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Abstract  Freshwater green algae of the Haema-
tococcus lacustris species complex are known for 
their ability to accumulate the secondary carotenoid 
astaxanthin, which has various industrial applica-
tions. Survival of H. lacustris in harsh environments 
is facilitated by the formation of desiccation-tolerant 
akinetes, which are thick-walled, resistant cells. In 
this study, we compared the desiccation tolerance of 
green and red akinetes and investigated the effect of 
different desiccation periods and extreme tempera-
tures on their viability. We used the effective quan-
tum yield of the photosystem II as an indicator of 
how akinetes respond to environmental stress. We 
also examined the ultrastructure of the akinetes using 
electron microscopy. Both green and red akinetes sur-
vived desiccation at all dehydration rates tested. The 
effective quantum yield of the green akinetes was 
generally higher than that of the red akinetes through-
out the experiment. Moreover, desiccated red akine-
tes were able to survive different additional stresses, 
even exposure to extreme temperatures of −  80  °C 

and 55 °C. Red akinetes that had not been previously 
desiccated tolerated freezing better than high temper-
ature. These findings contribute to our understanding 
of the desiccation tolerance of Haematococcus akine-
tes and have implications for the global distribution 
of this alga.
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Introduction

Freshwater green algae of the Haematococcus lacus-
tris (Girod-Chantrans) Rostafinski species complex 
(Allewaert et al., 2015) are among the most biotech-
nologically interesting microalgae due to their ability 
to accumulate large amounts of the secondary carote-
noid astaxanthin. This red pigment is a natural source 
of coloration for shrimp and salmon cultures (Lorenz 
& Cysewski, 2000). In addition, astaxanthin is a very 
efficient antioxidant (Naguib, 2000) with broad phar-
maceutical potential. The immunomodulatory (Okai 
& Higashi-Okai, 1996) and antitumor activity of asta-
xanthin (Jyonouchi et  al., 2000) has been described, 
and it also prevents the development of Parkinson´s 
disease and other neurodegenerative disoders (Chan 
et al., 2009) and modulates age-related mitochondrial 
dysfunction (Park et al., 2013).

Until recently, Haematococcus lacustris was 
known as H. pluvialis, but both names were 
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synonymized and H. lacustris was designated as the 
correct name of the type (Nakada & Ota, 2016). H. 
lacustris occurs in all biogeographic regions as a 
pioneer alga in shallow ephemeral pools (Genitsaris 
et al., 2016). These habitats are characterized by mul-
tiple abiotic stress conditions, primarily high radia-
tion and periodic drought. Survival of H. lacustris in 
this harsh environment is facilitated by its complex 
life cycle consisting of four life stages: gametes, zoo-
spores, green immotile round palmella stages, and 
akinetes. The thick-walled, resistant akinetes are the 
desiccation-tolerant stages. They allow H. lacustris to 
reach new habitats using aerial transport (Genitsaris 
et  al., 2011) and on the legs and feathers of aquatic 
birds (Figuerola & Green, 2002).

Akinetes are formed in response to stressors such 
as high irradiance (Saha et  al., 2013; Chekanov 
et  al., 2014), temperature above 30  °C (Tjahjono 
et al., 1994), higher salt concentration in the medium 
(Sarada et  al., 2002) and nutrient depletion (Bouss-
iba et  al., 1999; Saha et  al., 2013). Cells undergo 
dramatic ultrastructural changes during akinete for-
mation. Chloroplast volume is reduced, and partial 
degradation of thylakoids may occur (Wayama et al., 
2013). Nevertheless, photosynthetic activity is main-
tained, and energy is likely used for lipid and astax-
anthin synthesis (Gu et al., 2013). The young, green 
akinetes accumulate astaxanthin in lipid droplets that 
spread from the center to the periphery of the cell 
until the entire mature akinete appears red (Santos & 
Mesquita, 1984; Collins et  al., 2011). In addition, a 
thick secondary cell wall forms, covered by a trilami-
nar sheath containing algaenans (Hagen et al., 2002). 
This layer probably contributes to the desiccation and 
UV light resistance of akinetes (Blokker, 2000).

