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a b s t r a c t
A key step in sulfate assimilation into cysteine is the reduction of sulﬁte to sulﬁde by sulﬁte reductase (SiR). This enzyme is encoded by three genes in the moss Physcomitrella patens. To obtain a ﬁrst
insight into the roles of the individual isoforms, we deleted the gene encoding the SiR1 isoform in P.
patens by homologous recombination and subsequently analysed the DSiR1 mutants. While DSiR1
mutants showed no obvious alteration in sulfur metabolism, their regeneration from protoplasts
and their ability to produce mature spores was signiﬁcantly affected, highlighting an unexpected
link between moss sulfate assimilation and development, that is yet to be characterized.
Ó 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction
Mosses have become an important group of plants for developmental studies, especially targeting evolutionary questions [1,2].
Among them Physcomitrella patens emerged as a powerful model
species for molecular genetics, due to the high frequency of homologous recombination enabling gene targeting [3–5]. A large collection of genetics tools is available for P. patens including genome
sequence, EST libraries, and a genetic map [6–9]. The simplicity
of tissues and ease of cultivation under standardized conditions together with the reverse genetics tools also make P. patens attractive
for studies of metabolism [1,10,11]. In P. patens, as in other mosses,
the haploid gametophyte dominates the diploid sporophyte. The
moss colonies are originally formed from chloronemal ﬁlaments
with well-developed chloroplasts. Later, caulonema ﬁlaments are
formed which enable spread of the colony. Some caulonema cells
differentiate to buds which further develop to gametophores. At
the tips of adult gametophores the sexual organs, antheridia (male)
and archegonia (female), are produced under inducing conditions
* Corresponding author. Fax: +44 1603 450045.
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[12]. After fertilisation of the egg inside the archegonium a sporophyte develops which contains approx. 5000 spores [13]. The moss
life cycle can be affected by phytohormones but also by metabolic
processes [14–16].
P. patens has been widely used to address various questions of
primary metabolism, such as fatty acid synthesis, N-glycosylation,
or sulfur metabolism [10,11,17–20]. Many such analyses revealed
an unexpected variety of enzymes and pathways alternative to
those in ﬂowering plants. These observations were corroborated
by transcriptome analysis which showed that, whereas in seed
plants 10–44% of genes are involved in metabolism, the proportion
of metabolic genes in P. patens reaches 70–80% [21]. Analysis of sulfur metabolism in P. patens revealed that some metabolic steps are
less complex in this moss than in seed plants, while others are more
diverse in mosses [19]. For example, for the reduction of activated
sulfate (adenosine 50 -phosphosulfate, APS) to sulﬁte, a novel form
of APS reductase without an iron-sulfur cofactor was identiﬁed in
P. patens [20,22]. Also, the reduction of sulﬁte to sulﬁde by sulﬁte
reductase (SiR) is more complex in Physcomitrella than in seed
plants. While this enzyme is encoded by a single copy gene in Arabidopsis and by a maximum of two copies in other seed plants, three
isoforms of SiR are present in the P. patens genome [19].
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As a ﬁrst step to address the biological function of the individual
SiR genes we disrupted PpSiR1 by homologous recombination. We
found that despite minimal effects on sulfur metabolism the DSiR1
plants show surprisingly strong developmental alterations and are
unable to produce mature spores.

