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 The moss Sphagnum (peat moss) is ecologically and economically important. There is a
paucity of physiological and developmental studies on Sphagnum because of the lack of an
axenic culture system for its whole life cycle. A culture system has been established for the
Sphagnum gametophore, but not the protonema (juvenile vegetative stage after spore germination). Therefore, the aim of this study was to develop a protonema culture system for
Sphagnum.
 Sphagnum squarrosum gametophore tissue was disrupted and then cultured in liquid Knop
medium. The regeneration of protonemata from the gametophore fragments was analyzed in
detail by microscopy.
 We observed a developmental balance between filamentous and thalloid protonemata, and
growth competition between the thalloid protonema and the gametophore. On the basis of
these findings, we established a relatively stable peat moss protonema proliferation method.
Using this method, all the developmental stages of peat moss vegetative growth could be
obtained through differentiation or regeneration.
 The method can provide abundant homogeneous Sphagnum materials at desired stages for
physiological and developmental studies, and will be useful for large-scale Sphagnum vegetative proliferation. The regeneration analysis method will be useful for establishing protonema
proliferation systems for other mosses.

Introduction
Mosses are non-vascular plants that occupy an important ecological
niche. Among them, Sphagnum (peat mosses) belong to a unique
group of peat-forming mosses. Peat lands occupy nearly 3% of the
land surface and store 20–30% of the world’s soil carbon (Freeman
et al., 2001; Weston et al., 2018). More carbon is fixed in living
and dead Sphagnum than in any other plant genus (Clymo &
Hayward, 1982). Vast amounts of carbon have been accumulated
in peat mosses via photosynthesis but not yet released because the
speed of deposition is much faster than the speed of decay (Clymo
& Hayward, 1982; Gorham, 1991; Clive et al., 1994). Peat lands
play an extensive role in earth’s ecosystems and climate through
carbon fixation as well as habitat acidification and water conservation (Clymo & Hayward, 1982; Gorham, 1991; van Breemen,
1995). Genome sequencing of Sphagnum has been carried out
with an emphasis on its ecology and evolution (Shaw et al., 2016;
Weston et al., 2018). The genomic resources for Sphagnum are
rapidly expanding (https://phytozome.jgi.doe.gov/pz/portal.html#!
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info?alias=Org_Sfallax). However, few laboratory-based physiological studies have been carried out on Sphagnum’s mechanism of carbon fixation, water adaptation and other related abilities.
Sphagnum are among the most commercially valuable bryophytes
(Schofield, 1985), and new technologies using Sphagnum biomass in
industrial substrate production and horticulture have been developed
in recent years (Gaudig et al., 2008). Because of the great economic
value of peat moss, there has been excessive exploitation of peat and
peat moss from peat land, leading to negative environmental effects
(Clymo & Duckett, 1986). Culturing of peat moss like other economic plants is an effective method to avoid damage to peat lands
(Gaudig et al., 2014). Regeneration is important for the vegetative
proliferation of peat moss. A previous study reported that filamentous
protonema and new shoots arise from the outer cortex of buried peat
moss stems under semi-natural conditions (Clymo & Duckett,
1986). Sphagnum is a perennial plant with an indeterminate growth
habit. The mature tissues of Sphagnum are strongly differentiated
and show very low regeneration rates. Therefore, it is important to
obtain juvenile materials for the propagation of peat moss.
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In addition to their special physiological functions, Sphagnum
have some unique developmental characteristics such as the thalloid protonema, and these are well worth studying. There are
one-dimensional, two-dimensional and three-dimensional tissue
and organ structures in natural plants. In seed plants, most organs
are three-dimensional and are composed of multiple layers of
cells. Mosses are good materials for studying the progression from
one-dimensional to three-dimensional structures. Recently, a
gene involved in the transformation of the protonema into the
gametophore in Physcomitrella was identified (Moody et al.,
2018). In Sphagnum, a unique two-dimensional thallose protonema like the prothallus of ferns can develop from the filamentous protonema. This kind of protonema development pattern is
known as the Sphagnum-type pattern (Schuster, 1983). Research
on thalloid protonema may provide detailed information about
how two-dimensional structures are formed and maintained in
plants. To date, Sphagnum thalloid protonemata have been
obtained only through spore germination (Bold, 1948; Anderson
& Crosby, 1965; Kajita et al., 1987). However, Sphagnum spores
can be collected from peat lands only in a short season, and the
thalloid protonema state of Sphagnum is maintained for only a