Upon restoration of favorable conditions, akine-
tes increase their cell volume and undergo multiple 
divisions resulting in the release of 2–32 biflagellate 
daughter zoospores enclosed in a glycoprotein matrix 
(Hagen et  al., 2002; Wayama et  al., 2013). These 
zoospores then grow, multiply, and finally transform 
into immotile palmellas that can continue their cell 
division (Hazen, 1899; Elliott, 1934). Alternatively, 
instead of zoospores, akinetes can release up to 64 
small biflagellate gametes (Triki et  al., 1997) that 
fuse to form planozygotes with four flagella (Peebles, 
1909; Pocock, 1960).

To simulate natural conditions and optimize the pro-
duction of astaxanthin, different cultivation methods 

were applied to H. lacustris. Different cultivation 
media (Domínguez-Bocanegra et  al., 2004), optimal 
irradiance, temperature, or pH (Sarada et  al., 2002; 
Saha et  al., 2013), and diverse types of photobioreac-
tors and cultivation modes (Hata et al., 2001; Del Río, 
2005; Park et al., 2014) have been extensively studied. 
However, there are still some gaps in our knowledge 
regarding the biology of H. lacustris. Despite a high 
number of biotechnologically oriented research, there 
is only a little knowledge about the ecology of the spe-
cies and its survival strategies in natural conditions. 
One of the areas suitable for further investigation is the 
ability to survive unfavorable conditions in the desic-
cated state, which seems to be crucial for the world-
wide distribution of this alga. Desiccation tolerance 
of H. lacustris has been studied recently. Roach et al. 
(2022a) conducted relatively short acclimation experi-
ments (4–7 days) combining different desiccation rates, 
light regimes, and nitrogen availability and followed 
the synthesis of different stress markers (e.g., astaxan-
thin, α-tocopherol, glutathione). They concluded that 
exposure of liquid-cultivated cells in a growth phase 
to a humid atmosphere and light for several days is 
required for successful acclimation to desiccation. In 
another study, the authors investigated the longevity of 
dehydrated cells with respect to long-term storage and 
conservation of Haematococcus strains (Roach et  al., 
2022b).

The goal of the present study was to investigate the 
extent of desiccation tolerance of H. lacustris akine-
tes and the potential role of desiccation of akinetes 
as a strategic mechanism for survival at extreme tem-
peratures. We asked the following questions: Is there 
a difference between the desiccation tolerance of the 
green and red akinetes? How does the length of the 
desiccation period affect the viability of the red aki-
netes and their temperature tolerance? Does the des-
iccation pretreatment affect the tolerance of the red 
akinetes to extreme temperatures? The results are dis-
cussed in the context of the global distribution of this 
alga.

Materials and methods

Algal cultures and desiccation treatments

The experimental strain Haematococcus lacus-
tris (CCALA 357) was obtained from the Culture 
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Collection of Autotrophic Organisms (Třeboň, Czech 
Republic). Cells were grown in 500  ml Erlenmeyer 
flasks in liquid BG11 medium (Kuhl & Lorenzen, 
1964; Rippka & Herdman, 1992) at 22 °C under con-
tinuous illumination (~ 25  μmol  m−2  s−1) and aera-
tion. To induce the formation of akinetes, actively 
growing cultures were maintained for two months at 
15  °C under continuous illumination without rein-
oculation or addition of fresh medium until they 
reached stationary phase. Red and green akinetes 
were obtained by applying different light intensities 
(95 and 2 μmol m−2 s−1, respectively). Representative 
images of both cultures used for the experiments can 
be found in Online Resource 1.

Four experimental setups were used, and the set-
tings and conditions are summarized in the Table 1. 
The first experiment was conducted to compare the 

desiccation tolerance of green and red akinetes. A 
modified standardized setup developed for monitor-
ing physiological performance during controlled 
dehydration and rehydration was used (Karsten et al., 
2014; Pichrtová et al., 2014). Briefly, four samples of 
both akinete types (green and red) were filtered onto 
glass fiber filters (Whatman GF/C, particle retention 
1.2 µm) using a manual vacuum pump. Diluted 10% 
BG11 medium (25  μl) was added to all samples to 
minimize salt stress. The filters were then placed on a 
grid in a polystyrene box sealed with a transparent lid 
prior to experimental drying. Different drying rates 
were achieved by desiccating the samples at different 
relative humidity levels (rh): slow drying rate at 86% 
rh over saturated KCl solution, medium drying rate 
at 43% rh over saturated K2CO3 solution (Greenspan, 
1977), and fast drying rate at about 10% rh over 