2. Materials and methods
2.1. Plant material
P. patens (Hedw.) B.S. was cultured in liquid or solid Knop medium as described earlier [23]. To study the effect of cadmium, protonema cultures in ﬂasks were adjusted to a moss dry weight of
400 mg/L and the Knop medium was supplemented with 5 and
10 lM CdCl2, respectively, for 10 days. Cadmium treatments were
performed in two independent repetitions with three independent
cultures each. The described DSiR1 mutants are deposited in the
International Moss Stock Center with the accessions IMSC 40447
(1–6), IMSC 40450 (3–17), IMSC 40454 (4–5) and IMSC 40455
(5–15).
2.2. Production and selection of PpSiR1 knock-out moss
To create the PpSiR1 knock-out construct the genomic DNA fragment containing part of the gene (1552 bp) was obtained by PCR
with primers PPSIR1F and PPSIR1R (for primer sequences see Supplementary Table 1) cloned into the pCRII vector (Invitrogen, Karlsruhe, Germany) and sequenced. A 442 bp BstBI and BsrGI
fragment was replaced with the nptII selection marker [10]. Thirty
micrograms of the plasmid were cut with EcoRI, producing a 3 kb
linear fragment which contained the nptII gene ﬂanked by PpSiR1
genomic sequences of 590 bp and 517 bp. P. patens protoplasts
were isolated and PEG-mediated transformation, regeneration,
and selection were performed as described previously [24].
The screening of G418-resistant plants was performed as described in [17] with small pieces of gametophores and primers
SIR1KO1 and SIR1KO2 to detect a disruption of the original PpSiR1
gene, N1 and N2 to detect the presence of the nptII cassette, SIR1EN
and N3, and N4 and SIR1EC to control the integration of the transgene at the 50 -end and the 30 -end, respectively (Fig. 2). Plants that
gave the expected fragments in all four PCR reactions (1–6, 4–5,
and 5–15) were selected for further analysis and liquid protonema
cultures were established from these lines.
For analysis of the developmental phenotype protonema of WT
moss and three DSiR1 lines, 1–6, 4–5, and 5–15, protoplasts were
isolated and grown in liquid regeneration medium for 10 days.
After washing, the regenerating protoplasts were transferred to
Knop medium. Samples for microscopic analysis were taken after
7, 14, 20, and 35 days. The number of cells per regenerating protoplast was counted 7 days after protoplast isolation for 1000 cells of
each of the four genotypes. Presence of caulonema cells was examined 14 days after protoplast isolation for 300 regenerating ﬁlaments of each line.
2.3. Expression analysis
Total RNA from frozen moss protonema tissue of WT and DSiR1
lines was isolated using the TRIZOLÒ Reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer’s instructions.
First strand synthesis was performed with Superscript II reverse
transcriptase (Invitrogen, Karlsruhe, Germany) from 2 lg of total
RNA. To verify lack of SiR1 transcript in the knock-out lines reverse
transcription PCR with primers SIR1KO1 and SIR1KO2 was performed according to a standard protocol. To verify that PpSiR2
and PpSiR3 are not affected in the DSiR1 lines primer pairs SIR2F/

SIR2R and SIR3F/SIR3R, respectively, were utilized. Primers for
the constitutively expressed mRNA of the ribosomal protein L21
C45fw and C45rev were used as controls.
Semiquantitative RT-PCR was performed as described in [25]
with primers speciﬁc for components of sulfate assimilation: ﬁve
sulfate transporters, two isoforms of ATP sulfurylase, two isoforms
of adenosine 50 -phosphosulfate reductase, and PpSiR2 and PpSiR3
(Supplementary Table 1). Preliminary experiments established
reaction conditions to ensure that the reactions were still in exponential phase. Ampliﬁcation with primers for the constitutively expressed TATA-binding protein TBPfw and TBPrev was used for
normalization.
2.4. Southern blot analysis
Genomic DNA was isolated with a CTAB method. One microgram genomic DNA was digested for 16 h with 20 U of restriction
enzymes EcoRI and Mph1103I (Fermentas, St. Leon-Rot, Germany).
After electrophoresis, the DNA was transferred to positively
charged nylon membrane (GE Healthcare, Munich, Germany).
Hybridization and detection were performed as described in the
Roche DIG Application Manual using hybridization and blocking
solutions and Anti-digoxigenin-AP conjugate from Roche (Mannheim, Germany) and CDP-Star (GE Healthcare, Munich, Germany).
Fluorescent bands were visualized on Lumi-Film Chemiluminescent Detection Film (Roche, Mannheim, Germany). DIG-labeled
hybridization probe for detection of the nptII selection cassette
were prepared by PCR-labeling from plasmid DNA of pRKO25.2
[4] with the primers PT1 (GAGGCTATTCGGCTATGACTG) and PT2
(ATCGGGAGCGGCGATACCGTA) using the random-primed labeling
mix from Roche.
2.5. Western blot analysis
SiR protein accumulation was assessed by Western blotting
with polyclonal antisera against recombinant SiR from Arabidopsis
[26] using liquid culture grown protonema.
2.6. Chlorophyll measurements
Chlorophyll was extracted and quantiﬁed from 50 to 100 mg of
blotted fresh moss protonema as described in [22].
2.7. HPLC analysis of low molecular weight thiols
The analysis of cysteine, c-glutamylcysteine and GSH in 50–
70 mg of blotted moss protonema from liquid culture was performed as described in [11].
2.8. Localization of SiR1, SiR2 and SiR3
The intracellular localization of SiR isoforms was addressed by
transient expression of vectors encoding C-terminal green ﬂuorescent protein (GFP) fusion proteins as described in [20]. The complete
open reading frames of PpSiR1, PpSiR2 and PpSiR3 were fused to GFP
reporter using the plasmid mAV4 [27]. As a control for plastid targeting, the plasmid pCTP-GFP [28] was used. The transfection and
microscopy was performed as in [20].
2.9. DAPI staining of chloroplast nucleoids
The protonema of 2 ml liquid culture was sedimented by centrifugation for 5 min at 500 rpm. The plant material was ﬁxed with
80 ll glutardialdehyde (Roth, Karlsruhe, Germany) in 1 ml Knop
medium for 30 min. For the removal of this solution a centrifugation for 5 min at 500 rpm followed. Afterwards samples were