short time on solid medium. For further in-depth studies, it is
desirable to establish a stable thalloid protonema culture system
for Sphagnum.
The peat moss materials used for physiological or developmental studies should be homogeneous, abundant and easy to obtain.
Normally, mosses can proliferate via regeneration pathways other
than spore germination. For Physcomitrella patens, gametophores
at similar developmental stages can be obtained easily through
protonema regeneration and development (Reski & Abel, 1985;
Reski, 1998; Cove et al., 2009). An axenic in vitro gametophore
cultivation system for five Sphagnum peat moss species was established recently, but only mature gametophores were obtained
(Beike et al., 2015). The protonema, the juvenile vegetative stage,
has only been obtained by spore germination since the first studies c. 70 years ago (Bold, 1948; Anderson & Crosby, 1965).
For these reasons, it is important to establish a stable protonema
culture system for Sphagnum. In this study, wounded gametophore
fragments of Sphagnum squarrosum were cultured in liquid
medium and observed continuously. Multiple regeneration directions were observed, including the development of thalloid protonemata from stem fragments. We obtained a detailed time
schedule of the thallose protonema regeneration and subsequent
developmental processes. We observed a developmental balance
between filamentous and thalloid protonemata, and growth competition between the thalloid protonema and the gametophore.
Thalloid protonemata developed from filamentous protonemata
and filamentous protonemata grew up from the bases of the thalloid protonemata. When the gametophore began differentiating,
the thalloid protonema stopped growing. Based on these results, a
relatively stable peat moss protonema culture system was established. Using this system, we obtained a large number of gametophores at a similar growth stage. We used the cultured
protonemata to determine the optimal pH conditions, and found
that pH 5.8 is optimal for thalloid protonemata expansion.
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Materials and Methods
Sphagnum spores and solid culture conditions
Sphagnum squarrosum with capsules was freshly collected from
Sichuan Province, China. A voucher specimen (by R-L. Zhu) has
been deposited in the HSNU Biological History Museum, East
China Normal University. The capsules were surface-sterilized
with 70% ethanol for 7 min. The spores released from the capsules were cultured on solid Knop medium at 20°C under a 16 h
: 8 h, light : dark photoperiod with light at 2500–3000 Lux
according to Reski & Abel (1985). White light from fluorescent
tubes was used. The solid Knop medium included 0.25 g l 1
KH2PO4, 0.25 g l 1 KCl, 0.25 g l 1 MgSO47H2O, 1 g l 1 Ca
(NO3)24H2O, 0.0125 g l 1 FeSO47H2O and 0.8 g l 1 agar.
Unless otherwise noted, all the cultures in this study were grown
under these conditions.
Observations of regeneration
Fifteen young gametophore tips (0.1–0.15 g in FW) were disrupted for 20 s with an electric stirrer (10 000 rpm; Fluko
FA25, 25F as an agitator, Shanghai, China) in a 500-ml conical flask containing 200 ml Knop liquid medium. The mixed
liquid culture was then divided among eight 150-ml conical
flasks. The liquid culture was shaken at 120 r min 1 under
the same conditions as those used for the solid culture
described above. Every 2 d, one bottle was selected to observe
and document the regeneration status. More than 50 different
samples were observed each time.
Liquid culture of thalloid protonema
Young gametophores (40 d old, 1.2–1.8 cm, with 20–30
leaves) were collected from solid medium and disrupted for
10 s at 10 000 rpm in 200 ml liquid Knop medium. After
culture for 10 d, the mixed culture was disrupted for 20 s and
the liquid medium was replaced. After that, the mixed culture
was disrupted for 35 s once a week. After 6–7 wk, we obtained
a harvestable amount of thalloid protonemata. The culture was
maintained continuously with disruption and dilution each
week. When the protonemata were cultured for > 2 wk without disruption, gametophores differentiated from the thalloid
protonemata.
pH treatments
The pH of Knop liquid medium was adjusted to 4.0, 5.0, 5.8,
6.0, 7.0 and 8.0 (after autoclaving, the pH of the medium was
4.0, 4.89, 5.06, 5.15, 5.50 and 6.03, respectively). Young thalloid protonemata from the same culture were distributed among
the media with different pH and cultured for 10 d. Samples from
each flask were observed under a Motic-BA310 microscope
(Motic, Causeway Bay, Hong Kong). For each treatment, at least
40 samples were used to acquire images.
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Image and data processing
Photos were processed with Zerene STACKER and PHOTOSHOP
CS3. Zerene STACKER (Zerene Systems LLC, Richland, WA,
USA) was used to synthesize photos focusing on different levels.
Adobe PHOTOSHOP CS3 was used to edit photos. Correlation
indexes and parameters were measured using Adobe PHOTOSHOP
CS3 (Adobe Systems Inc., San Jose, CA, USA). Data were analyzed with EXCEL 2010 and SPSS STATISTICS 17.0 (IBM, Armonk,
NY, USA).