Table 1   An overview of settings used in four independent desiccation experiments

Experiment Type of akinetes Relative humidity Duration of desic-
cation

Subsequent treatment

I Green 86% rh
(KCl)

24 h –
Red
Green 43% rh

(K2CO3)Red
Green 10% rh

(silicagel)Red
II Red 30–50% rh 1 week − 1 °C (1 h)

2 weeks
4 weeks
1 week 40 °C (1 h)
2 weeks
4 weeks
1 week 25 °C (control sample)
2 weeks
4 weeks

III Red 30–50% rh 1 week − 1 °C (3 h)
− 1 °C (1 h) + -18 °C (1 h)
− 1 °C (1 h) + -18 °C (1 h) + -80 °C (1 h)
45 °C (1 h)
45 °C (1 h) + 50 °C (1 h)
45 °C (1 h) + 50 °C (1 h) + 55 °C (1 h)
25 °C (control sample)

8 weeks 25 °C
12 weeks 25 °C

IV Red – – − 18 °C (1 h)
50 °C (1 h)
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partially dried silica gel (Silica Gel Orange, Carl 
Roth, Karlsruhe, Germany). After desiccation period 
of 24 h, the filters with dry biomass were placed in a 
48-well cultivation plate (Greiner Bio-One) and rehy-
drated with 1 ml of fresh BG11 medium. The rehy-
drated samples were maintained at 22  °C with con-
tinuous illumination (~ 45 μmol m−2 s−1).

Experiments II and III were performed to inves-
tigate how desiccation pretreatment (30–50% rh) 
affects tolerance to low or high temperature. Only 
red akinetes were used in these experiments because 
they are more stable and easier to handle. Prior to the 
experiments, the old medium was replaced with 10% 
BG11 to minimize salt stress upon desiccation. For 
each experiment, 100 μl of this modified culture was 
placed in 96-well cultivation plate (Greiner Bio-One) 
in four replicates. Samples for experiments II and III 
were then exposed to desiccation under room condi-
tions at approximately 30–50% rh at 25 °C and with 
continuous light (~ 30 μmol m−2 s−1) and the dry bio-
mass on the bottom of the wells was kept desiccated 
for 1 to 12 weeks. Samples were then exposed to dif-
ferent temperatures for 1 to 3 h and then rehydrated 
with 300  μl of fresh BG11 medium and maintained 
at 22  °C and continuous light (~ 45  μmol  m−2  s−1; 
Table  1). The experiment III additionally tested the 
effect of prolonged desiccation (8 and 12  weeks); 
Table  1). The refrigerator/freezer (Electrolux) was 
used for the −  1  °C, −  18  °C treatments, the verti-
cal ultra-low temperature freezer (Kaltis International 
Co., Ltd.) for −  80  °C, and the drying oven (Mem-
mert UNB 100) for 40 °C, 45 °C, 50 °C, 55 °C.

The experiment IV was also performed with red 
akinetes only. Samples on glass fiber filters were 
placed in the Petri dish and exposed to the tempera-
tures of − 18  °C and 50  °C without the desiccation 
pretreatment.

Light and transmission electron microscopy

The physiological condition of the cultures was 
checked by Olympus CX22LED microscope before 
all experiments. After desiccation treatments and 
subsequent rehydration, the release of zoospores (evi-
dence of viability of akinetes) was recorded by a non-
invasive observation of the whole well content using 
Olympus SZ61 stereomicroscope. The exact number 
of released zoospores could not be quantified, and, 

therefore, we created a semi-quatitative scale describ-
ing their amount (Table 2).

