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Abstract: One of the main factors limiting active biomonitoring with aquatic mosses is the lack of 

sufficient material. A laboratory culture of the moss would solve this problem and thus convert the 

technique into a valuable biotechnological tool for monitoring water quality. With this aim, we first 

established small and large scale axenic in vitro culture systems for the aquatic moss Fontinalis 

antipyretica. We then attempted to enhance the growth rate of the cultures by modifying 

temperature, photoperiod and medium composition (N:P ratio, P concentration, CO2 supply, 

NH4NO3 supply and sucrose supply). None of these modifications greatly increased the in vitro 

growth rate. However, the growth rates were sufficiently high (relative to the initial weight of the 

cultures) in both systems (45 and 6 mg·day−1·g−1 for flasks and bioreactors respectively) to enable the 

production of large amounts of material. The ability to culture the material will substantially 

improve the applicability of the moss bag technique. 
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1. Introduction 

It is beyond debate that managing water is essential for sustainable development worldwide, 

and monitoring water quality by means of traditional methods or by biomonitoring should be 

mandatory. The aquatic moss Fontinalis antipyrectica Hewd. is the most commonly used bryophyte 

for biomonitoring inland water quality [1]. The wide range of distribution of this species in temperate 

regions and its ease of identification and handling in the laboratory make it ideal for this type of 

studies [2]. It can be used both as a passive (native specimens) and an active biomonitoring agent 

(transplanted specimens). The advantages of active biomonitoring have recently been described, and 

are summarised as follows: (i) the elimination of phenotypic and genotypic adaptations; (ii) improved 

temporal interpretation of the results as the duration of the exposure period is known; (iii) it enables 

the assessment of the magnitude of the pollution as the initial concentrations of elements in the 

transplants are also known; and (iv) it removes the need for the selected species to be present in the 

sampling sites [1,3]. The method most commonly used to expose the mosses in active biomonitoring 

surveys (ca. 80% of the published papers [1]) is the moss bag technique, in which mosses are 

transplanted inside mesh bags from uncontaminated sites to the study sites. The technique has been 

used to determine numerous types of aquatic pollutants, including heavy metals and metalloids [1], 

persistent organic pollutants (such as PCBs (polychlorinated biphenyls) and PAHs (Polycyclic 

aromatic hydrocarbons); e.g., [4]), and even some radioactive isotopes (such as Cs137; e.g., [5]). 

However, the method is limited by several factors: (i) the availability of unpolluted sites where 

material can be collected; (ii) the year-round presence of sufficient numbers of individuals of the 
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selected biomonitoring species at unpolluted sites to enable collection without threatening 

conservation of the native population; and (iii) the availability of homogeneous material, as the 

natural variability in the elemental composition of the moss may differ depending on anthropogenic 

and natural factors (i.e., genetic, phenotypic, micro-sites, etc. [1]), which change over time. 

A paradigm shift has taken place in recent years, and, instead of moss being collected in the 

field, selected species of moss can be cultured in the laboratory, thus helping to minimize the above-

mentioned limitations. The ability to culture the moss material should convert the technique into a 

biotechnological tool which could be widely used by local, national and international bodies to 

monitor water quality. Unlimited availability of the material would remove the need for the 

specialized knowledge required for species identification and designing sampling strategies, etc. 

Culturing the moss would also ensure a constant supply of the material for biomonitoring purposes 

by producing large amounts of high-quality material with the same initial (very low) concentrations 

of elements [6]. This would also minimize the variability in the results [7], as demonstrated for 

terrestrial mosses [8]. Furthermore, it would prevent damage to the environment associated with 

frequent collection of mosses at unpolluted sites. 

The first attempt to culture an aquatic moss (F. antipyretica) was carried out by Rausch de 

Traubenberg and Ah-Peng [7]; however, the material was not cultured under axenic conditions and 

the clone was not maintained for very long. Unfortunately, the clone produced by these authors has 

been lost and was never used as a biomonitoring agent. More recently, a clone of Sphagnum pallustre 

was successfully cultured under axenic conditions for use in atmospheric active biomonitoring 

surveys [9]. The cloning and use of this moss have been successfully standardized (e.g., in [8]). We 

are aware of two axenic cultures of aquatic moss clones that are currently available: Rinchostegium 

riparioides (Ralf Reski, pers. comm. (personal communication)) and the clone of F. antipyretica grown 

in our laboratory, obtained from the gametophytes sterilized by Ares et al. [10].  