Results
Regeneration of Sphagnum
Spores were obtained from freshly collected mature sporangia of
S. squarrosum from Sichuan Province, China. S. squarrosum
belongs to the subgenus Acutifolia. It is being sequenced in the
Sphagnome Project (Weston et al., 2018). The sporangia were
surface-sterilized and the spores released from them were used to
establish a Sphagnum axenic gametophore culture. One single
gametophore was selected for the cultivation analyses. All of the
material described in this paper is from this line.
The model moss Physcomitrella patens can be cultured through
disruption followed by regeneration, which is particularly convenient for growth in bioreactors (Hohe et al., 2002). Beike et al.
(2015) tried to obtain Sphagnum protonemata using the
Physcomitrella protonema cultivation protocol, but most of the
Sphagnum gametophores died within 2 wk of disruption and no
protonemata were obtained. In this study, we used gentler conditions to disrupt the young gametophore obtained from axenic solid
culture. The gametophore fragments were cultured under the same
liquid culture conditions as those used for Physcomitrella (Bierfreund et al., 2003). Although most of the plant material turned white
and died, some green living fragments remained. Every 2 d for 2
wk, we randomly selected growing Sphagnum fragments from the
liquid culture to observe the regeneration process in detail.
After disruption, most of the fragments lost their green color
and died (Fig. 1a). On the 4th day after disruption (DAD), new
regeneration occurred spontaneously from some stem fragments.
The new filamentous protonemata growing from the stem were
tiny, short and had swollen tips (Fig. 1b). On the 6th DAD, more
filamentous protonemata regenerated and some small cell clusters
formed (Fig. 1c). On the 8th DAD, tiny thalloid protonemata
containing a small number of cells began to arise from the surface
of some shoot fragments (Fig. 1d). At that time, filamentous protonemata had regenerated from almost all of the living stem fragments (Fig. 1d). On the 10th DAD, filamentous protonemata
had elongated, caulonema with oblique cell walls had developed,
and some branches had emerged (Fig. 1e). In one case, a cell cluster began to grow from a wound on the stem of the gametophore
(Fig. 1f). On the 12th DAD, we observed well-developed thalloid
protonemata with long filamentous protonemata growing from
their bases (Fig. 1g). The young gametophore outgrew from the
stem close to the base of a remaining leaf (Fig. 1h). By the 14th
DAD, the gametophore was well developed and had formed
New Phytologist (2019) 221: 1160–1171
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rhizoid-like structures at the base (Fig. 1i). Some fully developed
thalloid protonemata had lobed margins (Fig. 1j).
There were some leaf debris in the disrupted mixture also. Leaves
of Sphagnum have chlorophyllose and hyaline cells; the chlorophyllose cells are slender and hyaline cells are elongate-vermicular with
rounded ends (in surface view) with hoop-like cell wall thickening.
We observed both cell types under the microscope (Fig. 2a–c). Leaf
debris also regenerated, but their regeneration was delayed by c. 4 d
compared with stem fragments, and the regeneration ratio was
much lower (Fig. 2d–i). There was no regeneration from leaf debris
on the 6th DAD, but on the 8th DAD we observed filamentous protonemata and a cell cluster growing from slender chlorophyllose
cells in the leaf debris (Fig. 2d,e). By the 10th DAD, we observed
thalloid protonemata and small bud sprouts from chlorophyllose
cells (Fig. 2f,g). On the 12th DAD, we observed a young gametophore regenerating from a leaf base together with some filamentous protonemata (Fig. 2h). On the 14th DAD, we observed a
gametophore with many filamentous protonemata regenerating
from the leaf base (Fig. 2i).
We observed regeneration several times and recorded the
number of different regeneration events. The data were varied
each time. However, the tendency mentioned in this study is
the same. Using more gametophores (c. 30 gametophores in
each bottle) to start with, we recorded the regeneration events
that occurred (Supporting Information Table S1). On the 10th
DAD, there were 87 samples living in one bottle. Among
them, 28 (32%) debris had thalloid protonema and 16 samples
that had bud regenerated. The ratio between the thalloid protonema and the bud was c. 7 : 4.
Development and characteristics of thalloid protonemata
By the 14th DAD, the Sphagnum gametophore fragments had
regenerated into a mixture of filamentous protonemata, thalloid
protonemata and small gametophores. The initiation and development of thalloid protonema were further observed in this
culture.
As mentioned in previous studies (Bold, 1948; Anderson &
Crosby, 1965), thalloid protonemata can develop from tips of filamentous protonemata. We observed that thalloid protonemata
developed not only from the tips of filamentous protonemata,
but also from the middle parts of filamentous protonemata that
regenerated from the stem, thalloid protonemata and leaf debris
(Fig. 3a–c). The typical thalloid protonema was fan-shaped
(Fig. 3d), and filamentous protonemata always developed from
the base of the fan (Fig. 3d). Cells of a typical thalloid protonema
proliferated in the opposite direction of the base (Fig. 3d). Cells
close to the base of the thallus were larger and usually had a long
rectangular shape, while the cells at the edge were much smaller
and generally had a flat rectangular shape (Fig. 3d,g). All the cells
were arranged radially from the base, and there were some deep
or shallow gaps at the edges of thalloid protonemata (Fig. 3d,e).
New thalloid protonemata can develop from the middle or edge
of older ones also (Fig. 3e). New gametophores always developed
from the base (Fig. 3f,i). Although thalloid protonemata were
usually fan-shaped, their growth patterns were variable. They
Ó 2018 The Authors
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Fig. 1 Early regeneration events of stem fragments of Sphagnum in liquid culture. Young gametophore tissue was disrupted and cultured in liquid Knop
medium. On the 4th day after disruption (DAD), most fragments were white and dead (a), and new filamentous protonemata began to regenerate from
stem fragments (b). On 6th DAD, a few small cell clusters had grown out (c). On 8th DAD, small thalloid protonemata began to appear (d). On 10th DAD,
filamentous protonemata had regenerated from most living stem fragments. Some cells from filamentous protonema had oblique cell walls (red arrows)
and formed new branches (green arrow). Small cell clusters (yellow arrow) (e) and bud-like cell clusters were present on 10th DAD (f). On 12th DAD,
thalloid protonemata with long filamentous protonemata at the base had developed (g). Gametophore buds began to develop on 12th DAD (h). On 14th
DAD, gametophore had rhizoid-like structure at the base (i) and lobes began to form at margins of thalloid protonemata (j). S, stem; RL, residual of leaf;
LS, leaf scar; FP, filamentous protonema; CC, cell cluster; TP, thalloid protonema; OCW, oblique cell wall; LPB, linear protonema branch; G, gametophore;
GB, gametophore bud; L, lobation. Bars, 100 lm.