Green and red akinetes collected from cultures 
prior to desiccation experiments were prepared for 
transmission electron microscopy using modification 
of the method described in Wayama et  al. (2013). 
Briefly, samples were fixed in 2% glutaraldehyde at 
4  °C for 8  h, rinsed three times with 0.05  M caco-
dylate buffer (pH 6.8), and post-fixed overnight in 
the same buffer containing 1% OsO4. Cells were then 
rinsed three times with 0.05  M cacodylate buffer 
(pH 7.8), once with 0.025  M cacodylate buffer (pH 
7.8), and three times with distilled water. Samples 
were then dehydrated in increasing concentrations 
of ethanol (50% ethanol for several days and then 

Table 2   The semi-quantitative estimation of the number of 
zoospores released 24  h, 48  h and 72  h after rehydration of 
experimentally desiccated samples

−   means no observed zoospores and XXXX means massive 
production of zoospores

Experiment 24 h 48 h 72 h

I Green 86% rh xxx xxxx xxxx
Red xxx xxxx xxxx
Green 43% rh xxx xxx xxx
Red xx xxx xxx
Green 10% rh x x xx
Red x x xx

II 1 week − 1 °C xxx xxxx xxxx
2 weeks xxx xxxx xxxx
4 weeks xxx xxxx xxxx
1 week 40 °C xxx xxxx xxxx
2 weeks xxx xxxx xxxx
4 weeks xxx xxxx xxxx
1 week 25 °C xxx xxxx xxxx
2 weeks xxx xxxx xxxx
4 weeks xxx xxxx xxxx

III 1 week − 1 °C xx xxx xxxx
− 18 °C xx xxx xxxx
− 80 °C xx xxx xxxx
45 °C xx xxx xxxx
50 °C xx xxx xxxx
55 °C x xx xxx
25 °C xx xxxx xxxx

8 weeks 25 °C – xx xxx
12 weeks 25 °C – – x

IV − 18 °C xxxx xxxx xxxx
50 °C – – –
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70%, 90%, 95% and 100% for 30 min each) and then 
incubated in ethanol-butanol solution (3:1), ethanol-
butanol (1:1), ethanol-butanol (1:3) and finally 100% 
butanol (30 min each). The dehydrated samples were 
infiltrated with increasing concentrations of Spurr’s 
resin (Spurr, 1969) in butanol and finally with 100% 
Spurr’s resin (3 days in total). The ultrathin sections 
were cut on Ultracut E microtome with a diamond 
knife. The sections were counterstained with lead cit-
rate and observed with an JEOL JEM-1011 transmis-
sion electron microscope. Images were captured with 
a Veleta CCD camera using Olympus Soft Imaging 
Solution GmbH acquisition software.

Measurement of the effective quantum yield

Effective quantum yield (ΦPSII) is a relative param-
eter used for monitoring of photochemical energy 
conversion effectivity in PSII in light-adapted state 
of cells (Roháček and Barták, 1999) and it is con-
sidered a good eco-physiological indicator of how 
plants respond to environmental stress (Rascher et al., 
2000). It is computed as (FM′ − F)/FM′, where F is the 
steady state fluorescence state and FM′ is the maxi-
mum fluorescence in the light-adapted state measured 
after application of a saturation pulse. All measure-
ments were performed non-invasively using an imag-
ing modulated fluorimeter FluorCam (Photon System 
Instruments, Czech Republic). The box was continu-
ously illuminated at 45 μmol m−2 s−1 between meas-
urements. A saturating pulse of 600 ms was applied 
to the light-adapted samples to obtain the FM′ value.

Measurements in Experiment I were made through 
the transparent polyester lid of the desiccation cham-
bers. The probe was placed at a constant distance of 
11 cm from the samples. The first measurement was 
taken immediately after placing the filters with bio-
mass in the chambers. Subsequent measurements 
were performed every 30  min for samples desic-
cated at 86% rh, every 20 min for samples desiccated 
at 43% rh, and every 10 min for samples desiccated 
rapidly at 10% rh. The intervals were selected based 
on the results of pilot experiments. The measurement 
was stopped when the value of ΦPSII dropped under 
0.1. The effective quantum yield was also meas-
ured immediately after addition of fresh BG11 to 
the samples and then 1, 6, 12, 24, 48, and 72 h after 
rehydration.

