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ABSTRACT

We report the draft genome sequence of the model moss Physcomitrella patens and
compare its features to those of unicellular aquatic algae and flowering plants, from
which it is separated by more than 400 million years. This reveals genomic changes
concomitant with the evolutionary movement to land, including a general increase in
gene family complexity, loss of genes associated with aquatic environments (e.g. flagellar
components for gametic motility), acquisition of genes for tolerating terrestrial stresses
(e.g. variation in temperature and water availability), and the development of the auxin
and abscisic acid signaling pathways for co-ordinating multicellular growth and
dehydration response. The Physcomitrella genome provides a resource for phylogenetic
inferences about gene function and for experimental analysis of plant processes through

this plant’s unique facility for reverse genetics.

1. INTRODUCTION

This reports the draft genome sequence of the moss Physcomitrella patens, the
first bryophyte genome to be sequenced. Bryophytes, comprising hornworts, mosses and
liverworts, are remnants of early diverging lineages of embryophytes and thus occupy an
ideal phylogenetic position for reconstructing ancient evolutionary changes and
illuminating one of the most important events in earth history - the conquest of land by
plants (see Fig. 1). The terrestrial environment involves extreme variations in water
availability and temperature, and increased exposure to radiation. Adaptation to it
entailed dramatic changes in body plan (/), and modifications to cellular, physiological,
and regulatory processes. Primary adaptations would have included enhanced
osmoregulation and osmoprotection, desiccation and freezing tolerance, heat resistance,
and synthesis and accumulation of protective "sunscreens" as well as enhanced DNA
repair mechanisms. Fossil evidence suggests that early land plants were structurally
similar to extant bryophytes (2); they probably had a dominant haploid phase and were
dependent on water for sexual reproduction, having motile male gametes.

The genome sequence of P. patens allows us to reconstruct the concomitant

events of genome evolution that occurred in the colonization of land, through



comparisons with the genome sequences of several angiosperms (Arabidopsis thaliana,
Oryza sativa, and Populus trichocarpa), as well as aquatic single-celled green algae

(Ostreococcus tauri, Ostreococcus lucimarinus and Chlamydomonas reinhardtii).

2. FEATURES OF THE WHOLE GENOME

2.1 General genome properties

The draft genome sequence of P. patens ssp. patens (strain Gransden 2004) was
determined by whole-genome shotgun sequencing, assembling into 480 Mbp of scaffold
sequence with a depth of ~8.6x'. EST coverage of the assembly is over 98%. The draft
sequence contains 35,938 predicted and annotated P. patens gene models (Tables S1-5).
Most predicted genes are supported by multiple types of evidence (Table S4) and 84% of
the predicted proteins appear complete. About 20% of the analyzed genes show

alternative splicing (Table S6), a similar frequency to A. thaliana and O. sativa (3).

2.2 Repetitive sequences and transposons

An ab initio approach detected 14,366 repetitive elements comprising 1,381
families (average member number 10 and average length 1,292 bp; Table S7). The largest
repetitive sequence is from the “AT rich — low complexity” class (23% of the repetitive
fraction) and 15 families account for over 84% of the repetitive fraction (Table S8).

Long terminal repeat retrotransposons (LTR-Rs) are generally the most abundant
class of transposable elements, contributing substantially to flowering plant genome size.
Of the 4,795 full-length LTR-Rs in P. patens, 46% are gypsy-like and 2% are copia-like.
P. patens contains about three times more full-length LTR-Rs than A. thaliana, but about
three times fewer than rice, with the density among the three genomes being lowest in
moss (Fig. S1). Although about half of the P. patens genome consists of 157,127 LTR-
Rs, only 3% still exist as intact full-length elements; the remainder are diverged and
partial remnants often fragmented by mutual insertions (Fig. S2). Nested regions are
common with 14% of LTR-Rs inserted into another LTR-R (Table S9). The genome also

contains 895 solo LTR-Rs, probably a result of unequal crossing over or DNA repair.

" Version 1.1 of the P. patens genome assembly and annotation can be accessed through the JGI Genome
Portal at http://www.jgi.doe.gov/Physcomitrella




Periodic retrotransposition activity peaks are discernible over the last 10 million years
(MY) (Fig. 2). Only one full-length element is inserted within a gene, suggesting strong
selection against transposon insertion into genes (p < 0.001).