ranged in size from small to large (Fig. 3d,g), and the central
angle ranged from < 90° (Fig. 3d) to > 180° (Fig. 3g). Some had
deep lobes (Fig. 3e) and some were smooth-edged (Fig. 3g,i).
When the gametophore arose, cell division slowed in the thalloid
protonema, and the cells close to the edge became enlarged
(Fig. 3g–j).
Ó 2018 The Authors
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Protonema suspension culture of Sphagnum
Based on the regeneration and developmental characteristics of
Sphagnum thalloid protonemata, a Sphagnum protonema suspension culture was established (Fig. 4). Because only chlorophyllose cells regenerated, young Sphagnum shoot tips (c. 1 cm) were
New Phytologist (2019) 221: 1160–1171
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Fig. 2 Regeneration from Sphagnum leaf debris. The disrupted gametophore culture also contained leaf debris, and their regeneration was observed. (a)
Sphagnum leaf surrounding stem at base, fully developed blade turned to horizon at position about 1/3 away from base. (b) Distal part of Sphagnum leaf.
(c) Magnification of yellow rectangle in (b). Some hyaline cells had no spiral cell wall thickening. (d) On 8th day after disruption (DAD), filamentous
protonema regenerated from base of fully developed leaf. (e) Small cell cluster regenerated from slender chlorophyllose cell on 8th DAD. (f) On 10th DAD,
cell cluster regenerated from slender chlorophyllose cell. (g) Thalloid protonema together with bud-like structure regenerated from leaf base on 10th DAD.
(h) On 12th DAD, bud with several filamentous protonemata regenerated from leaf base. (i) On 14th DAD, new gametophores with dozens of filamentous
protonemata regenerated from base of leaf debris. L, leaf; S, stem; SCC, slender chlorophyllose cell; HC, hyaline cell; FP, filamentous protonema; RC,
regenerated cells; TP, thalloid protonema; G, gametophore; GB, gametophore bud. Bars, 100 lm.

