results in a perfect repair of the DSB without any loss or inser-
tion of genetic material (Symington 2002). One of the initials steps in these 
repair pathways involves the MRN complex (referred to as the MRX com-
plex in S. cerevisiae), made up of the Mre11, Rad50, and Nbs1(Xrs2) pro-
teins, which binds to the DSB and processes the DNA ends to produce sin-
gle-stranded 3’ overhangs (Bleuyard et al. 2006; Kamisugi and Cuming 
2009). If the single-stranded DNA strands contain complementary sequences 
then the DSB can be repaired via the single-strand annealing (SSA) mechan-
ism that in the end results in removal of any unpaired bases at the ends of the 
single stranded DNA. The deletions observed between the direct repeats in 
plasmids rescued from our transformed Physcomitrella strains (paper III) 
could be the result of repair involving the SSA mechanism. This type of 
repair can also to some extent explain the integration of concatemers during 
gene targeting by HR into the Physcomitrella genome, see figure 2. Thus, a 
close inspection of the data presented by Kamisugi et al. (2006) suggests that 
during concatenation small deletions were created at the sites of recombina-
tion between targeting constructs, which are similar to the small deletions 
observed in our study of plasmids rescued from moss transformants (paper 
III). 

The exact molecular mechanism of HR by the DSBR model is still not 
fully understood in plants. Thus, there is no RAD52 homolog in plants al-
though this protein has a central role in HR in other organisms. The fact that 
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gene targeting is very efficient in moss, but not in seed plants, further indi-
cates that the pathway for HR in Physcomitrella may differ from that in oth-
er plants. Analyses of the sequenced genomes from several different organ-
isms have also revealed novel proteins that show homology to proteins 
known to be involved in DNA repair and HR; for example, there are several 
plant paralogues to Rad51. The roles of these novel proteins in HR and 
DSBR remain to be characterized (Bleuyard et al. 2006; Kimura and Saka-
guchi 2006). The general idea for how the DSBR model works can be sum-
marized in a number of steps. First the protein complex MRN binds to the 
free DNA ends caused by the DSB, these are then processed to produce sin-
gle-stranded 3’ overhangs which are protected by RPA, a well conserved 
protein complex. Next, RAD52 binds to the RPA complex and recruits 
RAD51 which results in dissociation of the RPA complex. This leads to the 
formation of a stabilizing complex made up of RAD51, RAD55 (Xrcc2) and 
RAD57 (Xrcc3) on the single stranded DNA, after which RAD54 unwinds 
the DNA at the target site, thus enabling single-strand invasion. After base-
pairing with the complementary sequence the free 3’-ends are elongated by 
DNA polymerase, resulting in two Holliday junctions, which are then re-
solved by cleavage and re-ligation (Bleuyard et al. 2006; Kamisugi and 
Cuming 2009). 

Shuttle vectors 
A shuttle vector is a plasmid that can replicate in two different organisms, 
one of which usually is E.coli. The propagation of the shuttle plasmids in 
E.coli requires a bacterial origin of replication and some type of selectable 
marker e.g. ampicillin resistance. The cloning of DNA fragments into the 
shuttle plasmids is made easier if a polylinker sequence is present. Propaga-
tion of shuttle vectors in yeast requires a yeast origin of replication which 
can be either of chromosomal origin, known as autonomously replicating 
sequences (ARS) or the 2μ origin, which is derived from the endogenous 2μ 
plasmid (Amberg et al., 2005; Beggs 1978; Stinchcomb et al., 1979).  

ARS plasmids are present in variable copy numbers in yeast cells and of-
ten fail to segregate to the daughter cell, thus making them highly unstable. 
The 2μ based plasmids can on the other hand propagate more stably in yeast 
strains that also contain the endogenous 2μ plasmid as a helper, and these 
plasmids can also achieve a much higher copy number than ARS plasmids. 
Stable segregation of ARS plasmids into the daughter cell can be ensured by 
the inclusion of a yeast centromere (CEN element) on the plasmid, which 
facilitates binding to the mitotic spindle (Murray and Szostak 1983a). Such 
ARS/CEN plasmid were further developed by including two TEL elements 
(Tetrahymena telomeres) which enables replication in yeast as linear minich-
romosomes and hence these plasmids are referred to as yeast artificial chro-
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momsomes (YAC) (Murray and Szostak 1983b; Burke et al., 1987). The 
discovery and functional characterization of the TEL elements was awarded 
the 2009 Nobel Prize in Physiology and Medicine. 

The development of yeast shuttle plasmids was one of the most important 
advances in eukaryotic molecular genetics. It enabled cloning of novel genes 
by complementation of yeast mutants through screening of plasmid libraries 
with DNA from various organisms cloned into a shuttle plasmid. High copy 
number suppressor genetics is another field that also relies on shuttle plas-
mids. This is a very powerful method where overexpression of plasmid-
encoded genes in a yeast mutant can be used to find new genes that are func-
tionally related to the mutant gene, and in the end thus decipherer entire reg-
ulatory or metabolic pathways. Other commonly used techniques that also 
rely on the use of shuttle plasmids are the yeast 2-hybrid and 1-hybrid me-
thods. Examples of the use of shuttle plasmids are provided in paper I, where 
the gene encoding the novel SnRK1 interacting protein PpSKI1 was identi-
fied and cloned using the YTH method, and in paper IV where the enzymatic 
activities of different Physcomitrella hexokinases were tested by their abili-
ties to complement a yeast hexokinase triple mutant. 