Author's personal copy

G. Wiedemann et al. / FEBS Letters 584 (2010) 2271–2278

2273

stained with 750 ll DAPI-solution (Roth, Karlsruhe, Germany) with
a concentration of 2 lg/ml [29]. Before microscopic analysis the
material was destained for 1 h 30 min in water.

Arabidopsis as described previously [31,32] A FEI Tecnai G20 transmission electron microscope at 120 kV was used for the analysis.

2.10. Enzyme assays

3. Results

APS reductase activity was determined as the production of
[35S]sulﬁte, formed in the presence of [35S]APS and dithioerythritol
[26]. To measure speciﬁcally APR-B 2 lg thioredoxin from Escherichia coli (Sigma–Aldrich, Gillingham, UK) were added to each assay, the concentration of APS was increased from 37.5 lM to
100 lM and MgSO4 was exchanged for KNO3 [22]. ATPS was measured as the APS and pyrophosphate-dependent formation of ATP
[30]. The protein concentrations in protein extracts from liquid culture protonema were determined according to Bradford with bovine serum albumin as a standard.

3.1. The SiR multigene family of P. patens

2.11. Sulfate uptake
Sulfate uptake was measured using [35S]sulfate with moss protonema grown on sterile cellophane disks (bioFOLIE; VivaScience,
Göttingen, Germany) placed onto agarose plates containing Knop
media.
2.12. Immunogold labeling
Gametophores of wild type P. patens and the DSiR1 4–5 line were
processed for ultrastructural examination and immunogold labeling with antisera against recombinant ATPS1, APR, and SiR from

Analysis of the genome sequence revealed that P. patens sulﬁte
reductase (SiR) is encoded by three genes. The predicted isoforms
are 83% identical on the amino acid level and possess approx.
68% and 70% identical amino acid residues with SiR from Arabidopsis thaliana and the lycophyte Selaginella moellendorfﬁi, respectively. Sequence analysis suggests that all three SiR isoforms are
localized in plastids, as is the case for the enzyme in seed plants.
Plastidic localization was conﬁrmed by confocal laser scanning
microscopy (CLSM) of protoplasts expressing SiR::GFP fusion proteins (Fig. 1). The same co-localization was obtained with a control
construct encoding GFP fused to the chloroplast targeting peptide
of FtsZ2-1 [28]. The ﬂuorescence signal of the PpSiR isoforms was
not uniformly distributed within the plastids but was concentrated
in multiple spots, similar to the localization APS reductase [20]. All
three SiR genes are expressed in protonema and gametophores as
revealed by EST databases and RT-PCR (data not shown).
3.2. Disruption of the PpSiR1 gene
As the ﬁrst step to address the biological function of individual
SiR genes we analysed the effects of loss of function of PpSiR1. The