selected as the material for disruption at the start of protonema
suspension culture (Fig. 4e). We had observed that thallose protonemata regenerated at the 8–10th DAD and that gametophores
began to develop on the 10–12th DAD, and so the second disruption was carried out on the 10th day after the first disruption. To
reduce damage of the tiny thalloid protonema and increase their
chance of survival, the disruption time was 10–20 s, which was
about one-fifth to one-third the time used to disrupt
Physcomitrella. In the following days, the liquid culture was disrupted for 35 s and the medium was replaced with fresh liquid
Knop medium once a week. At the beginning, there was a high
proportion of dead gametophore fragments in the culture
(Fig. 4f). Thallose and filamentous protonemata were the major
components of the culture after 4 wk (Fig. 4g,h). After 7 wk of
regeneration, there was a higher proportion of thalloid
New Phytologist (2019) 221: 1160–1171
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protonema. More than 60–70% of living tissues were thalloid
protonemata in different stages, whilst others were gametophore
debris. The liquid culture had to be replaced and diluted regularly (30–40 thalloid protonemata ml 1), otherwise the growth of
thalloid protonemata was inhibited. Using this method, the
Sphagnum protonema liquid culture could be maintained for a
relatively long time (at least 1 year). If the culture was not disrupted, then gametophores developed from the bases of the thalloid protonemata in 2–3 wk (Fig. 4j,i).
Determining optimal pH conditions using cultured
protonemata
Sphagnum acidifies the environment both in nature and in axenic
culture (Soudzilovskaia & Aerts, 2010). Thus, it has been
Ó 2018 The Authors
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Fig. 3 Observations of thalloid protonemata of Sphagnum. (a–c) Origins of thalloid protonemata. Young thalloid protonema (red arrow) could develop
from end or middle of a filamentous protonema, whether the protonema had developed from a gametophore (a), another thalloid protonema (b), or from
leaf debris (c). (d) Young thalloid protonema with filamentous protonema at its base. (e) New thalloid protonema developed from the middle and edge of
wounded thalloid protonema. (f) Gametophore developed from base of thalloid protonema. (g–j) In developing thalloid protonema, cells close to the edge
were much smaller than cells close to the base (g, h). When gametophore began to develop, cells close to the edge became much larger than normal cells
(i, j). Panels (h) and (j) correspond to the red rectangles in (g) and (i), respectively. Some edge-closed cells are marked with blue color. Some base-closed
cells are marked with purple color. G, gametophore; YTP, young thalloid protonema; TP, thalloid protonema; LD, leaf debris; FP, filamentous protonema.
Bars, 100 lm.