The fact that we have been able to show that plasmids can replicate faith-
fully in Physcomitrella and then be rescued back into E. coli is proof of con-
cept that the development of shuttle plasmids-based methods are possible in 
Physcomitrella (paper III). 
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Aims of the present study 

The overall objective of my thesis work has been to gain a better understand-
ing of the function and regulation of key metabolic and regulatory proteins 
in the plant carbon and energy metabolism using Physcomitrella patens as a 
plant model system.  

The essential functions of carbohydrates in all living organisms requires a 
swift and accurate regulation of the use and allocation of this diverse group 
of molecules. Using the simple model system provided by the yeast Saccha-
romyces cerevisae, many of the fundamental mechanisms involved in regu-
lation of the carbon and energy metabolism have already been in part eluci-
dated. I have used Physcomitrella to investigate whether some of these me-
chanisms have been conserved also in plants. In particular, I have focused on 
hexokinases and Snf1 related kinases. I have also studied how transformed 
DNA is processed in Physcomitrella by rescue of plasmids back into E. coli. 

Paper I 
In a previous study, two SnRK1 encoding genes in Physcomitrella were 
shown to be involved in plant development and in the plant’s ability to adapt 
to changes in the energy status. Thus, as snf1a snf1b double knockout could 
not cope with the fluctuations in the energy supply during a normal day-
night light cycle (Thelander et al., 2004). 

The main objective of the study presented in this paper was to identify 
novel proteins interacting with PpSnf1a in a YTH screen. Two homologous 
proteins that can interact with PpSnf1a, PpSki1 and PpSki2, were identified. 
The function of the interacting proteins was then further investigated in order 
to gain a better understanding of the role of SnRK1 in adaptation to altered 
energy levels and plant development.  

Paper II 
The original objective of this book chapter was to review our current know-
ledge about the primary carbon metabolism in Physcomitrella patens, but at 
the time when we started our work the sequence of the Physcomitrella ge-
nome had just become available (Rensing et al., 2008). Therefore, we de-
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cided to use comparative genomics to study the differences and similarities 
between the carbon and energy metabolism in bryophytes and vascular 
plants. 

Paper III 
It has been shown that Physcomitrella can maintain and replicate foreign 
DNA episomally for over ten years, if kept under selection (Ashton et al., 
2000). Based on this, we decided to test whether plasmids transformed into 
moss can be rescued back into E. coli, since this could provide the basis for 
the development of a shuttle vector system for use in Physcomitrella. Anoth-
er aim was to characterize any rescued plasmids in order to elucidate the 
mechanisms for DNA repair and replication of plasmids in Physcomitrella. 
This information could in turn be used to develop better shuttle vectors and 
also provide new information about how HR works in Physcomitrella. 

Paper IV 
After extensive studies of PpHXK1 (Olsson et al., 2003; Thelander et al., 
2004) it was concluded that this hexokinase is probably not involved in glu-
cose sensing. This result, and the fact that most plant species possess mul-
tiple hexokinase isozymes prompted us to investigate how many hexokinases 
are encoded by the Physcomitrella genome. We hypothesized that the func-
tion of plant hexokinases at least in part is dependent on their subcellular 
localization. To be able to study their localization in vivo we used transla-
tional fusions of hexokinases to GFP. From this characterization we hoped to 
be able to identify which hexokinases are most likely to be involved in glu-
cose sensing and PCD. 
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Results and discussion  

Paper I 
The moss genes PpSKI1 and PpSKI2 encode nuclear SnRK1 
interacting proteins with homologues in vascular plants 
A conserved role for AMPK/Snf1/SnRK1 proteins in animals, fungi and 
plants in regulating energy homeostasis has been proposed (Hardie 1998). 
With the functional analysis of the Physcomitrella snf1a snf1b mutants it 
was confirmed that these two plant SnRK1s play a key role in the response 
to changes in the energy supply. Thus, the double knockout mutant could not 
survive alternating periods of light and darkness similar to normal day and 
night fluctuations, and it also showed signs of rapid senescence (Thelander 
et al., 2004). It should further be noted that the activity of the SnRK1 pro-
teins is known to be dependent on the formation of a heterotrimeric protein 
complex, and the composition of this complex, in particular the participation 
of different alternative subunits, might explain some of the diverse functions 
fulfilled by SnRK1 (Polge and Thomas 2007). 

YTH screens have already been used successfully to identify several dif-
ferent regulatory subunits of the SnRK1 complex in various plants (Slo-
combe et al., 2002; Lumbreras et al., 2001). We therefore chose to use this 
system to screen for proteins that could interact with the PpSnf1a protein 
from Physcomitrella.  

The screening of a Physcomitrella 2-hybrid library resulted in 4 positive 
plasmids, one of which contained a 984 bp ORF fused in frame to the Gal4 
activation domain. This gene was named PpSKI1 for Snf1-Related Kinase 
Interactor 1. When the sequence data from the Physcomitrella genome 
project (Rensing et al., 2008) was searched for homologs of PpSKI1 one 
more highly similar gene was found which we named PpSKI2. These two 
genes belong to a novel gene family which is found only in land plants, 
based on our searches of different sequence databases. Sequence compari-
sons showed that the C-terminal part of the PpSki1/2 sequence is conserved 
in all plants, but the only functional element that we could identify from the 
sequence was a putative nuclear localization signal and a cryptic SnRK1 
phosphorylation site. In a transient localization experiment we showed, as 
expected, that both PpSki1 and PpSki2 are localized exclusively inside the 
nucleus. This raises the possibility that these two genes might encode a novel 
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type of transcriptional regulator which function downstream of Snf1 (Rol-
land et al., 2002b). Alternatively, they might be novel regulatory subunits 
that associate with SnRK1. 