Helitrons (rolling-circle transposons) are an ancient class of transposons, present
in animals, fungi and plants. Different from all eukaryotic genomes sequenced so far, the
P. patens genome contains only a single Helitron family (Table S10) with 19 members.
High sequence similarity (96%) suggests that they have been active within the last 3 MY.
Presumably, multiple Helitron families have evolved in all plant lineages, including P.
patens, but we predict that a rapid process of DNA removal has excised all members that
have not been active recently, a process which has been demonstrated in other plant

genomes (4).

2.3 Gene and Genome Duplications

Gene and genome duplications are major driving forces of gene diversification
and evolution (5). In P. patens, the Ks distribution plot (i.e. the frequency classes of
synonymous substitutions) among paralogs shows a clear peak at around 0.5-0.9 (Fig.
S3), suggesting that a large-scale duplication, possibly involving the whole genome, has
occurred, confirming EST-based data (6). Additional evidence for a large-scale
duplication comes from the identification of 77 non-overlapping duplicated segments
containing at least five paralogous gene pairs. All duplicated segments have an average
Ks of 0.5-0.7.

Tandemly arrayed genes (TAGs) can contribute significantly to genome size.
However, only ~1% of the protein-encoding genes in P. patens occur in tandem array, in
contrast to A. thaliana (~16%), O. sativa (~14%) and P. trichocarpa (11%) (7-9). The
mayjority of P. patens TAG clusters comprise two genes that are not separated by an
intervening gene (Fig. S4). Compared with non-TAG genes, genes in TAGs are
significantly shorter (p <0.001) in terms of gene, CDS and intron length while their G/C
content is significantly higher (Table S11). Functional analysis of TAGs compared with

paralogous non-TAG clusters reveals that photosynthesis proteins, particularly antenna



proteins, are significantly (q < 0.05) enriched among the TAGs (see section 3.6, St* 58
A/B). Other enriched categories are glyoxylate and dicarboxylate metabolism, carbon
fixation and ribosome assembly (Fig. S5). Apparently, P. patens has increased the
genetic playground for photosynthesis and connected carbon-based metabolism in its
recent past.

Comparison of the insertion age (Ks) of P. patens TAGs with paralogs that were
established during the large-scale genome duplication suggests that the majority of TAGs
were established recently (Ks < 0.1). Strikingly, P. patens TAG partners tend to be
located on opposite strands (64.4%, with 36.4% in head-to-head orientation and 28.0% in
tail-to-tail orientation), while there is a tendency (68-88%) for TAGs to be located on the
same DNA strand in A. thaliana and O. sativa (8) as well as in C. elegans, human, mouse
and rat (8, 10). This seems to point at a higher frequency of TAG generation on the
opposite strand, yet highly similar TAGs on the same strand may be underrepresented
due to difficulties in assembling the whole genome shotgun data. TAGs that are located
on opposite strands in P. patens also seem to be excluded more frequently, based on the
observation that significantly fewer substitutions (p < 0.001) can be observed within them
(average Ks=0.591) than in those that are located on the same strand (Ks=1.246). These
differences in TAG organization might be connected to the exceptional reliance on

sequence similarity for DNA repair observed in the moss (11, 12).

2.4 Domain and gene family expansion patterns

The sizes of eukaryotic gene families differ mainly due to different rates of gene
retention after duplication, and the gene content differences likely reflect species-specific
adaptations. Overall, lineage-specific gains among domain families occurred at a rate
approximately three times lower in P. patens compared to A. thaliana (Fig. 3A). Among
families shared by both organisms there are more gene families with relatively small
numbers of gains in moss (1-6) than in A. thaliana (Fig. 3B). Many gene families with
significantly higher than average duplication rates also have elevated rates of gene loss

(Fig. 3C).