suggested that pH is a key condition for culturing Sphagnum
(Beike et al., 2015). Beike et al. (2015) reported that the biomass
increase in Sphagnum gametophore suspension cultures was not
significantly different between pH 3.8 and pH 5.8, but pH 2.8
was unsuitable for fast growth. However, whether the optimal
pH is the same or different for thalloid protonemata was
unknown.
To determine the optimal pH of Sphagnum protonemata, filamentous and thalloid protonemata were cultured in liquid media
with pH ranging from 4 to 8 (before autoclaved) for 8 d. More
Ó 2018 The Authors
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than 40 protonemata were randomly selected from each pH
treatment and observed under a microscope (Fig. 5a–f). The
growth rate was highest at pH 5.8, and lower at pH 4, 5, 6, 7 and
8 (Fig. 5g–j). The protonemata formed lobes at pH 4, and the
thalloid protonemata lost their distinctive fan shape (Fig. 5a).
The numbers of filamentous protonema were similar among the
different pH treatments. In some cases (20%), filamentous protonemata developed from not only the basal part but also from
the side part of thalloid protonema at pH 4 (Fig. 5a). The thalloid protonemata in the pH 5–8 treatments formed fewer lobes
New Phytologist (2019) 221: 1160–1171
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(c)

(a)
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(f)

(e)
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(h)
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(j)
(i)

Fig. 4 Diagram of Sphagnum thalloid protonema culture. (a) Spores of Sphagnum are tetrahedral and appear triangular under the microscope. Sterilized
spores were cultured on solid Knop medium. (b) Filamentous protonema germinated from a spore. (c) Filamentous protonema proliferated and small
thalloid protonema developed. (d) Gametophores grew out and became the major living stage. (e) Single gametophore tip. (f) Gametophores were
disrupted and cultured in liquid Knop medium. At the beginning of a culture period, most Sphagnum fragments were dead and the culture was white and
clear. (g) After several disruptions, the population of thalloid protonemata increased and the liquid culture became green. (h) Thalloid protonemata in (g).
(i) When dilution and disruption stopped, gametophores developed. (j) Young gametophore developed from thalloid protonema in (i). Bars: (a, b) 25 lm;
(c, h) 50 lm; (d) 1 cm; (e) 0.5 cm; (j) 100 lm.