In an interaction experiment, it was further shown that both PpSki1 and 
PpSki2 could interact with PpSnf1a, and that the C-terminal part is mediat-
ing this interaction. Functional evidence for an interaction between PpSnf1a 
and PpSki1 or PpSki2 came from the fact that expression of PpSKI1 and 
PpSKI2 respectively in yeast inhibited the ability of PpSNF1a to comple-
ment a yeast snf1 mutant. This finding suggests that PpSki1 and PpSki2 
might be negative regulators of SnRK1 function. 

To get a better understanding of the function of these novel proteins in 
planta we made single knockout lines and studied their phenotypes, taking 
advantage of the efficient native system for homologous recombination in 
Physcomitrella which makes gene targeting feasible (Schaefer and Zrÿd 
1997). We also tried to make double knockouts in case the two proteins 
would have redundant or overlapping functions in vivo. However, we were 
unable to obtain any double knockouts, which can be interpreted as evidence 
that a double knockout is lethal.   

The phenotypic analysis of the single knockouts revealed an increased 
formation of gametophores and a reduction of the colony diameter during 
low light conditions. This effect was not observed in normal light conditions; 
instead we found that the stem length was reduced under those conditions. 
The fact that there are significant phenotypic differences between the wild 
type and the two single knockouts indicates that the two genes do not have 
completely redundant functions. However, our failure to obtain a double 
knockout suggests at least a partial overlap in function between the two pro-
teins. 

To see if these phenotypic differences could be related to the energy sta-
tus, the expression levels of the two genes were measured under different 
conditions. However, this analysis did not reveal any obvious connection 
between transcript levels and changes in the energy availability, since the 
mRNA levels were not affected by changes in light intensity. This indicates 
that any regulation of PpSKI1 and PpSKI2 instead may occur at the transla-
tional or post-translational level. The fact that we indentified a cryptic 
SnRK1 phosphorylation site suggests that two proteins could be post-
translationally regulated by SnRK1 mediated phosphorylation. We conclude 
that both PpSki1 and PpSki2 are important for proper gametophore devel-
opment and that their physical interaction with SnRK1 suggests a functional 
connection to the energy supply, a notion supported by the distinct mutant 
phenotypes under low light conditions which reflect a situation of limited 
energy supply. 
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Paper II 
The Moss Physcomitrella patens: Carbon and Energy 
Metabolism 
The primary carbon metabolism is essential in all organisms in order to pro-
vide energy and building blocks for biosynthesis of macromolecules. This in 
turn makes the allocation and sensing of available carbohydrates an impor-
tant function both for individual cells and for the organism as a whole (Rol-
land et al., 2006). In vascular plants, the allocation of carbohydrates and 
especially the disaccharide sucrose plays a crucial role through transport of 
sucrose from photosynthetically active cells (source cells) to sink cells. This 
sucrose then provides energy and starting material for biosynthetic reactions 
also in sink cells (Koch 2004). The fact that Physcomitrella also consists of 
different cell types and organs with different degrees of photosynthetic ca-
pacity raises the question whether some of these tissues are comparable to 
the sink and source tissue in vascular plants (Cove 2005). We therefore tried 
to elucidate whether mosses, and Physcomitrella in particular, have mechan-
isms for allocation of carbohydrates similar to those of vascular plants. This 
was done by using comparative genetics to investigate whether the Physco-
mitrella genome encodes homologues of proteins involved in carbon and 
energy allocation in vascular plants.  

In vascular plants the transport of carbohydrates have been shown to fol-
low two different routes, symplastic and apoplastic transport.  

During symplastic transport, sugars are transported between adjacent cells 
via the plasmodesmata, a structure that have been found to also exist in 
Physcomitrella. This makes symplastic transport the most probable mechan-
ism for sugar transport in mosses, at least during the filamentous growth 
phase. In this context it should be noted that the allocation of energy within 
moss filaments has been suggested to regulate the formation caulonemata 
(Thelander et al., 2005). Chloronemal cells have larger more well developed 
chloroplast compared to caulonemal cells, and sugar transport from chloro-
nemal to caulonemal cells might therefore help to support the latter cell type. 
This in turn could be of importance in both colony expansion, since caulo-
nemal filaments grows faster, and development since gametophores usually 
develop from buds formed on caulonemal filaments. 

Apoplastic transport of carbohydrates is transport between cells that are 
not in direct physical contact and plays an important role for maintaining a 
proper carbon and energy homeostasis in large multicellular plants. In seed 
plants, this type of transport involves the vascular system consisting of the 
phloem and xylem. The sucrose that is transported via this system can be 
taken up directly by the sink cell through sucrose transporters, or alternative-
ly, the sucrose is first cleaved by a cell wall invertase into fructose and glu-
cose which is then taken up by hexose transporters. These two mechanisms 
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of apoplastic transport may result in different cellular responses, since the 
sucrose that is taken up by the cell is cleaved by sucrose synthase to produce 
fructose and UDP-glucose instead of fructose and glucose (Koch 2004).  