To our knowledge, no previous attempts have been made to culture those aquatic mosses under 

axenic conditions in bioreactors with the aim of producing material for use in active biomonitoring 

surveys. On the other hand, the growth rate of the clone must be sufficiently high to make the 

biomonitoring technique viable. However, the growth conditions have not yet been optimized for 

this species. Thus, with the aim of culturing an aquatic moss clone for the purpose of biomonitoring 

water quality, the study objectives were as follows: (i) to culture F. antipyretica under in vitro axenic 

conditions in liquid medium, and (ii) to increase the growth rate of the culture by modifying the 

temperature, photoperiod and medium composition (N:P ratio, P concentration, CO2 supply, 

NH4NO3 supply and sucrose supply). 

2. Material and Methods 

2.1. Propagation of Fontinalis Antipyretica Gametophytes for In Vitro Culture 

The F. antipyretica gametophyte used to initiate the cultures was originally collected, sterilised 

and preserved on solid medium by Ares et al. [10]. A single gametophyte from this collection was 

isolated, fragmented and placed in Petri dishes with modified Knop medium. The medium was 

prepared as described by Hohe and Reski [11] (4.24 mM Ca(NO3)2·4H2O, 3.36 mM KCl, 1.84 mM 

KH2PO4, 1.02 mM MgSO4·7H2O, 45 µM FeSO4·7H2O) and the pH was adjusted to 6.5 with KOH and 

HCl (before autoclaving). The medium was also supplemented with 0.3% sucrose and the 

microelements recommended by Schween et al. [12] (i.e., 50 µM H3BO4, 15 µM ZnSO4·7 H2O, 50 µM 

MnSO4·1 H2O, 2.5 µM KI, 500 nM Na2MoO4·2 H2O, 50 nM Co(NO3)2·6 H2O, 50 nM CuSO4·5 H2O) and 

was solidified with 1% (w/v) Phytagel (Sigma-Aldrich, St. Louis, MO, USA). The Petri dishes were 

sealed with Parafilm® and maintained at 15 °C with a day/light regime of 16/8 h and irradiated by 

fluorescent tubes (OSRAM L36W/865 cool daylight, OSRAM, Munich, Germany). Once the asexual 

propagules had formed and the apices had elongated, the elongated shoots were fragmented as 

before and the pieces were transferred to new plates with fresh medium. This process was repeated 

until sufficient material was available to initiate the cultures in liquid medium. The sterility 

conditions were maintained during transfer of the cultures and controlled with B medium (20 g/L LB 
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broth low salt—Duchefa Biochemie, Haarlem, The Netherlands; and 1.2% BactoTM Agar—Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA) and with PDA medium (39 g·L−1 Potato Dextrose 

Agar—Panreac AppliChem, Darmstadt, Germany), which were held at room temperature for at least 

4 weeks. 

2.2. In Vitro Cultivation Techniques  

The F. antipyretica clones were cultured at small and large scales in liquid medium to study the 

effects of different culture conditions. For the small-scale culture, Erlenmeyer flasks containing 500 

mL of medium were held inside a growth chamber at 15 °C. For the large-scale culture, 

photobioreactors (Bio Bundle 15M Applikon, Delft, The Netherlands) containing 12 L of medium 

were used; the temperature of the bioreactors was maintained by a double jacket system connected 

to a cooling bath (Isotemp—Fisher 9.5-14.5 L Ra12, Fisher Scientific SL, Madrid, Spain) and controlled 

by software in the bioreactor software system (ezControl, Delft, The Netherlands). Although the 

culture pH can also be controlled in these bioreactors, this option was disabled for all the experiments 

carried out (see below) and the pH was allowed to vary depending on the culture conditions. 

The culture medium used in both Erlenmeyer and bioreactor cultures was the same as that used 

in the propagation step, except that it was not solidified and was only modified when the aim of the 

experiment required it (see below and Table 1). Before transfer to the flasks or bioreactors, the moss 

samples were placed on a glass dish and weighed (fresh) on a balance Mettler Toledo B502-S (Mettler 

Toledo, Columbus, OH, USA). Weighing and transfer were carried out in a laminar flow cabinet 

Telstar AV-100 (Azbil Telstar Technologies Slu, Terrassa, Barcelona, Spain) to prevent the 

contamination of the cultures. 