* St = Supplementary tree; these can be accessed via
http://www.cosmoss.org/bm/supplementary_trees/Rensing_et al 2007/




Highly expanded gene families in P. patens are not necessarily highly expanded
in A. thaliana (r’=0.33, p<2x10'°). Only 36 families with significantly higher than
average gains are common to both P. patens and A. thaliana lineages, while 43 are
significantly expanded specifically in moss (Fig. 3A). Examples of parallel expansion
include genes encoding protein kinases, leucine-rich repeat-proteins, AP2 and Myb
transcription factors. Transcription factor duplicates are retained in P. patens with a rate
that is lower than in flowering plants, yet higher than in algae (/3), e.g. the MADS-box
and WRKY transcription factor families are of an intermediate size as compared to
flowering plants and algae (Table S12, S13).

Families that expanded only in the P. patens lineage include histidine kinases and
response regulators. Both families are parts of two component signaling networks
important in plants, fungi, and bacteria. These two families are much larger in P. patens
than those found in sequenced angiosperm genomes, suggesting a more elaborate use of
two component systems in moss.

The P. patens genome contains genes for each of the core groups of small
GTPases (G-proteins) (Fig. S6 A,B), consistent with increased complexity of vesicle
trafficking machinery, not present in green algae, suggesting that such complexity was
already present in the last common ancestor (LCA) of land plants. P. patens also has a
large ATP Binding Cassette (ABC) superfamily (121 members; Table S14/S15; St
29 _ABDI/C/F/G, 9, 57, 110-113), similar in size to that in A. thaliana (130) and O. sativa
(129) but larger than that of the unicellular alga, O. tauri (ca. 50), and twice that of
humans and D. melanogaster (48 and 56 respectively). In flowering plants, most ABC-
containing proteins are membrane-bound transporters for lipids, hormones, secondary
metabolites, metals and xenobiotics and control certain ion channels. The sessile habit
and metabolic diversity of land plants appears to require a large repertoire of ABC

proteins.



3. ADAPTATIONS TO THE TERRESTRIAL ENVIRONMENT

3.1 Loss of motile gametes

Many algae and bryophytes share the ancestral trait of having flagellated male
gametes, although this trait has been lost in flowering plants (/4). Consequently, proteins
for delta and epsilon tubulins, required for forming the basal bodies of flagella (/5), are
found in P. patens (St 93, 94). Genes were also found for most proteins of the inner, but
not the outer dynein arms (St 91, 92), which are the motors for the motility of flagella.
This observation suggests a lack of outer arms in flagella, as has been shown to be the
case for other land plants (/4). Cytoplasmic dynein genes and their regulatory dynactin
complex genes are absent, suggesting that the dynein-mediated transport system was

probably lost in the LCA of P. patens and flowering plants.

3.2 Desiccation tolerance

Desiccation tolerance (DT) is widespread in reproductive structures of vascular
plants but vegetative DT is rare except among bryophytes (/6). Evolution of this trait was
important in facilitating the colonization of the land, but was lost subsequently in
vascular plants. DT in seeds is dependent on the phytohormone abscisic acid (ABA) to
induce expression of seed-specific genes such as late embryogenesis abundant proteins
(LEAs), a group of proteins that accumulate during desiccation. P. patens is highly
dehydration tolerant (/7), and contains orthologs of LEA genes and other genes
expressed during the DT response in a poikilohydric moss (/8) and in flowering plants
(19).

ABA signaling also operates in the P. patens drought response (/9). The genome
contains homologs of the A. thaliana ABA receptors, one of which appears to have been
specialized for a role in seed development (20), and the transcription factor ABIS
implicating it in the regulation of ABA-mediated gene expression. Particularly interesting
is ABI3, the seed-specific transcription factor of the B3 family (St 132), which when
mutated results in the loss of desiccation tolerance in seeds (27). The P. patens genome
contains four ABI3-like genes, one of which (PpABI3A) functions to potentiate ABA

responses in P. patens and partially complements the A. thaliana abi3-6 mutant (22).



Finding of these genes in P. patens suggests that desiccation tolerance gene

networks likely originated in the LCA of land plants.

3.3 Metabolic pathways

Cytochrome P450 enzymes that incorporate oxygen into small lipophilic
compounds are represented by 250-350 members in genomes of flowering plants, 71
genes in P. patens and 39 in C. reinhardtii. Specific examples of P450s lacking in P.
patens are related to the absence and regulation of key molecules in flowering plants.
One P450 required for the synthesis of gibberellic acid synthesis (CYP88) is absent, as is
the enzyme needed to make S-lignols (CYP84) required for the accumulation of lignin.
The CYP86 family includes fatty acid omega-hydroxylases involved in the formation of
cutin, which prevents dehydration of plant tissues. The presence of CYP86 in moss but
not in green algae suggests that cutin may have evolved in the ancestral land plants as an
innovative mechanism to survive a terrestrial habitat.