than did those in the pH 4 treatment (Fig. 5g). The largest thalloid protonemata were in the pH 5.8 treatment, and the smallest
were in the pH 4 and pH 8 treatments (Fig. 5h). Because the size
(area) of thalloid protonemata is directly related to the number of
cells and the area of single cells, we compared the number of cell
ranks and the area of the biggest cell among the different pH
treatments. The largest single cell area was in the pH 5.8 and pH
New Phytologist (2019) 221: 1160–1171
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6 treatments, and the smallest was in the pH 4 treatment, followed by the pH 8 treatment (Fig. 5i). The smallest number of
cell ranks in thalloid protonemata was in the pH 8 treatment, followed by the pH 4 treatment, the pH 7 treatment, and then the
other treatments (Fig. 5j). The cell area made a greater contribution than did the number of cell ranks to the thalloid protonema
area under different pH conditions.
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Fig. 5 Thalloid protonemata of Sphagnum grown in media with different pH for 8 d. (a) In pH 4 medium, central cells were smaller, edges became deeply
lobed and the whole area of thalloid protonema was decreased. (a) Filamentous protonema grew from the edge but not the base of thalloid protonema
(red arrow). (b–d) In pH 5–6 media, thalloid protonemata grew relatively normally with fan-shape thallose tissue, smooth edges and large central cells.
(e, f) In pH 7 and 8 media, thalloid protonema development was delayed, central cells were smaller and fewer cell ranks developed. Bars, 100 lm. (g) Lobe
formation in different pH conditions. (h) Area of thalloid protonema in different pH conditions. (i) Area of central cell in different pH conditions. (j) Number
of thalloid protonema cell ranks in different pH conditions. In (g–j), lowercase letters indicate significant differences, and the error bars present SD.
P = 0.01, n > 30.
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Discussion
The cell fate exchanging network of Sphagnum vegetative
tissues
Through our study, a more detailed vegetative development and
regeneration process of Sphagnum was depicted in Fig. 6. The
major vegetative developmental processes of Sphagnum include:
(1) linear protonema germinates from a spore; (2) thalloid protonema develops from filamentous protonema; (3) gametophores
develop from thalloid protonema; (4) gametophores develop
from filamentous protonema that occurs occasionally (Fig. S1);
(5) sexual organs (antheridia and archegonia) develop from
gametophores; (6) after fertilization, the zygote develops into a
sporangium and spores develop in it through meiosis (Fig. 6, blue
arrows). The steps (1–4) are vegetative developments, and the
steps (5) and (6) are reproductive developments (Fig. 6, in orange
circle). Only the sporangium is diploid. Regeneration can occur
from cells of different vegetative tissues, and regeneration results
can be filamentous protonema, thalloid protonema or gametophore (Fig. 6, green arrows). All together, there is a flexible cell
fate exchanging network among all the chlorophyllose cells during Sphagnum vegetative development.
Growth balance between thalloid and filamentous
protonemata during the juvenile stage
There was a special balance between thalloid and filamentous
protonemata of Sphagnum during the juvenile stage. When
Sphagnum spores germinated, a filamentous protonema grew out
first, and then a thalloid protonema developed from the tip or
middle cell of the filamentous protonema. During growth of the
thalloid protonema, new filamentous protonemata continued to
grow out from the base. Similarly, thalloid protonemata developed from other filamentous protonemata regardless of whether
they had developed from a thalloid protonema or regenerated
from stem or leaf debris. This growth balance indicated that thalloid protonemata could not be cultured alone easily, but always
formed alongside filamentous protonemata.
Competition between juvenile and mature growth
For a growing thalloid protonema, the edge-closed cells are small
and base-closed cells are big. It is because the cells close to the
edge were involved in cell division and the cells in the central part
do not divide, but expand in size. When a gametophore develops
from a thalloid protonema, edge-closed cells become bigger and
growth of the thalloid protonema stops. This phenomenon could
explain why protonemata are seldom found on Sphagnum gametophores growing in nature. That is, the thalloid protonema and
the lowest part of the gametophore would have already died and
become buried in the wetlands. When a gametophore is wounded
and its growth is retarded, filamentous and thalloid protonemata
would regenerate from it. In Sphagnum, therefore, there is a
competitive growth between the juvenile stage (protonema) and
the mature stage (gametophore).
New Phytologist (2019) 221: 1160–1171
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Proliferation of juvenile tissue
The thalloid protonema were described mostly in taxonomy
books (Schuster, 1983; Schofield, 1985) and research papers c.
50 years ago (Bold, 1948; Anderson & Crosby, 1965). There is
still limited detailed information on thalloid protonemata, especially their proliferation. Our culture study has revealed several
new developmental characters of thalloid protonemata. Such as, a
thalloid protonema could grow from both the middle and the tip
of a filamentous protonema, regardless of whether the filamentous protonema had developed from a thalloid protonema, a
gametophore or a spore; new thalloid protonemata could develop
from a wounded thalloid protonema also. Based on that observation, we conducted weekly disruption to promote the regeneration of new thalloid protonemata from the original ones.
Two key points in obtaining a juvenile stage culture
To obtain a stable thalloid protonema proliferation system, two
problems needed to be solved. The first problem was obtaining
the initial thalloid protonema, the beginning juvenile tissue.
Thalloid protonemata can germinate from spores, but spores can
only be collected from peat moss wetlands in a short time period
each year and under certain environmental conditions. Therefore,
it is more convenient to obtain thalloid protonemata through
regeneration from gametophores. The regeneration ratio of
Sphagnum is very low compared with that of other mosses such
as Physcomitrella. We found that only a small number of thalloid
protonemata regenerated after the first disruption. Our results
indicate that the interval between disruptions was important for
obtaining thalloid protonemata. At least 10 d between disruptions was required for thalloid protonema regeneration.
The other problem was to prevent gametophores from developing from thalloid protonemata. Disruption is a useful strategy
to solve this problem. Mechanic damage could induce both the
young gametophores and thalloid protonemata to regenerate into
new protonemata as well as stop new gametophore developing
from thalloid protonema. Similar to Physcomitrella, the density
of thalloid protonemata in liquid culture is another factor, which
effects gametophore development, most probably due to different amounts of auxins and cytokinins that are released to the culture media (Reutter et al., 1998). Gametophores always
developed earlier in higher density cultures than lower density
cultures. In our experiments, the number of thalloid protonemata in liquid culture was kept < 35–40 pieces ml 1. Higher
concentrations would lead to higher ratios of gametophore development in the mixed culture.
Effect of pH on thalloid protonema cell development
As noted by Beike et al. (2015), the pH of Knop liquid medium
changes after autoclaving. The actual pH of the treatments designated as pH 4, 5, 5.8, 6, 7 and 8 was 4.0, 4.89, 5.06, 5.15, 5.50
and 6.03, respectively. Thalloid protonemata did not grow well
at pH 4 and pH 5.5–6.03, but grew well in pH 4.89–5.15, indicating that thalloid protonemata were sensitive to environmental
Ó 2018 The Authors
New Phytologist Ó 2018 New Phytologist Trust