Different experiments were conducted (see Table 1 for details) with the aim of increasing the 

growth rate of the moss by optimizing the following variables: (i) the photoperiod to which the 

cultures are subjected (Experiment 1); (ii) the sucrose content of the culture medium (Experiment 2); 

(iii) the N:P ratio of the culture medium, and consequently the N and P content (Experiment 3); (iv) 

the temperature in continuous culture (Experiment 4); (v) the culture temperature and renovation of 

nutrients by simulating spring conditions (i.e., culture during 1 month in 4 L of medium at 15 °C 

followed by an increase in temperature to 20 °C and the addition of 8 L of fresh culture medium) 

(Experiment 5); (vi) the intermittent addition of CO2 (i.e., addition of 0.1 L per day) (Experiment 6); 

and (vii) the addition of NH4NO3 (0.1 g·L−1) (Experiment 7). 

Table 1. Composition of the culture medium and variation in the Fontinalis antipyretica culture 

conditions in the experiments (Exp.) carried out in flasks (E.1–E.3) and bioreactors (E.4–E.7). A, B,…, 

E = different treatments (Treatm.) for each experiment (see text for more details). n: number of 

replicates; T: temperature. 

Type of 

culture 
Exp. Treatm. n 

Time 

(days) 
T (°C) 

Volume 

(L) 

Photoperiod  

(h light/dark) 

Sucrose 

(%) 

N:P 

Ratio 

P  

(mg·L−1) 
CO2 

NH4 

(g·L−1) 

Flasks 

Control 13 57–76 15 0.5 16/8 0.3 2.1 250 - - 

E.1 7 76 15 0.5 24/0 0.3 2.1 250 - - 

E.2 A 3 70 15 0.5 16/8 2 2.1 250 - - 

B 3 70 15 0.5 16/8 4 2.1 250 - - 

E.3 A 3 57 15 0.5 16/8 0.3 23 250 - - 

B 3 57 15 0.5 16/8 0.3 46 250 - - 

C 3 57 15 0.5 16/8 0.3 2.1 5200 - - 

D 3 57 15 0.5 16/8 0.3 23 500 - - 

E 3 57 15 0.5 16/8 0.3 46 500 - - 

Bioreactors 

Control 4 97–135 15 12 24/0 0.3 2.1 250 - - 

E.4 A 1 113 10 12 24/0 0.3 2.1 250 - - 

B 1 114 20 12 24/0 0.3 2.1 250 - - 

E.5 1 97 15+20 4 + 8 24/0 0.3 2.1 250 - - 

E.6 1 122 15 12 24/0 0.3 2.1 250 0.1 - 

E.7 1 123 15 12 24/0 0.3 2.1 250 - 0.1 

2.3. Statistical Analysis 
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The normality of the data was checked with the Kolmogórov–Smirnov tests for the data of the 

flask cultures. As the data fulfilled the requirements of parametric tests, the differences in growth 

between different experiments (1 to 3) were therefore compared by one-way ANOVA (the Analysis 

of the Variance). The analysis was carried out using IBM SPSS statistical software, version 24.0 (IBM, 

New York, NY, USA). 

3. Results  

The clone cultured in the original culture medium (control in all experiments) grew successfully 

in both flasks and bioreactors (Figures 1 and 2). The growth rate (mg·day−1), expressed relative to the 

initial weight of the cultures (g−1), was 45 and 6 mg·day−1·g−1 for flasks and bioreactors, respectively, 

whereas the daily growth rate was, respectively, 184 and 557 mg·day−1. The proportion of growth 

relative to the total weight (initial and growth) for the flask cultures varied between 70% and 87% 

(mean = 76%; n = 13). The growth of the culture (relative to the control) was not significantly affected 

(p < 0.05) by the variations in either photoperiod (E.1) or sucrose concentration (E.2). The 

modifications to the culture medium (E.3 – N:P ratio) negatively affected the cultures, leading to 

significantly lower growth than in controls. This difference increased as the concentration of P 

increased, independently of the N:P ratio. 

 

Figure 1. Fresh weight (f.w.) of the moss clone Fontinalis antipyretica cultivated in the different 

experiments carried out in flasks (E.1 – E.3). A, B,…, E = different treatments for each experiment (see 

text for more details). Growth rates (mg·day−1) are shown in italics, growth rates relative to the initial 

weight (mg·day−1·g−1) are shown between brackets and bold type, and the proportion of growth 

relative to the total weight (initial and growth) are shown in regular type. 
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Figure 2. Fresh weight of the moss clone Fontinalis antipyretica cultivated in the different experiments 

carried out in bioreactors (E.4 – E.7). A, B = different treatments of the experiment (see text for more 

details). Growth rates (mg·day−1) are shown in italics, growth rates relative to the initial weight 

(mg·day−1·g−1) are shown between brackets and bold type, and the proportion of growth relative to 

the total weight (initial and growth) are shown in regular type. 