Most enzymatic steps in the carotenoid and chlorophyll biosynthetic pathways are
more complex in terms of paralog frequencies in P. patens than in A. thaliana and C.
reinhardtii (Fig. 4, Table S16), which is consistent with previous interpretations that the
moss genome encodes seemingly redundant metabolic pathways and contains an
elaborate network of genes for crucial functions like phototoxic stress tolerance (6).
Unlike Light Harvesting Complex (LHC) proteins, most genes (79%) of the carotenoid
and chlorophyll metabolic pathways are not TAGs and were acquired during the whole
genome duplication, i.e. since the divergence from the lineage leading to flowering plants
(6).

One striking exception is the genes involved at the branching point of siroheme and
heme/chlorophyll formation (Fig. 4, Table S16). UROS and UMT are encoded by single
copy genes, while conserved ancient paralogs encode UROD. These paralogs had already
been acquired before the split of green algae and land plants (St 76) and probably are
functionally divergent (23, 24). Interestingly, both the UROD3 (St 76) and CPX2 (St 59)

subfamilies are present in algae and P. patens, but have been lost in flowering plants.

10



3.4 Signaling pathways

The classically studied phytohormones and light receptors for morphogenesis
found in flowering plants are absent in the unicellular algae but present in P. patens, e.g.
genes for all four classes of cytokinin signaling pathways found in flowering plants.
These include at least three cytokinin receptors, two of which have been confirmed by
EST evidence and make P. patens the earliest diverging species that contains genes for
all members of the cytokinin signal transduction pathway known today.

Although specific G-protein-based signaling pathways are seen in animal cells,
only the G-protein complex associated with ABA signaling is present in vascular plants.
The P. patens genome contains the gene for G-protein-coupled ABA receptor (20) and a
single alpha- and two beta-subunits. P. patens also has the Mg-chelatase H subunit, a
receptor for ABA signaling during seed development (25). Although the chelatase is
found in C. reinhardtii and O. lucimarinus, the G-protein receptor is absent.

Ten gene families implicated in auxin homeostasis and signaling have been analyzed
(Table S17, St 25, 33_A/B, 41,45, 71,73_7,77, 85, 88, 89). The C. reinhardtii, O.
lucimarinus and O. tauri genomes do not encode any of these, while the P. patens
genome encodes members of each family (although based on the phylogenies of the GH3
and ILL proteins, St 71 and 85, moss might not conjugate IAA to alanine, leucine,
aspartic acid, or glutamic acid consistent with empirical data (26). Angiosperms dedicate
a larger proportion of their genomes to auxin signaling; only one (AUX1/LAX; St 41) of
the ten families has as many members as angiosperm genomes. Based on the analysis of
A. thaliana and our phylogenetic analyses, the auxin signaling pathway has undergone
significant functional diversification within vascular plants since they diverged from
bryophytes.

Although no ethylene responses have been noted, the P. patens genome encodes six
ETR/ERS/EIN-like ethylene receptor HPT-type receptors and evidence for ethylene
binding activity (3). Two putative ACC synthases, catalyzing a critical step in ethylene
biosynthesis, were also found. Two transcription factors with strong similarity to the
EIN3 ethylene signaling family are also apparent as are six N-RAMP-type channel
proteins, one or more of which might be involved in ethylene signaling, similar to EIN2

in A. thaliana.
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In vascular plants, photomorphogenic signals are perceived by three sensory
photoreceptor families: phytochrome, cryptochrome and phototropin. P. patens possesses
four canonical phototropins, evolutionary ancient UV/A-blue light photoreceptors that
help optimize photosynthesis in shade while avoiding damage in sunlight (27). P. patens
has seven phytochromes, more than any organism reported to date. Neither PIF3 (28) nor
the PKS family (29) of phytochrome-interacting proteins are present in P. patens, but
several members of the NDPK1, 2 and 3 groups, implicated in phytochrome signaling in
vascular plants, are partly present.