Fig. 1. Subcellular localization of P. patens SiR. P. patens protoplasts were transfected with expression constructs encoding C-terminal fusions of GFP to PpSiR1 (A–C), PpSiR2
(D–F), PpSiR3 (G–I). Presented are CLSM images 5 days after transfection. (A, D and G), GFP ﬂuorescence, (B, E and H), chlorophyll autoﬂuorescence, and (C, F and I), merge of
both channels. The bar represents 10 lm.
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Fig. 2. (A) Schematic representation of the PpSiR1 gene. The rectangles represent exons, introns are presented as lines. The numbers represent the length in base pairs. The
positions of the BstBI and BsrGI sites, used to cut out the 442 bp fragment and replace it with the nptII cassette, are indicated. (B) The PpSiR1 disruption construct. The
positions of the PCR primers are indicated by arrows.

PpSiR1 gene is 3041 bp long and consists of seven exons and six introns (Fig. 2). After transformation with the knock-out construct,
78 regenerated G418-resistant moss colonies were screened by
PCR with four different primer pairs to identify positive recombination events. For nine transformants all four PCR reactions resulted in the expected products indicating that they represent
true knock-outs of the PpSiR1 gene. Indeed, no PpSiR1 transcript
was detected in liquid protonema cultures of these transformants
by RT-PCR with primers SIRKO1 and SIRKO2 (Fig. 3A). The transcripts of PpSiR2 and PpSiR3 were present in the DSiR1 plants,
showing that only a single SiR gene was disrupted (Fig. 3B). Western analysis with antibodies against SiR from A. thaliana showed
the same amount of SiR protein in the knock-out mutants compared to wildtype, indicating a compensation of the disrupted gene
at the transcriptional or translational level (Fig. 3C). However, this
compensation has to be veriﬁed by an independent quantitative
immunoassay, e.g., competitive ELISA. Southern analysis revealed
that while the lines 3–17, 4–5, and 5–15 possess multiple copies
of the transgene, the number is very low in the line 1–6 (data
not shown). The high number of transgenes is usually caused by
concatenation of the DNA and insertion of multiple copies at the
targeted site or less frequently by a non-homologous recombination [5]. Since the DSiR1 lines resulted from independent transformation events, it is extremely unlikely that the same genes would
be disrupted in a non-targeted manner and thus any metabolic
and/or developmental alterations can be directly linked to the disruption of SiR1.
3.3. Effect of PpSiR1 disruption on sulfate metabolism
Neither concentration of glutathione and cysteine nor the glutathione redox state were affected in liquid protonema cultures of
the three independent DSiR1 lines compared to WT plants (Table
1). The enzyme activities of ATP sulfurylase and the two isoforms
of APS reductase as well as sulfate uptake rate were also not affected in the DSiR1 mutants (Fig. 4). Steady state mRNA levels of
sulfate transporters Sultr1;1 and Sultr1;3 were signiﬁcantly reduced by 25–30% in all three lines, while Sultr4;1 was signiﬁcantly
increased in two of the three lines (Fig. 4). The mRNA for the ATPS2
isoform of ATP sulfurylase and the APR-B isoform of APS reductase
were slightly but signiﬁcantly reduced in all three lines, while the
higher plants-like APR transcript level was reduced in two lines.
The transcript levels of SiR2 were not affected and SiR3 was significantly reduced in all three DSiR1 lines (Fig. 4).
Sensitivity to the toxic heavy metal cadmium is a typical consequence of disturbance of sulfur metabolism in P. patens [11,22].

Fig. 3. (A) Expression analysis of PpSiR1 and ribosomal protein L21, as a control, in
wild type P. patens and 9 putative DSiR1 lines. (B) RT-PCR of PpSiR2 and PpSiR3 in
the same lines. (C) Western blot analysis of protein extracts from WT moss and 4
DSiR1 lines with antibodies against recombinant SiR from A. thaliana.