The percentage growth relative to the total weight of the controls in the bioreactors varied 

between 37% and 39.4% (mean = 39%; n = 4). A slightly higher growth than in the controls was only 

achieved in treatment B in E.4. (i.e., culture temperature, 20 °C). Growth was lower in the other 

experiments and was up to 4 times lower in the experiment simulating spring conditions (E.5). 

The changes in pH recorded by the bioreactor software during E.4-Tª, E.5-Spring, E.6-CO2 and 

E.7-Ammonium are shown in Figure 3. The pH of the medium in the control bioreactors varied 

during the culture period, from an initial value of 5.62 (±0.09, n = 4) to 7.98 (±0.39). The variations in 

pH during E.6 reflect the intermittent addition of CO2 during development of the experiment. The 

addition of NH4NO3 led to a decrease in the culture pH to 3.43, which was accompanied by 

physiological deterioration of the moss and a change in the color of the apical bud (see Figure 4A,B). 

After changing the culture medium to control conditions (i.e., without NH4NO3), the pH varied as 

usual, reaching a value of 7.33. Cultivation of the moss at 20 °C led to the acidification of the medium 

to pH 4.56; however, when shaking was not applied, the pH returned to 7.14.  

 

Figure 3. Evolution in pH of the culture medium of the moss clone Fontinalis antipyretica for the 

different experiments carried out in bioreactors (E.4 – E.7, see text for more details) and recorded by 

the bioreactor software. Black line and gray shading: mean and interval in controls; blue line: E.4 A; 
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red line: E.4 B; brown line: E.5; green dashed line: E.6 and green line: E.7. Reds points are shown for 

E.5 and E.7 when the culture conditions were changed. 

 

Figure 4. Appearance of the moss clone Fontinalis antipyretica cultivated in bioreactors: (A) in the 

control culture medium and (B) physiological deterioration observed after the addition of NH4NO3 in 

the experiment 7. 

4. Discussion  

Axenic cultures of a clone of the aquatic moss F. antipyretica were successfully maintained. The 

growth rates were 3 times greater in the bioreactors than in flasks after culture for 4 months, although 

the growth rate relative to the initial weight was 7 times higher in the flasks (see Figures 1 and 2). 

Despite the high rate of growth of the clone, the increase in biomass was lower than reported for 

other bryophytes (e.g., Sphagnum palustre) in which much greater increases in biomass were achieved 

in only 4 weeks [9]. In order to resolve this problem, we attempted to maximize the in vitro growth 

of the clone by modifying both the culture medium and the different culture conditions.  

One of the techniques used to maximize the growth of S. palustre cultures in bioreactors was to 

maintain constant illumination [9]. However, as F. antipyretica is a shade-tolerant species, with 

relatively low compensation and saturation points [13,14], the low growth rates relative to the initial 

weight of the control cultures in the bioreactors (6 mg·day−1·g−1) and compared with the control 

cultures in the bioreactors (45 mg·day−1·g−1) may indicate the photoinhibition of growth as a result of 

the continuous illumination. However, the observed effects of the photoperiod (E.1) did not indicate 

any changes in growth with a photoperiod of 16/8 or 24/0 h, and thus photoinhibition can be ruled 

out. The limiting effect of the low density of gametophytes per volume of medium relative to those 

in the flasks is another possible explanation for the low growth rate in the bioreactors (see [9]) and 

should be taken into account in future studies. 
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According to other authors, the provision of an additional source of C has also been shown to 

be effective for increasing the in vitro growth of bryophytes (e.g., [9,15,16]). These authors 

demonstrated that the addition of C in the form of sucrose of glucose increased the growth of S. 

palustre thanks to the ability of peat mosses to assimilate exogenous C in the form of sugars 

(mixotrophy) in the same way that the addition of CO2 enhanced the growth of F. antipyretica. 

However, the findings of the present study show that neither the addition of sucrose or of CO2 

increased the growth of this moss relative to the controls (71% in E.2 A, 70% in E.2 B relative to 76% 

in the control flask cultures in and 32% in E.6 relative to 39% in the bioreactor controls; Figures 1 and 

2). This appears to indicate that F. antipyretica is not utilizing exogenous sources of C to maximize 

biomass production. In the case of CO2, a high concentration of this gas and/or its interaction with 

other variables such as temperature and photoperiod may limit the growth of F. antipyretica as the 

photosynthetic activity would be increased and the respiration decreased due to the induction of 

stomatal closure, as suggested by Maberly [17,18]. This would also explain the pH fluctuations 

observed in E.6, as the addition of CO2 leads to the acidification of the medium due to the addition of 

carbonates. However, once the CO2 is consumed during photosynthesis, the pH will again increase 

(Figure 3). 