UV/A-blue light sensitive cryptochromes and the related photolyase DNA-repair
family are widespread in nature. Accordingly, in addition to two HY4-like cryptochrome
photomorphogenic photoreceptors (30), P. patens has one UVR3-like 6-4 photolyase,
one ssDNA CRY3-like and several dsDNA PHR-like cyclobutane pyrimidine dimer
photolyases that restore nucleotide structure with the help of UV/A-blue light following
UV/B-induced damage.

Circadian oscillators are found in most organisms, and genes related to
TOC1/PRR pseudo-response regulators (St 69) and LHY/CCAT single-myb domain
transcription factors (St 30) of flowering plant clocks are present in both P. patens and O.
tauri and O. lucimarinus (31). In terms of interpretation of seasonal cues, P. patens has
sequences related to the key photoperiodic regulators CONSTANS (St 69, (32, 33)) and
FT (St 74), as well as the CONSTANS-regulating cycling DOF factors (St 19), but not
their downstream targets. Thus, these signaling pathways appear to have an ancient
origin, with the evolution of specific downstream targets occurring later, after the

divergence from the LCA of land plants.

3.5 Protective Proteins

Adaptation to land also required the evolution of proteins protecting against
various stresses such as variation in temperature, light and water availability. One
example of this is the expansion of the HSP70/DnaK family to nine cytosolic members in
P. patens (St 24) whereas all algal genomes sequenced to date encode one single

cytosolic HSP70 (34).

12



The complement of the LHC genes is significantly expanded in P. patens when
compared to both algae and vascular plants (St 58_A, Table S18A). While several LHC
homologs were already present in the LCA of all land plants, more have been retained
after the whole genome duplication in P. patens and more of these genes are present in
TAGs than in A. thaliana (Table S19). Redundancy and expansion of these abundantly
expressed proteins probably contributes to a robustness of the photosynthetic antenna, i.e.
the capacity to deal with high light intensities. The photoprotective early light-induced
proteins (ELIPs) expanded extensively in P. patens (St 58_B, Table S18B). Numerous
ELIP-like proteins with supposedly free radical scavenging activity may reflect

adaptation to de-/rehydration cycles and associated avoidance of photo-oxidative damage.

3.6 DNA repair

DNA damage repair helps maintain genomic integrity. Double-strand breaks
(DSB) can be repaired by non-homologous end-joining (NHEJ) but are more precisely
repaired using a second copy of the sequence. The introduction of linear DNA into a cell
mimics DNA damage, and mosses, uniquely among plants, but like yeast, show a strong
preference for the use of a homologous sequence for the incorporation of linear DNA into
the genome.

Cell-cycle control is tightly connected to DNA-damage repair (35). Proteins
known to be involved in these processes in both vertebrates and A. thaliana are ATM,
ATR, CHK1, CHK2, PARPI, BRCA1, BRCA2, and BARDI1. While P. patens encodes
the first four of these, there are no homologs found of BRCA1, BRCA2 and BARDI. The
RADS1 paralogs (RADS51A, RAD51B, RADS51C, RADS1D, XRCC2, and XRCC3) are
important for repair using sequence homology in vertebrates and in A. thaliana; P. patens
encodes all but XRCC3. However, while A. thaliana encodes one RADS1A, P. patens
encodes two (36). Other genes involved in DSB repair, chromatin remodeling, and
processing of recombination intermediates known from A. thaliana (INO80, RAD54,
MRE11, RAD50, NBS1, RecQ helicases (WRN, BLM), MUSS81) are also present in P.
patens. Additionally, both plant species, but not metazoans, encode SRS2, while P.
patens, like the other plants, lack RADS2. In A. thaliana and in yeast the KU70/KU80
complex, DNA Ligase IV and XRCC4 contribute to NHEJ. These genes are encoded by
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the P. patens genome as well. In addition, both plant species, but not yeast (37), encode
DNA-PKcs.