New
Phytologist

Research 1169

Fig. 6 Diagram of the life cycle and regeneration during the vegetative development of Sphagnum. Blue arrows indicate normal developmental process of
Sphagnum. Green arrows indicate regeneration of vegetative tissues. The yellow circle indicates reproductive growth. n, haploid; 2n, diploid.

pH conditions. In both higher and lower pH conditions, the
number of cell ranks and the individual cell area were decreased,
indicating that the pH affected both cell expansion and division
in the thalloid protonemata. In the lower pH treatments, the area
of the largest cell decreased markedly while the number of cell
ranks decreased not so seriously. In the higher pH treatments, the
number of cell ranks was decreased but the area of the largest cell
was unchanged. Thus, a lower pH had a stronger effect on cell
expansion than cell division, and a higher pH had the opposite
effect. The numbers of filamentous protonemata were similar in
all pH treatments, indicating that filamentous protonemata were
less sensitive to pH conditions than were thalloid protonemata.
Thalloid protonemata were more sensitive than gametophores
to low pH conditions. While pH 4 was found to be suitable for
gametophore liquid culture (Beike et al., 2015), pH 4 medium

seriously inhibited the expansion of thalloid protonemata. In
Beike et al.’s (2015) experiments, the medium contained additional glucose and NH4NO3. These components may have
enhanced the thalloid protonemata’s adaptability to low pH conditions, but further research is required to confirm this.
Conclusion
Regeneration from a wounded mature gametophore provided
the initial protonema material for our analyses (Fig. 7).
Weekly dilution and disruption inhibited gametophore development and promoted protonemata regeneration (Fig. 7).
Based on these principles, a relatively stable mixed juvenile tissue culture of Sphagnum was established successfully. All the
vegetative developmental stages of Sphagnum could be

Fig. 7 Method of Sphagnum protonema culture. Initial protonemata are obtained through regeneration of wounded young gametophores. Filamentous
protonemata grow from thalloid protonemata. Thalloid protonemata develop from both filamentous and thalloid protonemata. Weekly disruption
prevents thalloid protonemata from differentiating into gametophores, and promotes thalloid regeneration from gametophore debris.
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obtained from this culture. This method makes it possible to
obtain abundant homogeneous Sphagnum materials at different developmental stages for physiological and developmental
studies, and will be useful for large-scale Sphagnum vegetative
proliferation.
The Sphagnum protonema culture method is similar to the
Physcomitrella culture method. Sphagnum belongs to family
Sphagnaceae, class Sphagnopsida, which is an early diverging lineage of bryophytes. Physcomitrella belongs to family
Funariaceae, class Bryopsida, which is a representative acrocarpous moss group (Renzaglia et al., 2007). For both of these
mosses, periodic mechanical damage inhibits differentiation
and induces regeneration, which promotes protonema proliferation. A strong vegetative proliferation capacity is a characteristic of most bryophytes (Hohe & Reski, 2005). It is highly
likely that most mosses can be cultured in their juvenile state,
like Physcomitrella and Sphagnum. The key points are to determine the timing of their regeneration and development and
the period of protonema regeneration so that the correct
mechanical injury cycle can be applied. Our regeneration analysis method will be useful for establishing similar culture systems for other mosses.
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Table S1 Data of regeneration events on the 10th day after
gametophores were disrupted
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Fig. S1 A gametophore developed from filamentous protonema
directly.
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