Table 1
Levels of low molecular weight thiols and redox state in WT and DSiR1 lines. Content
of low molecular thiols and redox state in moss protonema grown in liquid Knop
medium was determined by HPLC. The data in (nmol/g fresh weight) for thiols and
ratio of GSSG/total glutathione for redox state are presented as average ±S.D. from
three independent cultures for each line.

GSH
Cysteine
GSSG
Redox
state

wt

DSiR1–6

DSiR3–17

DSiR4–5

DSiR5–15

433 ± 170
68 ± 10
66 ± 26
0.17 ± 0.05

466 ± 104
59 ± 9
74 ± 34
0.16 ± 0.05

421 ± 97
54 ± 9
84 ± 27
0.21 ± 0.03

529 ± 102
69 ± 14
95 ± 51
0.17 ± 0.06

368 ± 58
52 ± 7
79 ± 59
0.2 ± 0.14

However, no differences in chlorophyll contents, as a measure of
cell vitality, were found among protonema of WT moss and three
independent DSiR1 lines grown in liquid culture in the presence
of 5 lM or 10 lM CdCl2 (data not shown). This result indicates a
compensation of the loss of function of the PpSiR1 gene by the
other isoforms, as already indicated by equal amounts of SiR protein in Western blots.
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Fig. 4. Comparison of sulfate transport, ATP sulfurylase, APR, and APR-B activities
(left) and transcript levels of genes involved in sulfate uptake and assimilation
(right) in protonema of wild type moss and DSiR1 lines 1–6, 4–5, and 5–15. Results
are presented as a heat map: rectangles denote individual genes or enzymes
encoding components of sulfate assimilation in the individual KO lines. Dark blue
represents transcripts signiﬁcantly reduced compared to WT by >25%, light blue
transcripts reduced by <25%, red denotes increase by >25%, and orange increase by
<25%. Yellow represents no difference in expression or activity, and black is the
PpSiR1 transcript missing in the mutants.

3.4. Developmental phenotype of DSiR1 plants
In contrast to the DAPR or DAPR-B plants [11,22] which did not
display any growth or developmental phenotype under standard
conditions, the DSiR1 mutants were signiﬁcantly different from
WT moss. The regeneration of protoplasts derived from DSiR1
was slower than from WT. In regenerating protoplasts of WT the
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Fig. 6. Sporophytes of P. patens WT (A) and DSiR1 (B–D) lines 8 weeks after
induction of sporulation by ﬂooding. The spores of WT plants develop until they are
mature in the spore capsules which then tear open and set free the spores. In the
DSiR1 lines the spore capsules crack open when the spores inside are still immature.
Size bars represent 100 lm.

cell number appeared to be higher than in those from three independent DSiR1 lines after 7 days (Fig. 5A). Indeed, more than 60%
of WT cells were divided whereas only half of cells derived from
the three DSiR1 lines (Fig. 5B) undertook cell division. After 14 days
on solid Knop plates the WT plants showed extensive secondary
branching whereas only few and solely primary branches appeared
on the DSiR1 ﬁlaments. Consequently, WT tissue was formed

Fig. 5. (A) Light microscopy pictures of regenerating protoplasts of WT and the DSiR1 lines 1–6 and 5–15 7 days and 20 days after protoplast isolation (scale bars represent
100 lm). After 10 days some of the plants were transferred to solid Knop medium covered with cellophane. Five weeks after protoplast isolation the WT plants developed
leaves while the DSiR1 plants still grew as protonema (scale bars represent 500 lm). (B) Numbers of divided and undivided cells per regenerating protoplast were counted
7 days after protoplast isolation for WT and 3 DSiR1 lines (n = 1000). (C) Presence of caulonema cells in colonies of regenerating ﬁlaments was examined 14 days after
protoplast isolation (n = 300).
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Table 2
Number of sporophytes per 20 plants eight weeks after induction.
wt