In our phylogenetic analyses, P. patens homologs of RADS54B as well as
CENTRINS and CHD7 cluster with algal and metazoan homologs, whereas flowering
plant homologs are not included in these clusters (St 12_2, 28_2, 28_7). While RAD51
and RAD54 interact in chromatin remodeling in humans (38), CENTRINS are important
for genome stability in C. reinhardtii (39) and in nucleotide excision and DSB repair in
A. thaliana (40). CHD7 is a chromodomain DNA helicase, important for chromatin
structure. Its mutation causes severe developmental aberrations in mammals (47).

DNA damage is repaired by multisubunit macromolecular complexes of dynamic
composition and conformation (42). The special features of the P. patens genome (no
BRCAI1, BRCA2, and BARDI, duplicated RADS51, and phylogenetically conserved
RADS54B, CENTRINS and CHD7) may well reflect the specific needs of a haploid
genome for genome integrity surveillance and account for the efficiency of homology-

dependent DSB repair in the P. patens genome.

4. CONCLUSIONS FOR LAND PLANT EVOLUTION

Physcomitrella patens occupies a position on the evolutionary tree that, through
comparisons with aquatic algae and vascular plants, allows detailed reconstruction of the
evolutionary changes in genomes that are concomitant to the conquest of land. From this,
we conclude that the LCA of all land plants (1) lost genes associated with aquatic
environments (e.g. flagellar components for gametic motility), (2) lost dynein-mediated
transport, (3) gained signaling capacities, such as those for auxin, ABA, cytokinin, and
more complex photoreception, (4) gained tolerance for abiotic stresses, such as drought,
radiation, and extremes of temperature, (5) gained more elaborate transport capabilities,
and (6) had an overall increase in gene family complexity. Some of these events may
have been enabled by the opportunities for evolutionary novelty created by one or more

duplications of the whole genome.
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These comparisons also enable a reconstruction of the genomic events that
occurred after the split of vascular plants and the mosses. For example, the former
acquired even more elaborate signaling (e.g. through gibberellic acid (GA), jasmonic acid
(JA), ethylene and brassinosteroids) but lost vegetative dehydration tolerance and motile
gametes, whereas the latter gained an elaborate use of two component systems, efficient
HR-based DNA repair, adaptation to shade and de-/rehydration cycles, as well as a
redundant and versatile metabolism. The P. patens genome sequence provides a resource
for the study of both gene function and evolutionary reconstruction, which is sure to

reveal even more interesting details.
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Figure Legends

Figure 1: Land plant evolution

Bryophytes comprise three separate lineages which, together with the vascular plants
(including the flowering plants), make up the embryophytes (land plants). These four
lineages, remnants of the initial radiation of land plants in the Silurian, began to diverge

from each other about 450 MYA.

Figure 2: Periodic cycles of LTR retrotransposon activity

P. patens underwent periodic cycles of LTR-R amplifications. The most recent activity
peaks at an estimated 1 to 1.5 MYA, preceded by invasion events around 3, 4 and 5.5
MYA. Gypsy-like elements are younger (average 3.2, median 3.0) than copia-like
elements (average 3.9, median 3.6), coinciding with a 7-fold higher full length copy
number. The gradual decrease between 5 to 12 MY A probably reflects element
deterioration leading to loss of ability to detect these elements. Numbers found of each

element are shown in parentheses.

Figure 3: Domain family expansion patterns in P. patens

(A) Gain is defined as the presence of paralogous gene copies uniquely arising in one
lineage. Large domain families are labeled based on their Pfam domain names. (B)
Relationships between gains per family and the number of families in A. thaliana and P.

patens. (C) Relationships between gain vs. loss in P. patens domain families.

Figure 4: Paralog frequencies in the biosynthetic pathways of chlorophylls and

carotenoids in P. patens, A. thaliana and C. reinhardtii

Denoted are products (in bold) that accumulate to significant amounts, major
intermediates and known enzymes of both pathways (for full names of enzymes, see
Table S16). Major pathways are indicated by black arrows; branch-points leading to the
formation of related compounds (italicized) are indicated by grey arrows. For each
reaction, colored squares symbolize the number of (iso-) enzymes in P. patens (red), A.

thaliana (yellow) and C. reinhardtii (green). Enzymes for which P. patens has more
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paralogs than A. thaliana and C. reinhardtii are boxed in red, those encoded by unique

genes in the moss are boxed in blue.
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FIGURE 2
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FIGURE 3
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FIGURE 4
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