Even though they are usually referred to as non-vascular plants, many 
mosses have specialized cell types that are involved in different types of 
transport similar to, but not necessarily homologous to, those found in vascu-
lar plants, and this is also true for Physcomitrella (Sakakibara et al., 2003). 
This prompted us to investigate whether the key genes for sucrose transport 
and metabolism also are present in the Physcomitrella genome, which might 
indicate that mosses also have apoplastic transport of sucrose. 

Based on the fact that Physcomitrella can grow in darkness with sucrose 
as the sole source of energy (Olsson et al., 2003), we already knew that it is 
able to metabolize this sugar, and as expected, we found that the Physcomi-
trella genome encodes the two sucrose degrading enzymes sucrose synthase 
and invertase. We further found that the Physcomitrella genome encodes the 
enzymes sucrose-phosphate synthase and sucrose-phosphate phosphatase, 
which are involved in sucrose synthesis.  

We proceeded with a comparative analysis of the invertase encoding 
genes. We could conclude that Physcomitrella, similar to vascular plants, 
have multiple genes encoding two different types of invertases: neu-
tral/alkaline and acid invertases. The cell wall bound invertases that are in-
volved in apoplastic transport have been suggested to form a sub-family of 
the acidic invertases, the rest of which are vacuolar invertases. The phyloge-
netic analysis showed that no obvious homologs of the cell wall bound in-
vertases from Arabidopsis are encoded by the Physcomitrella genome. How-
ever, the acidic moss invertases do not form a monophyletic group, which 
suggests that four of them could actually have a different function, and per-
haps serve as cell wall invertases. The other type of apoplastic transport that 
relies on uptake of sucrose through specific sucrose transporters is more 
likely to occur in Physcomitrella, since we found that no less than six poten-
tial sucrose transporters are encoded by the Physcomitrella genome. Two of 
these actually group with a type of sucrose transporters in vascular plants 
that have been suggested to be involved in export of sucrose into the phloem. 
Whether the other four transporters are vacuolar or plasma membrane loca-
lized is at present unclear. The fact that at least two of the sucrose transpor-
ters may be involved in sucrose export suggests that apoplastic transport 
could be important at least in some tissues in Physcomitrella. One possible 
target tissue could be the developing sporophyte, which is dependent on the 
gametophyte for supply of nutrients. 

Since the degradation of sucrose by cell wall bound invertases produces 
free hexoses, plants also need to be able to transport hexoses across the 
plasma membrane if they use this type of apoplastic transport. We found that 
all different subgroups of monosaccharide transporters that have been de-
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scribed in vascular plants also are present in Physcomitrella. This further 
supports the notion that apoplastic transport may occur in Physcomitrella. 

After the uptake of hexoses into the cell, they are phosphorylated by the 
enzymes hexokinase or fructokinase. The phosphorylation of glucose and 
fructose is necessary for their further metabolism, and it was therefore not 
surprising that we could identify several genes encoding hexokinases and 
fructokinases in Physcomitrella. We have made a more thorough analysis of 
the hexokinase gene family that is presented in paper IV. We noted in the 
phylogenetic analysis of the fructokinase gene family that these genes prob-
ably have undergone convergent evolution since the two subgroups of fruc-
tokinases in Physcomitrella are more similar to each other than to the cor-
responding subgroups in vascular plants. Interestingly, we made a similar 
observation for the hexokinase gene family (paper IV).  

We proceeded with a study of the genes encoding the Snf1-related kinas-
es. A key regulator of the energy homeostasis in plants is the Snf1-related 
kinase 1 (SnRK1) which is an ortholog to of the Saccharomyces cerevisae 
SNF1 and mammalian AMPK kinases. All three kinases have been sug-
gested to function as cellular energy gauges (Hardie et al., 1998). In plants, 
there are also two more divergent sub-families of theses kinases named the 
SnRK2 and SnRK3 kinases, but they seem to be involved in stress signaling 
rather than in maintaining a proper energy homeostasis. We were able to 
identify genes that belong to all three SnRK families in Physcomitrella, whe-
reas the green alga Chlamydomonas reinhardtii apparently has lost (or never 
had) the SnRK3 family of enzymes. It should further be noted that the two 
stress-related SnRK families, SnRK2 and SnRK3, are more diverse in vascu-
lar plants than in Physcomitrella. It is conceivable that this may reflect adap-
tations to new types of stresses in these plants, e.g. an increased probability 
of drought. 

The catalytic � subunits of plant SnRKs and its animal and yeast ortho-
logs have been shown to form a heterotrimeric complex with the regulatory 
� and � subunits (Hardie et al., 2007). In plants, the situation is more com-
plex than in fungi and animals since there are several plant specific � and � 
subunits. The Physcomitrella genome encodes most of these plant specific 
subunits, the only exception is the absence of a truncated �-subunit, which is 
only found in vascular plants. I find it intriguing that some of these plant 
specific subunits show a connection to plant pathogen responses (Gissot et 
al., 2006). This suggests a possible diversification in the function of the 
SnRK1 kinases in plants beyond a role in energy homeostasis, which in turn 
might explain the new plant-specific regulatory � and � subunits. 
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Paper III 
Rescue and characterization of episomally replicating DNA from 
the moss Physcomitrella 
The purpose of this study was to investigate if shuttle plasmid techniques 
would be feasible in Physcomitrella. In this, we were encouraged by the 
results from previous studies indicating that moss can maintain and replicate 
foreign DNA episomally for many years if selection is maintained (Ashton et 
al., 2000; Schaefer 1994).  