DSiR1–6

DSiR4–5

DSiR5–15

33

9

8

7

approximately from the same number of chloronema and caulonema cells, while only few cells in the DSiR1 plants underwent differentiation to caulonema (Fig. 5C). Thirty ﬁve days after protoplast
isolation, the WT moss colonies formed gametophores whereas
those derived from the DSiR1 lines were still growing as protonema (Fig. 5A).
When sexual reproduction was induced in the different lines
[12], antheridia and archgonia were formed at about the same frequency in WT and DSiR1 plants. Eight weeks after induction the
ﬁrst mature sporophytes were seen in WT plants, and after breaking the capsules the spores were set free (Fig. 6A). In the DSiR1
lines, however, only one third of the number of sporophytes was

formed (Table 2), and the spore capsules cracked open when the
spores inside were still immature (Fig. 6B–D). These mutant spores
did not germinate, revealing a strong effect of the disruption of
PpSiR1 on the reproductive cycle of P. patens and an unexpected
link between sulfate assimilation and moss development.
3.5. Chloroplast structure and localization of sulfate assimilation
enzymes
Since the disruption of PpSiR1 did not greatly affect sulfate
assimilation, we looked for alternative explanations of the developmental phenotypes. In higher plants SiR was shown to be involved
in DNA binding in chloroplast nucleoids [33–35]. However, after
DAPI staining no differences were observed between the nucleoid
organisation in WT moss and the DSiR1 plants under a confocal
microscope (data not shown). Similarly, no signiﬁcant alterations
in chloroplast ultrastructure between WT moss and DSiR1 4–5 line
were observed using transmission electron microscopy (Fig. 7a and

Fig. 7. Transmission electron microscopy and immunolocalization of enzymes of sulfate assimilation. Chloroplast ultrastructure of gametophores of wild type (a) and DSiR1
4–5 line (b). Immuno labeling with 10 nm protein A-gold of ATPS (c and d), APR (e and f) and SiR (g and h) in WT (c, e and g) and DSiR14–5 line (d, f and h). Bar = 250 nm.
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b). Because of the ‘‘spotty” pattern of SiR::GFP fusions (Fig. 1) and
the known interactions between enzymes of sulfate assimilation
[26,30] we hypothesized that lack of SiR1 might affect sublocalization of these proteins in the plastids. However, immunogold labeling with antisera against ATP sulfurylase, APR, and SiR did not
detect any differences in the labeling patterns between WT and
DSiR1 4–5 line (Fig. 7c–h). Despite SiR being often implicated in
binding of chloroplast DNA, the immunolocalization did not indicate any preferential localization of SiR in nucleoids of P. patens.