Measurements after desiccation in Experiments 
II, III, and IV followed a similar pattern as described 
above. The probe was placed at a constant distance of 
16  cm from the samples. The difference in distance 
between the samples and the probe was caused by the 
different diameters of the cultivation plate compared 
to the desiccation chamber.

Results

Ultrastructural examination of green akinetes revealed 
chloroplasts with starch grains localized to the 
periphery of the cell. The electron-dense lipid drop-
lets containing astaxanthin were present only in the 
central part of the cell around the nucleus (Fig. 1a). 
In contrast the chloroplast of astaxanthin-rich red 
akinetes was considerably reduced and had a reticu-
lar appearance. Lipid droplets containing astaxanthin 
filled almost the entire cell (Fig.  1b). Both types of 
akinetes were surrounded by a thick (4–4.5 µm) fibril-
lar cell wall.

Green and red akinetes were desiccated at three 
different drying rates (86%, 43% and 10% rh) for 24 h 
(Experiment I). The effective quantum yield (ΦPSII) 
of green akinetes was generally higher than that of 
red akinetes throughout the experiment (Fig. 2). How-
ever, the temporal changes in the measured ΦPSII 
values were nearly identical for both cell types at all 
three desiccation rates. After transfer to the desicca-
tion chamber, the values of ΦPSII increased stead-
ily from 0.1–0.2 to 0.21–0.28 and dropped abruptly 
to 0.03–0.05 once the cells were completely dried. 
However, the values of FM′ and F decreased steadily 
throughout the desiccation process (data not shown). 
Lower relative humidity in the desiccation chamber 
resulted in faster desiccation. Samples were desic-
cated after 7 h at 86% rh (Fig. 2a), after 160 min at 
43% rh (Fig. 2c), and after 90 min at 10% rh (Fig. 2e). 
A gradual increase in ΦPSII values after rehydration 
was observed in all samples (Fig. 2b, d, f). The ΦPSII 
values measured at 48  h after rehydration in some 
treatments were even higher than in the cultures at the 
beginning of the experiment. The first released zoo-
spores (Table  2) were observed in all samples 24  h 
after rehydration, which confirmed at least partial via-
bility of Haematococcus lacustris akinetes even after 
the strongest desiccation stress tested.
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The Experiment II was performed to investi-
gate the extent to which desiccation pretreatment 
at 30–50% rh for a period 1, 2, and 4 weeks affects 
the tolerance of red akinetes to different temperature 
exposures (−  1  °C, 25  °C and 40  °C for one hour). 
Red akinetes survived all combinations of the two 
factors tested: desiccation time vs. one-hour exposure 
to different temperatures; no mutual effect of the two 
factors was observed. The recovery of ΦPSII followed 
a similar pattern for all samples; only the samples 
maintained in the desiccated state for the longest time 
(4 weeks) showed slower recovery (Fig. 3). The indi-
vidual treatments did not show any differences in the 
amount of released zoospores (Table 2).

Since the results of Experiment II showed almost 
no effect of moderate temperature stress on the 
recovery of the desiccated samples, the next series 
of experiments (Experiment III) was conducted to 
test the effects of extreme temperatures or very long 
desiccation times (see the summary of applied proto-
cols in Table 1). Similarly, all samples survived, and 
the measured increase in ΦPSII values after rehydra-
tion showed an almost identical trend for all samples 
compared to the control sample (Fig.  4). The only 
observed difference was the apparently lower num-
ber of zoospores released in the samples exposed 
to 55  °C (Table  2). In addition, recovery of ΦPSII 
in samples kept in the desiccated state for 8 and 
12  weeks demonstrated the ability of Haematococ-
cus lacustris akinetes to survive very long periods 
of desiccation (Fig.  4c). However, the results show 
that the longer desiccation, the slower the increase in 
the levels of ΦPSII values. Moreover, the number of 

zoospores released was lower in samples desiccated 
for 12 weeks than after 8 weeks (Table 2).

Finally, the non-dessicated red akinetes removed 
from the liquid medium were exposed to temperatures 
of − 18 °C and 50 °C for one hour (Experiment IV). 
Short-term exposure to freezing at −  18  °C showed 
no signs of severe impact on Haematococcus lacus-
tris akinetes (Fig. 5). The ΦPSII values measured after 
replacing the old medium with fresh BG-11 were 
even higher than the values measured for the samples 
desiccated and rehydrated at 25  °C. The observed 
effect of short-term exposure of non-desiccated sam-
ples to higher temperature (50  °C) was completely 
different. The values of ΦPSII increased only slightly, 
and no released zoospores were observed even 72 h 
after addition of the fresh medium (Table 2).