These previous studies further suggested that moss DNA is not needed for 
replication in moss, and that replication may become more stable if elements 
from a YAC vector, a yeast artificial chromosome, is included in the DNA 
that is transformed into moss (Schaefer 1994). We therefore constructed 
three different plasmids containing various elements from the pYAC4 vector 
cloned into a bacterial cloning vector that also contained a selection cassette 
that could be used for selection of transformants in moss. The smallest plas-
mid, pEM203, did not contain any elements from the pYAC4 vector. The 
largest plasmid pEM209 contained all three characteristic elements of a 
YAC vector: a CEN, an ARS and two TEL elements. In pEM207, only the 
CEN and ARS elements were present. In order to study how transformed 
DNA is processed in Physcomitrella we decided to transform moss protop-
lasts with both circular and linearized plasmid DNA. We found that trans-
formation with circular DNA initially produced more moss transformants 
than linearized DNA. However, most of the moss transformants that were 
still alive after 8 weeks were obtained after transformation with linearized 
DNA. These results are in accordance with previous studies (Kamisugi et al., 
2005; 2006).  

There was no obvious effects on transformation efficiency or marker sta-
bility that could be linked to the various elements from the YAC vector. This 
suggests that sequences that may function as centromeres, telomeres and 
origins of replication are not conserved between yeast and moss, a finding 
which is not very surprising given the evolutionary distance between fungi 
and plants. In order to construct a true MAC, a moss artificial chromosome, 
moss sequences corresponding to replication origins, centromeres and telo-
meres first need to be identified, which might be possible using the genome 
sequence of Physcomitrella (Rensing et al., 2008). 

We used two different methods to test whether the transformed construct 
was integrated (stable) into the genome or replicating episomally (unstable) 
in the various moss transformants. An interesting observation from this anal-
ysis was that most pEM209 transformants appear to have the construct inte-
grated into genome. This might be a result of the extensive homology be-
tween the TEL elements and simple repeats in the moss genome, which 
could promote integration through HR. In this study we also found one trans-
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formant that was semi-stable: it lost the marker during nonselective growth, 
but only at a low frequency. This is consistent with previous observations of 
such semi-stable transformants, also known as class III transformants 
(Schaefer 1994). 

Using Southern blots, we could also verify previous observations that the 
episomally replicating transformed DNA is present as a high molecular 
complex in moss. PCR experiments further showed that these complexes 
often consist of head-to-tail concatemeres of the original transformed con-
struct. In the unstable transformants that were obtained after transformation 
with linearized DNA, the constructs had underwent a massive amplification, 
containing up to 2500 copies.  

We proceeded to show that plasmids can be rescued from the moss trans-
formants by transforming E. coli with undigested moss DNA. The most re-
markable finding from the rescue experiment was that almost all rescued 
plasmids from moss transformants obtained after transformation with circu-
lar DNA were identical to the original plasmid. This proves that faithful 
replication of plasmids DNA without rearrangement, insertions or deletion is 
possible in Physcomitrella. This is similar to the behavior of shuttle plasmids 
in yeast, but differs from other multicellular eukaryotes, where episomally 
replicating DNA usually is rearranged. 

From moss transformants obtained with linearized DNA, both the original 
plasmid and various deletion derivatives could be rescued. A systematic 
analysis using restriction mapping and sequencing of the rescued plasmids 
revealed that most of the deletions could be explained by the linearized DNA 
being repaired through homologous recombination between short repeated 
sequences within the transformed DNA. In the smallest plasmid, pEM203, 
this event always occurred between two 17 bp direct repeats flanking the site 
used to linearize the plasmid prior to transformation. The fact that plasmids 
which had the original sequence restored also could be rescued from moss 
transformants obtained with linearized DNA further suggest that repair of 
DBSs by cohesive end ligation also occurs at high frequency in moss. We 
could verify that these repair events occur in planta and not after rescue back 
into E. coli by PCR experiments with moss DNA. 

The three plasmids that were used to transform the moss had direct re-
peats of different length. In pEM207 the longest direct repeat is only 11 bp, 
and plasmids rescued from pEM207 transformants had undergone several 
different repair events. In contrast, pEM209 that has a 12 bp direct repeat 
and pEM203, which has a 17 bp direct repeat, only produced one type of 
recombination events. This suggests that 12 bp may be a lower limit for effi-
cient repair of linearized plasmids by HR. To construct shuttle plasmids for 
future experiments in moss, one could therefore include 12 bp direct repeats 
on the plasmid in order to target any repair events to a predictable deletion 
that will not affect the outcome of the experiment. 
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Paper IV 
Two novel types of plant hexokinases in the moss 
Physcomitrella patens 
After the previous characterization of the novel chloroplast localized hex-
okinase PpHXK1 (Olsson et al., 2003; Thelander et al., 2005) we set out to 
identify and characterize the other hexokinases that are encoded by the 
Physcomitrella genome. 