Likewise, we investigated whether the increase in P concentration, the variation in the N:P ratio 

(E.3) and the addition of NH4NO3 as an additional source of N (E.7) would enhance the growth of the 

moss clones. N and P are often growth-limiting nutrients in aquatic environments [19], and a higher 

availability of N will cause a greater imbalance between N and P (possibly causing P to be a limiting 

nutrient for moss development [20,21]). However, it is not known how these elements affect the 

growth and development of moss in culture. Some authors have reported that the addition of N and 

P promotes growth of bryophytes in culture (e.g., [22–24]) while others have observed a decrease in 

biomass after the addition of these nutrients [25]. The results of experiments E.3 (N:P ratio) and E.7 

(ammonium) are consistent with the latter findings. In these experiments, the growth of F. antipyretica 

was not affected by the increased concentration of NH4NO3 (22% compared with 39%, Figure 2), and 

although the moss showed some deterioration and the apices turned brownish in colour, the 

appearance improved once the samples were transferred to culture medium without NH4NO3 (with 

the subsequent return to higher pH) (Figure 4). Conversely, we found that growth decreased on the 

addition of greater amounts of P (independently of the N:P ratio used) (57–25% compared with 76%, 

Figure1).  

It is generally established that aquatic bryophytes do not tolerate prolonged exposure to 

temperatures above 20 °C [26,27] and that optimal growth occurs in the range 5–15 °C [28,29]; more 

specifically at 10 °C in F. antipyretica [27]. The limited growth at high temperatures may be attributed 

to the fact that the rapid rate of respiration exceeds the rate of photosynthesis and produces a decrease 

in pH that influences the growth [30]. However, the results of the present study show that the growth 

of the culture at 10 °C was half that of the control (i.e., 24% compared with 39%; E.4 A), whereas at 

20 °C, the growth was slightly higher than that of the control (i.e., 47% compared with 39%; E.4 B) 

even at the lowest pH in all of the experiments (Figure 3). Although the F. antipyretica culture was 

derived from axenic cultures inoculated in the bioreactors, sterility checks usually yielded positive 

results for bacterial contamination. Temperatures close to 20 °C may favour the growth of this 

bacterial community, which would act as a biofertilizer, thus favouring the growth of the culture 

(e.g., [10,31]).  

It is possible that some species of Fontinalis may be more productive at the low temperatures 

that occur during winter. Water flow is greater at this time of year, and nutrients are continually 

renewed, especially in drought-associated habitats during periods of high temperature [27]. 

However, it is also possible that low temperatures may limit production [32]. Considering the high 

rate of growth observed at 20 °C (i.e., E.4 B), as well as the possible effect of nutrient renewal and the 

behaviour of this species under natural conditions, in which we have observed a growth spurt in the 

field during spring (personal observation), we simulated spring conditions (E.5) in order to determine 

whether the change in temperature and renewal of nutrients would favour growth of the clone. The 
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results were unexpected as the growth was almost 4 times lower than that of the controls (11% 

compared with 39%; E.5) and was lower than in any of the other experiments (Figure 2). 

In light of the above findings, and on the basis of our observations of the species under natural 

conditions, we suspect that there may be some as-yet undetected way of maximizing the production 

of F. antipyretica in the bioreactors. As commented above, the low density of gametophytes in the 

volume of medium used in the bioreactors relative to the flasks may be one of the factors limiting 

production [9]. The factors that may have led to the low production in the bioreactors were the 

aeration (continual in the bioreactors but absent in the flasks) and the type and intensify of light used 

in each culture. Nonetheless, despite the observed limitations, the in vitro culture of moss in the liquid 

medium control (see Table 1) provides a viable alternative to field collection of material. This 

particularly applies to flask culture, as in addition to the previously mentioned limitations, we must 

also consider the high cost and maintenance of the bioreactor systems. 

5. Conclusions 

None of the modifications to the culture conditions greatly increased the in vitro growth of the 

F. antipyretica clones with respect to the control. However, the growth rate of the clone was 

sufficiently high to enable the production of large amounts of material for the purpose of 

biomonitoring water quality. The ability to clone the material will substantially improve the 

applicability of the moss bag technique. 
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