Discussion

Desiccation tolerance of green and red akinetes

Both green and astaxanthin-rich red akinetes recov-
ered well from desiccation stress at all desiccation 
rates tested (at different relative humidity conditions). 
Desiccation tolerance is usually defined as the abil-
ity to survive desiccation up to 10% of the previous 
water content in the cells, which corresponds to the 
condition at 50% relative air humidity (Alpert, 2006). 
We did not measure the water content of the cells, but 
both red and green specialized cells survived desic-
cation even at 10% relative air humidity for 24  h. 
The desiccation tolerance of H. lacustris is probably 

Fig. 1   Transmission 
electron microscope images 
of the ultrastructure of 
the green (A) and red (B) 
akinetes. A lipid bodies 
containing astaxanthin, Chl 
chloroplast, CW cell wall. 
Scale bar 2 µm
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Fig. 2   Changes in the effective quantum yield values during 
desiccation and subsequent rehydration using three different 
dehydration rates (Experiment I). A, B: samples desiccated at 
86% rh over saturated KCl solution; C, D: samples desiccated 

at 43% rh over saturated K2CO3 solution; E, F: samples desic-
cated at 10% rh over partly dried silica gel. Circles and dotted 
lines represent green akinetes, triangles and dashed lines rep-
resent red akinetes. Means ± SD of four independent replicates
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primarily due to the thick cell wall containing algae-
nan (Montsant et al., 2001), which is present in both 
akinete types (green and red). Algaenan belongs to 
a group of aliphatic, nonhydrolyzable hydrocarbons 
found in the cell walls of various microalgae. It may 
be present in the cell walls of vegetative cells, e.g., 
in some members of the class Chlorophyceae (Blok-
ker et al., 1998) or, more commonly, in certain stages 
of the life cycle that ensure survival under stressful 
conditions, e.g., in the zygospores of Mougeotia (Per-
mann et al., 2021) or Chlamydomonas (Blokker et al., 
1999).

Recently, Roach et  al. (2022a) investigated des-
iccation tolerance of a non-motile Haematococ-
cus strain during the exponential growth phase in 
liquid medium supplied with excessive nitrogen. 
Thus, green cells investigated in their study can be 
described as actively proliferating palmella stages, 
not akinetes. It was shown that such cells are not 
constitutively desiccation tolerant, but desiccation 
tolerance was acquired later by slow desiccation 
combined with nitrogen limitation (Roach et  al., 
2022a). On the other hand, green akinetes used in 
our study showed similar desiccation tolerance to 
red akinetes. In contrast to palmella stages, akine-
tes have a fully developed thick cell wall composed 
of algaenans. We obtained them from a two-month-
old culture in the stationary growth phase, where 
we can assume nutrient limitation. Thus, our results 

suggest that formation of desiccation-tolerant green 
akinetes was induced in nitrogen limited medium. 
Similar results were observed in Zygnema, where 
nitrogen starvation induced the formation of desic-
cation-tolerant pre-akinetes, even in liquid cultures 

Fig. 3   Effective quantum yield values during recovery after 
various combinations of desiccation time and temperature 
(Experiments II). Temperature stress was applied on the dessi-
cated material for 1 h. Means ± SD of four independent repli-
cates

Fig. 4   Effective quantum yield values during recovery after 
various extreme conditions (Experiment III). A: the effect of 
high temperature; B: low temperature; C: prolonged period of 
desiccation, all treatments at 25  °C. Temperature stress was 
applied on the dessicated material for 1 h. Means ± SD of four 
independent replicates
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without acclimation by slow desiccation (Pichrtová 
et al., 2014).