Using PCR based cloning, we identified several new hexokinase tran-
scripts in Physcomitrella and additional transcripts were identified in public-
ly available EST databases. When the genome sequence became available, 
we found that the Physcomitrella genome encodes 11 putative hexokinases 
(Rensing et al., 2008). This is more genes than are present in either rice or 
Arabidopsis. It should further be noted that only three of the predicted six 
hexokinases genes in Arabidopsis encode hexokinases with detectable cata-
lytic activity (Karve et al., 2008). 

 Based on intron-exon organization, conserved splice sites and predicted 
protein sequences, we believe that ten of the eleven hexokinase genes en-
code functional enzymes. In the protein sequence of PpHXK11 there are a 
few important amino acid substitutions which may affect the catalytic activi-
ty, however the gene is still expressed suggesting that is not a pseudogene. 
We further found evidence that 10 of the genes are expressed, the only ex-
ception being PpHXK6. The fact that we have not detected any transcript 
from this gene could mean that it is expressed only during a specific deve-
lopmental stage or in a specific tissue or cell type. In rice, some of the hex-
okinases have been shown to have tissue- or developmental stage-specific 
expression (Cho et al., 2006a), which might also be true for Physcomitrella. 
We also note that aberrant and alternative splicing is common among the 
Physcomitrella hexokinases. Alternative splicing could have a regulatory 
function in the case of PpHXK7. Thus, we found that one sequenced tran-
script from this gene was alternatively spliced so that the N-terminal mem-
brane anchor that is typical for the type B hexokinases had been removed.  

Sequence comparisons and phylogenetic analyses of the hexokinases 
genes from Arabidopsis, rice and Physcomitrella showed that the genes can 
be grouped into different types. The previously described type A hexokinas-
es (PpHxk1, 5 and 6) contain a chloroplast transit peptide and the type B 
hexokinases (PpHxk2, 3, 7 and 8) have a N-terminal membrane anchor (Ols-
son et al., 2003). We could now also identify a single novel type C hexoki-
nase (PpHxk4) that has neither a transit peptide nor membrane anchor. Final-
ly we found that the Physcomitrella genome also encodes three novel hex-
okinases, which we call type D (PpHxk9, 10 and 11). The type D hexokinas-
es have a membrane anchor that differs in sequence from that of the type B 
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enzymes. The three type D genes also differ in their intron-exon structure as 
compared to the type B hexokinases.  

The fact that most of the different hexokinases types are encoded by more 
than one gene raises the possibility that there is tissue or developmental spe-
cific expressions of some of these genes. This is a question that has to be 
addressed in the future in order to better understand the roles of all these 
different hexokinases.     

The phylogenetic tree further showed that all Physcomitrella hexokinases 
are more similar to each other than to their orthologs from vascular plants. 
This suggests that the moss genes may have undergone concerted evolution, 
perhaps due to the high frequency of homologous recombination in Physco-
mitrella. 

To examine the subcellular localization of all the new hexokinases, we 
made translation fusions to GFP. The subcellular localization of the type A 
hexokinases PpHxk5 and PpHxk6 was inside the chloroplasts, similar to the 
localization previously described for the archetypical type A hexokinase 
PpHxk1 (Olsson et al., 2003). The type B hexokinases were primarily loca-
lized to mitochondrial membranes. However, all of them also appear to be 
associated with the chloroplast envelope, thus showing some degree of dual 
targeting. This is a novel finding, but it has previously been suggested that 
there could be hexokinases in plants that have dual targeting (Claeyssen and 
Rivoal 2007). The single type C hexokinase in Physcomitrella is localized to 
the cytosol and to some extent also to the nucleus. If this hexokinase is able 
to shuttle between the cytosol and the nucleus it might be involved in glu-
cose signaling, like ScHxk2 is in Saccharomyces cerevisae. The alternatively 
spliced type B hexokinase PpHxk7 showed the same localization as PpHxk4. 
Alternative splicing might therefore explain how some type B hexokinases, 
which are primarily bound to mitochondrial membranes, also could enter the 
nucleus and affect gene regulation. 

The type D hexokinases are primarily localized to the outer mitochondrial 
membranes but we also saw that PpHxk11 have some degree of dual target-
ing to the chloroplast envelope. The heterologous expression of a type B 
Physcomitrella hexokinase in a yeast hxk1, hxk2, glk1 triple-mutant strain 
showed that this type B hexokinases is able to complement the hexokinase 
deficient yeast strain. In contrast, the type A hexokinase PpHxk1, which has 
been shown to be a true hexokinase in planta was not able to complement 
the mutant yeast strain (Olsson et al., 2003). The rice type A hexokinase 
was, however, able to complement a triple-mutant yeast strain (Cho et al., 
2006a).  
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Conclusions 

• The SnRK1 protein PpSnf1a interacts in the yeast two-hybrid system 
with two novel moss proteins named Snf1-related kinase interactor 1 and 
2 (PpSki1 and PpSki2). 

• PpSki1 and PpSki2 can specifically inhibit the SnRK1 activity of 
PpSnf1a, but not of ScSnf1, when expressed in yeast.  

• PpSki1 and PpSki2 are nuclear proteins with homologs in vascular 
plants. 

• Both PpSki1 and PpSki2 are important for gametophore development 
and their functions may be connected to the energy supply, since they af-
fect gametophore formation under low light conditions where the energy 
supply is limited. 