4. Discussion
The disruption of the SiR1 gene did not substantially affect sulfate assimilation in the protonema or gametophores of P. patens.
Although expression of several genes was reduced in the DSiR1
plants, the levels of thiols, sulfate uptake rates, and enzyme activities of ATP sulfurylase and APS reductase were not affected. Thiol
levels often respond to manipulations of sulfate assimilation [36].
In P. patens, however, the pathway seems to be more robust, as disruption of neither of the two APS reductase isoforms, which possess the highest control over the pathway in A. thaliana [37],
affected glutathione accumulation [11,22]. In addition, the DSiR1
mutants were not sensitive to cadmium. Cadmium sensitivity is a
typical consequence of unbalance in sulfate assimilation [11,22].
Rother et al. [38] showed a nearly 10-fold elevation of the PpSiR2
transcript after treatment with 10 lM CdCl2, however the two
other isoforms were not analysed. Our results indicate a differential regulation of PpSiR1 and PpSiR2 upon cadmium exposure. Indeed, the level of SiR protein was not lower in the mutants than
in wild type moss. As the transcripts levels of SiR2 and SiR3 were
not elevated in the DSiR1 mutants this compensation was most
probably due to regulation at the translational level. It appears,
therefore, that SiR is regulated on multiple levels, similar to other
components of sulfate assimilation [25].
In contrast to DAPR and DAPR-B moss mutants [11,22] the
DSiR1 mutants displayed a remarkable developmental phenotype.
The protoplast regeneration as well as the development of gametophores was retarded. The effect of SiR1 disruption was strongest in
the initial phase of development. Once a protonema or gametophore culture was established no signiﬁcant differences between
DSiR1 and WT were observed in growth, content of low molecular
weight thiols, redox state and cadmium tolerance. This phenotype
of DSiR1, however, is different from described mutants in actin
polymerization or cryptochrome signalling [39,40].
In further stages of the life cycle, DSiR1 plants showed another
developmental phenotype as they formed less sporophytes than
wild type and their spore capsules opened before spore maturity.
The maturity of spores is connected with colouring of the capsule
and spores, changing during development from transparent to yellow-brownish and to brown when mature [12,41]. However, once
the spore capsules of DSiR1 were open, the spores inside did not
change their colour. Consequently, the spores from these open
but immature capsules are not able to germinate. Until now, disturbed sporophyte induction in Physcomitrella was described only
for moss mutants constructed by deletion of genes essential for
the formation of embryos or sporophytes in vascular plants-like
FLO/LFY, MIKC-like MADS-box or KNOX [41–43] as well as RAD51,
an important player in DNA repair [44]. In contrast to these genes,
a connection between disruption of SiR1 and control of sporophyte
formation is difﬁcult to explain. Possible explanations include a
limitation in sulfur-containing metabolites, an alternative function
of SiR in chloroplast DNA packaging, or a disruption of chloroplast
ultrastructure. None of these hypotheses were, however, supported by the analyses of the DSiR1 mutants. Neither metabolite
contents nor cadmium sensitivity revealed any indication that sul-
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fate assimilation is disrupted in the mutants. Similarly, DAPI staining and SiR immunolocalization did not provide any support for its
function in DNA packaging in the moss. Thus, the mechanism by
which disruption of SiR1 causes the developmental phenotype remains to be elucidated. Although expression analysis provided no
indication for speciﬁc function of SiR1 in sporophytes, tissue speciﬁc effects of the gene disruption cannot be excluded, because
sporophyte metabolism is at least partially independent from that
of the gametophyte [45]. Whether the developmental phenotype is
speciﬁc for loss of function of SiR1 or a generally for any SiR isoform will have to be elucidated by future analysis of plants lacking
SiR2 and SiR3.
The localization of SiR::GFP fusions revealed that the signal was
not evenly distributed within the plastids but showed a spotty pattern as found earlier for APR, but not for APR-B [20]. This observation suggests an association of APR and SiR in a plastid subcompartment, similar to the speciﬁc localization of APR and SiR
around the pyrenoid in Chlamydomonas plastids [26]. Other enzymes of sulfate assimilation may also be part of this complex, as
protein–protein interactions between APR and ATP sulfurylase
from onion were clearly established [30]. However, immunogold
localization did not support this hypothesis because the labeling
patterns for all three antisera, i.e. ATP sulfurylase, APR, and SiR,
were uniformly distributed within the moss plastids. The immunolocalization of SiR, however, helped to address another intriguing
question. In higher plants, SiR has been assigned an additional
function in binding of chloroplast DNA in nucleoids [33–35]. The
spotty pattern of localization of the GFP fusion constructs may reﬂect this chloroplast DNA compacting activity, as shown in pea
chloroplasts with indirect immunoﬂuorescence microscopy [46].
These two functions of SiR seem not to be exclusive, because the
enzymatic activity of SiR was not affected by the binding to DNA
[46]. However, we found no indication for a speciﬁc association
of SiR with plastid DNA in P. patens. Apparently, this alternative
function of SiR is a relatively new development in ﬂowering
plants or it is not a general but rather a species-speciﬁc feature
[46,47].
In conclusion, the analysis of DSiR1 mutants indicates a new
function of SiR in moss development, independent from its enzymatic role in sulfate assimilation. In contrast to ﬂowering plants,
where SiR is also a multi-functional protein, apparently this function is not the packaging of plastidic DNA but an alternative function in process(es) essential for developmental control of
regeneration and reproduction.
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