The main difference between green and red cells 
is the lipid composition and astaxanthin content 
(Roach et  al., 2022a). Astaxanthin accumulates in 
response to nitrogen deficiency in combination with 
high irradiation (Boussiba, 2000; Gwak et al., 2014; 
Roach et al., 2022a). Therefore, astaxanthin is also 
mainly involved in protection against high irradia-
tion and coupled oxidative stress rather than desic-
cation tolerance (Hagen et  al., 1993; Wang et  al., 
2003). A very similar life strategy is known from 
snow algae of the order Chlamydomonadales. Their 
life cycle also includes green motile stages and red 
spores with thick cell walls and a large accumula-
tion of secondary carotenoids (Hoham & Remias, 
2020). Red snow algal cysts were remarkably resist-
ant to osmotic stress and formed aggregates with 
increased absorbance after drying (Holzinger et al., 
2016).

Green akinetes exhibited visibly better preserved 
chloroplasts, resulting in slightly higher ΦPSII values 
than red akinetes, in all treatments. On the other hand, 
the ultrastructure of red akinetes showed considerable 
reduction of chloroplasts. Similarly, nitrogen-depleted 
pre-akinetes of Zygnema had clearly reduced chloro-
plast lobes and lower photophysiological performance 
than young vegetative cells (Herburger et  al., 2015; 
Pichrtová et  al., 2016). Interestingly, the addition of 
fresh medium led very quickly to the transition into 

the vegetative stage, the rapid release of zoospores, 
and increase of ΦPSII.

The effect of various combined stress conditions

The resistance of desiccated Haematococcus lacustris 
akinetes to different stress factors is very high. Des-
iccated akinetes were able to survive all treatments, 
even exposure to extreme temperatures of −  80  °C 
and 55 °C. Recovery of photosynthetic activity after 
rehydration was comparable at all temperatures stud-
ied, which may indicate that the stress levels we 
selected are still far above the actual limits of akine-
tes survival. The increase of the effective quantum 
yield also reflects the physiological activity of freshly 
released zoospores. Desiccation treatment may serve 
as a factor that increases resistance to extreme tem-
peratures, as was previously shown for cells of Bot-
ryococcus braunii Kützing (Demura et  al., 2014). 
Roach et al. (2022b) showed that Haematococcus aki-
netes desiccated at 50% rh maintained viability longer 
than those desiccated at higher humidity levels (80 
and 92.5% rh). However, an oxygen-rich atmosphere, 
which promotes the production of reactive oxygen 
species, and temperature also influenced longevity.

The lower number of zoospores released from aki-
netes exposed to 55 °C (Experiment III) suggests that 
high temperature affects cell viability more severely 
than freezing. This was also confirmed by the results 
of the Experiment IV, where even the non-desiccated 
akinetes were more tolerant to freezing than to heat 
stress. Desiccation has similar effects on cells as 
freezing, since both lead to water loss and osmotic 
stress (Smirnoff, 1993). Acclimation strategies (e. g. 
specific cell wall composition) against one of these 
stresses might also help to tolerate the other one 
(Permann et al., 2022). On the other hand, the main 
stress effect of high temperatures is protein misfold-
ing, which can be counteracted by specific molecular 
chaperones, also known as heat shock proteins (Kotak 
et  al., 2007). For diatoms, exposure to heat also 
appeared to be more stressful than exposure to freez-
ing temperatures (Souffreau et al., 2010).

Haematococcus akinetes also showed the ability 
to survive up to three months in the desiccated state 
at ambient temperature of 25  °C. However, such a 
long period proved to be very stressful and lethal for a 
large proportion of the cells. Therefore, recovery after 
rehydration and release of zoospores were also slower 

Fig. 5   Effective quantum yield values during recovery after 
exposure to extreme temperatures (1 h treatment) without des-
iccation (Experiment IV). For comparison, results of the sam-
ple desiccated at 25 °C (a control from the Experiment III) are 
also shown. Means ± SD of four independent replicates
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than in the other treatments. Drought is an important 
stress factor affecting the survival of various green 
algae (Gray et al., 2007; Lüttge & Büdel, 2010; Lewis 
& Trainor, 2012). However, Roach et al. (2022b) cal-
culated that subzero storage of dried Haematococcus 
akinetes equilibrated to 50% rh should ensure their 
viability for centuries. The maintenance of cell via-
bility in the dried state may be due to the accumu-
lation of low molecular weight antioxidants (Roach 
et al., 2022a). Nevertheless, even a very small number 
of surviving cells can ensure the continuation of the 
algal population for the next vegetation period (Pichr-
tová et al., 2016).