• The genes that are involved in the carbon and energy metabolism are 
well conserved between mosses and vascular plants. Further studies are 
still necessary to elucidate if the functions of all these genes also are 
conserved between mosses and vascular plants. 

• All genes that are necessary for long distance transport of sucrose are 
encoded by the Physcomitrella genome. 

• Plasmid DNA transformed into Physcomitrella can replicate faithfully in 
moss and be rescued back into E. coli without insertions, deletions or 
rearrangements, thus providing evidence that development of a plant 
shuttle vector system is feasible. 

• Physcomitrella is able to repair linear DNA molecules via homologous 
recombination, and the repair seems to be targeted to the longest direct 
repeat in the transformed DNA provided that this repeat is at least 12 bp.  

• The Physcomitrella genome encodes 11 putative hexokinases. These 
hexokinases can be classified into four different types, of which two are 
novel and not previously described.  

• Alternative splicing is a molecular mechanism that may contribute to 
differential subcellular localizations of some type B hexokinases. 
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Future perspectives 

Does SnRK1 function downstream of hexokinase in 
plants? 
In yeast, Snf1 functions downstream of Hxk2 (Rolland et al., 2002b). This is 
illustrated by the fact that a snf1 hxk2 double knockout has the same pheno-
type as a snf1 knockout (i.e. the snf1 knockout is epistatic over the hxk2 
knockout). If this is true also in plants a triple knockout for the two redun-
dant Physcomitrella SnRK1 genes PpSNF1a and PpSNF1b and a hexokinase 
involved in glucose signaling would be expected to have the same phenotype 
as the snf1a snf1b double knockout. 

Such an epistasis experiment could both show if SnRK1 functions down-
stream of hexokinase in plants, and if so, also identify which of the 11 hex-
okinases in Physcomitrella that are involved in glucose signaling.  

Development of shuttle vectors in Physcomitrella 
We have provided a proof of concept that techniques based on shuttle plas-
mids are feasible in Physcomitrella with the rescue of plasmids from moss 
transformants back into E. coli (paper III).  

It has previously been shown that Physcomitrella can maintain and repli-
cate transformed DNA as plasmids for many generations (Ashton et al., 
2000). The stability of the plasmids that we tested varied significantly, and 
therefore it would be of great value if the stability of the plasmids could be 
enhanced. One of the moss transformants that was obtained was classified as 
semi-stable since it lost the selection marker at a very low frequency. It is 
conceivable that this transformant might have the selection marker integrated 
into a non-essential mini-chromosomes, a type of accessory chromosomes 
which are known to be present in mosses (Newton 1984; paper III). We 
know that this transformant contains more than one copy of the marker and 
therefore it is probably integrated as a concatemer. To test our hypothesis, 
moss DNA from this transformant will be cleaved with a restriction enzyme 
that only cleaves the plasmid once. The cut moss DNA will then be re-
ligated to produce circular plasmids that can be transformed into E.coli. 
Most of the plasmids rescued will probably contain only plasmid DNA, 
since they will be derived from the internally repeated copies, but some will 
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carry the flanking sequences of the site where the plasmid was integrated in 
Physcomitrella. These moss sequences will then be used for targeted inser-
tions at the same locus, and we will then study if the marker is lost at the 
same frequency as in the original semi-stable transformant.  

The use of plasmids to study homologous 
recombination in Physcomitrella 
One of the main reasons that Physcomitrella has become such an important 
plant model system is its unique capacity to repair double stranded breaks 
primarily via HR, which has enabled the development of gene targeting. The 
molecular mechanism by which HR works in moss is, however, still not 
fully understood.  

The fact that plasmid DNA that has been linearized prior to transforma-
tion into Physcomitrella can be rescued back into E.coli as circular plasmids 
is most likely a consequence of the very efficient repair of double stranded 
breaks via HR. An efficient system to test a mutant/knockout of a gene that 
is believed to be involved in HR, would therefore be to transform that mu-
tant with the linearized plasmid pEM203. Plasmid rescue will then be per-
formed as described in paper III, and if the mutant is impaired in HR the 
number of rescued plasmids will probably be affected. Rescued plasmids 
could also be restriction mapped and sequenced to see whether the 17 bp 
direct repeat sequence has been used to repair the plasmids via HR, or if only 
cohesive end ligation has occurred in the mutant. 

The use of shuttle plasmids for cloning of dosage 
suppressors in Physcomitrella  
One of the most powerful molecular tools in yeast is the ability to clone do-
sage suppressors. In short this technique requires a mutant which has a spe-
cific phenotype that can be readily scored e.g. inability to grow at a certain 
temperature. By screening a large number of colonies that have been trans-
formed with e.g. a genomic library in a high copy number shuttle plasmid, it 
is possible to identify genes that can suppress this phenotype when they are 
overexpressed. Next, the plasmid is rescued from the transformant and se-
quenced to see what gene it encodes. Genes that are cloned in this way (do-
sage suppressors) are frequently involved in the same biological process as 
the gene affected in the original mutant, and can thus help to elucidate this 
process. In yeast, one single dosage suppressor screen can frequently unravel 
an entire signaling or metabolic pathway. 
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To test if it is possible to use this technique in Physcomitrella I will trans-
form the previously described Pphxk1 mutant with a high quality cDNA 
library that we recently constructed in a Gateway compatible vector. There 
are two phenotypes that can be used to score suppression, increased sensitiv-
ity to cytokinin and our recent finding that the Pphxk1 knockout grows poor-
ly on fructose under low light conditions (Olsson et al., 2003; Thelander et 
al., 2005). From the transformants that show suppression of these pheno-
types, plasmids will be rescued and sequenced. Any dosage suppressors that 
are found may provide new insights into the role of plant hexokinases in e.g. 
hormone signaling. It would also provide a proof of concept for a very po-
werful molecular tool in future functional plant research.  