The role of desiccation tolerance in Haematococcus 
ecology

Very high desiccation tolerance observed in Haema-
tococcus lacustris akinetes is likely a key factor ena-
bling a global distribution of this organism in dif-
ferent types of habitats, including flooded shallow 
depressions in rocks, so-called lithotelms (Hazen, 
1899; Proctor, 1957; Pocock, 1960; Chekanov et al., 
2014), cemeteries (Hazen, 1899; Proctor, 1957), 
birdbaths (Proctor, 1957; Pocock, 1960), or gutters 
(Pocock, 1960). All of these sites represent relatively 
isolated environments with island-like character. 
Haematococcus therefore requires well-developed 
dispersal mechanisms, such as desiccation resist-
ance of akinetes, to successfully colonize. One of the 
means of dispersal is transport on the legs or feathers 
of birds, possibly also in their digestive tracts (Figuer-
ola & Green, 2002; Cellamare et  al., 2010). Trans-
port by wind is probably very common; akinetes have 
been repeatedly found in samples taken from the air 
(Genitsaris et al., 2014).

Therefore, the main factor limiting the distribution 
of H. lacustris is probably its low competition abili-
ties. This alga is observed only in exceptional cases 
in the phytoplankton of larger waterbodies (Proctor, 
1957; Genitsaris et  al., 2016). Desiccation tolerance 
thus allows the species to survive in environments 
that are limiting for many other algae. The desic-
cated akinetes of this alga survive the effects of both 
low and high extreme temperatures, and they survive 
in the desiccated state for a long time. Haematococ-
cus lacustris can thus survive in both cold and warm, 
relatively dry areas, as long as there is at least occa-
sional rainwater.

When pools of H. lacustris dry out, a large por-
tion of the akinetes accumulates as a dense red bio-
film on the pool walls (a phenomenon observed under 
both natural and laboratory conditions; Hazen, 1899; 
Peebles, 1909; Droop, 1956; Wan et al., 2014). One 
might think that it would be more benefitial for the 
akinetes to sink to the bottom of the tank and thus 
remain in the aquatic environment as long as pos-
sible. However, on hot, sunny days the water in the 
shallow pools may warm to temperatures too high for 
non-desiccated akinetes. Therefore, the formation of 
a dense biofilm of akinetes formed from zoospores 
that have previously accumulated on the surface due 
to their phototaxis could be critical for survival under 
these conditions. In addition, the formation of a bio-
film could be beneficial due to slower desiccation rate 
and reduced exposure of cells in the inner layers of 
the biofilm to high radiation.

Akinetes of H. lacustris, with their ability to sur-
vive unfavorable conditions, assume the role of 
resistant life stage, which in other algae is usually 
represented by sexually produced spores. The com-
paratively uncomplicated asexual origin of akinetes 
is a major advantage for H. lacustris because condi-
tions in ephemeral pools can change very rapidly and 
unpredictably (Pocock, 1960).

Conclusion

In this study, we have shown that Haematococcus 
lacustris survives desiccation at the stage of akinetes. 
Both green and red akinetes were found to be desicca-
tion tolerant at all dehydration rates tested. Moreover, 
desiccated akinetes can cope very well with tempera-
ture extremes, and a certain proportion of cells even 
survive very long periods of desiccation. These fea-
tures, together with probable low competition ability, 
predestine Haematococcus as a typical inhabitant of 
small ephemeral pools and basins.

The high desiccation resistance of H. lacustris 
akinetes could also prove useful in the laboratory. 
For example, if the culture is contaminated with less 
resistant algal species, rapid drying of a portion of the 
culture at low relative humidity over silica gel could 
potentially lead to elimination of the contamination. 
Another advantage is the possibility of cultivation on 
a moistened membrane with lower water consumption 
compared to other cultivation methods. Furthermore, 
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mild desiccation stress combined with higher irradia-
tion resulted in faster accumulation of astaxanthin in 
the cells (Wan et al., 2014; Zhang et al., 2014).
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