Localization and expression profiles of hexokinases 
In order to better understand the role of the various hexokinases in Physco-
mitrella we will also study their levels of expression and whether there is 
tissue specific expression of some hexokinases. 

To our disposal, we have a large collection of poly-A primed Physcomi-
trella cDNA preparations made from mRNA isolated from different tissues 
grown under a variety of conditions. Using RT-PCR to investigate the relative 
abundance of transcripts in these preparations, we will study the level of ex-
pression of the hexokinase genes during different stages of development, 
during growth on different carbon sources, under different light conditions, at 
different temperatures, in the presence of different plant hormones, and under 
various types of stresses. 

When I analyzed the hexokinase transcripts that have been cloned, some 
of them were found to be spliced in an aberrant manner (paper IV). These 
transcripts will probably give rise to catalytically inactive hexokinase pro-
teins. I will therefore test if this aberrant splicing is a form of post-
transcriptional regulation. In this analysis, PCR primers will be designed that 
will distinguish between the various transcripts and thus reveal their relative 
abundances under different conditions.  

Tissue specific expression from the native hexokinase promoters will be 
investigated using GUS fusions. In this experiment the uidA gene and a se-
lection cassette will be expressed as a C-terminal fusion from the native ge-
nomic hexokinase locus by taking advantage of the high frequency of HR in 
Physcomitrella to generate the corresponding targeted allele replacements. 

Functional analysis of hexokinases 
To test if all hexokinase genes in the Physcomitrella genome encode func-
tional hexokinases their ability to complement a yeast hxk1 hxk2 glk1 triple 
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mutant for growth on glucose or fructose will be tested (paper IV). It should 
be noted, however, that failure to complement the yeast mutant does not rule 
out that a hexokinase is enzymatically active, as is evident from our results 
with PpHXK1 (paper IV). 

The generation of single and multiple hexokinase knockout mutants in 
Physcomitrella is possible since three different selection markers are availa-
ble that can be used in the moss. If some of the multiple knockouts are lethal, 
or if more than three genes need to be inactivated (there are, for example, 
four type B hexokinases in moss) I would consider using RNAi or miRNA to 
knock down the transcripts instead. These techniques have both recently 
been shown to work in moss (Arazi et al., 2005; Bezanilla et al., 2003; Be-
zanilla et al., 2005). The functional characterization of the Physcomitrella 
hexokinases is ongoing and we will first try to disrupt all three type A hex-
okinase genes and the single type C hexokinase gene. The hexokinase activi-
ty in the various knock out strains will be tested and characterized using the 
enzyme assay used in the study of PpHXK1 (Olsson et al., 2003). 

In order to study the influence of hexokinases on glucose signaling in Phys-
comitrella, transcript levels of different glucose repressed genes, e.g. the chloro-
phyll a/b binding protein (CAB) and carbonic anhydrase genes, will be analyzed 
in different strains using RT-PCR and/or qRT-PCR. This will reveal if these 
target genes are regulated in a similar manner in moss as in vascular plants, 
which might indicate a conserved function of hexokinase in glucose signaling. 

Phenotypic analysis of the knockout strains will include growth on differ-
ent carbon sources, under different light conditions, and in the presence of 
different types of stresses and/or plant hormones. 

The hexokinase knockout mutants will also be tested for their effects on 
hydrogen peroxide-induced PCD. Effects that will be analyzed include DNA 
fragmentation assays (TUNEL staining), and the presence of necrotic le-
sions. If we find a hexokinase knockout mutant that is hypersensitive to the 
PCD-inducing treatments, we will investigate whether overexpression of the 
hexokinases causes hyposensitivity, or vice versa. 

Is alternative splicing the molecular mechanism for 
generating nuclear hexokinases? 
The most studied hexokinase in Arabidopsis, AtHxk1, is typically found 
associated with the mitochondrial outer membrane, since it has a N-terminal 
membrane anchor. However, a small amount of AtHxk1 localizes to the 
nucleus, where it is believed to participate in gene regulation (Cho et al., 
2006b). This is paradoxical, since the N-terminal membrane anchor normally 
should prevent its localization to the cytosol or nucleus. 
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Interestingly, from the analysis of a few type B hexokinase transcripts I 
have found one (PpHXK7) that is alternatively spliced in Physcomitrella. In 
this transcript, the membrane anchor has been spliced away, and the encoded 
protein is therefore not localized to the mitochondrial membranes. Instead, a 
cytosolic and nuclear localization is seen for this splice variant (paper IV). I 
will test how this localization is affected by different conditions such as the 
presence of external glucose. The occurrence of this specific type of alterna-
tive splicing among other membrane integrated hexokinases, both in Phys-
comitrella and flowering plants, will also be studied. This will be done by 
first searching available databases for possible splice variants, but I will also 
try to find splice variants using PCR, with primers designed to detect such 
splice variants. 
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