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Abstract

Snow algae and green algae living in aeroterrestrial habitats are ideal obbjects to study adaptation 

to high light irradiation. Here, we used a detailed description of the spectral properties as a proxy 

for photo-acclimation/protection in snow algae (Chlamydomonas nivalis, Chlainomonas sp. and 

Chloromonas sp.) and charopyhte green algae (Zygnema sp., Zygogonium ericetorum and 

Klebsormidium crenulatum). The hyperspectral microscopic mapping and imaging technique 

allowed us to acquire total absorbance spectra of these microalgae in the waveband of 400-900 

nm. Particularly in Chlamydomonas nivalis and Chlainomonas sp., a high absorbance in the wave 

band of 400-550 nm was observed, due to naturally occurring secondary carotenoids; in 

Chloromonas sp. and in the charopyhte algae this was missing, the latter being close relatives to 

land plants. To investigate if cellular water loss has an influence on the spectral properties, the 

cells were plasmolysed in sorbitol or desiccated at ambient air. While in snow algae, these 

treatments did not change the spectral properties, in the charopyhte algae the condensation of the 

cytoplasm and plastids increased the absorbance in the lower waveband of 400 – 500 nm. These 

changes might be ecologically relevant and photoprotective, as aeroterrestrial algae are naturally 

exposed to occasional water limitation, leading to desiccation, which are conditions usually 

occurring together with higher irradiation.
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1 Introduction

Snow algae and aeroterrestrial algae are naturally exposed to high photosynthetically active 

radiation (PAR) as well as ultra violet (UV) radiation, e.g. [1–3]. Such radiation is on the 

one hand necessary to drive photosynthesis, but on the other hand can produce deleterious 

effects when in excess. Hence, a variety of compounds (phenolic based but also others) 

associated with UV protection have been described in Zygogonium ericetorum [4–5] and 

*Correspondence: Andreas.Holzinger@uibk.ac.at; ddeheyn@ucsd.edu. 

Europe PMC Funders Group
Author Manuscript
J Photochem Photobiol B. Author manuscript; available in PMC 2016 October 12.

Published in final edited form as:
J Photochem Photobiol B. 2016 September ; 162: 412–420. doi:10.1016/j.jphotobiol.2016.07.001.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Zygnema sp. [6]. In addition, mycosporine-like amino acids (MAAs, e.g. [7]) and certain 

cell-wall components may also be protective in green algae (for summary see [8]). As for 

snow algae, secondary pigments like the carotenoid astaxanthin, which is responsible for the 

red color of the spores (‘red snow’), has substantial protecting capacities for the 

photosynthetic apparatus e.g. [1, 9–10]. Snow algae from the Chlamydomonadaceae usually 

have a life cycle that comprises mobile cells with flagella (swarmers) during early spring, 

when snow is melting, and allowing them to migrate to the surface of the snowpack [11]. 

Here, we investigate only the non-flagellated mature spore stages (formerly termed 

hypnoblasts) that have developed thick secondary walls and already lack the flagella; for 

origin and developmental stage, see Tab 1. The chemical composition of these pigments has 

been studied in detail [10–13], however their subcellular distribution was never clearly 

described. Pigment composition in red snow algae (Chloromonas nivalis and other 

Chlamydomonadaceae) and green snow algae (mostly containing Microglena sp.) collected 

from Svalbard (Norway) showed that primary carotenoids attributed only for 4% of the total 

pigments whereas the total secondary carotenoids comprised 92% of the pigments [12]. The 

pigment composition is developmental stage dependent in Chloromonas nivalis in which 

younger developmental stages contain contain less astaxanthins, giving them a green 

appearance; even mature spores of this genus turn only orange, but never fully ared [14]. In 

addition to pigments, snow algal spores of Chlamydomonas nivalis [1], Chlainomonas [10] 

or Chloromonas nivalis [14] are occasionally surrounded with organic and inorganic matter 

from the immediate surrounding environment, likely to prevent excessive irradiation in the 

snowfields.

Although the ecological roles of aeroterrestrial green algae are significant, only few studies 

have examined their adaptation mechanisms to extreme environmental stress [7, 15–23]. 

‘Hydroterrestrial’ life forms of algae rely more directly on the availability of water than 

aeroterrestrial algae, but have the ability to occasionally fall dry which is when they are also 

exposed to a wide range of stresses [3, 24]. Thus, for the present study we do not distinguish 

between these life forms and summarize them as aeroterrestrial algae. It must also be stated 

that the aeroterrestrial algae used here were either cultured samples (Klebsormidium 
crenulatum, [15], Zygnema sp. [16] Tab. 1) or field-collected samples (Zygogonium 
ericetorum [17, 18]), and only vegetative cells were used for the investigations. A detailed 

knowledge of their spectral properties is crucial for understanding their survival strategies, 

since these algae are potentially exposed to full sunlight and high levels of deleterious 

radiation.

Hyperspectral imaging is a microscopy technique by which spectra can be spatially mapped. 

In other words, each pixel of a hyperspectral image contains the full spectrum of visible light 

(usually 400-900nm). The spectra of one single column of pixels are all acquired 

simultaneously, without the need to scanning. However, in order to build large (multi-

columns of pixels) spectral maps, each column of pixels of interest is acquired and 

integrated into an image (which thus consists of many vertical lines of spectra acquisition). 

The spectral mode can be in reflectance, fluorescence, or absorbance, as the case here, thus 

leading to a spectral topography of the absorption patterns across the sample. The technique 

provides spatial mapping at sub-micron spatial resolution of spectra with < 2 nm wavelength 

resolution. Hyperspectral analysis is therefore critical for determining structures with 
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specific spectral properties, like absorbance or light scattering. The combination of optical 

options combined with the hyperspectral analysis can therefore associate spectral and 

ecological properties to specific structural parts. The technique of hyperspectral imaging has 

been widely used for space exploration and airborne mapping of land and coral reefs [25–

31]; but only a few instruments have now been mounted on microscopes for fundamental 

research purposes.

In the present study, we focus for technical reasons on the absorption in the visible range 

above 400 nm, and record spectra up to 900 nm. The major pigments of green algae show 

different spectral properties and are therefore good candidates to be investigated for their 

distribution. While chlorophylls show two distinct absorption maxima, one between 400-500 

nm and the second one between 600-700 nm, the absorption maxima of carotenoids can 

expand over 500 nm. We tested the feasibility of using the hyperspectral imaging technique 

in localization of different pigments, and we investigated the effect of structural changes 

caused by cellular water loss through plasmolysis or desiccation on the spectral properties. 

This novel approach provides new insights on the spectral properties of these organisms that 

have adapted to live in extreme habitats.

2 Material and Methods

2.1 Algal Material

2.1.1 Snow algae—Red snow samples containing snow algae (WP79) were collected in 

Kühtai, (11.05.2015 N47°13.422, E11°01.310 2300 m a.s.l.) or (S1) collected near Mt. 

Schönwieskopf (46°50.998 N, 11°00.903 E; 2350 m a.s.l., near Obergurgl, Ötztal, Austria. 

Life cells were transferred to the Scripps Institution of Oceanography (SIO, UC San Diego, 

La Jolla, California USA) within two days after sampling for further analyses. Cells were 

kept at low temperature (4°C) and low light intensity (~30 µmol photons m-2 s-1).

2.1.2 Aeroterrestrial green algae—The aeroterrestrial green alga Klebsormidium 
crenulatum (SAG 2415, culture collection of algae in Göttingen, Germany, [15]) and freshly 

collected field samples of Zygogonium ericetorum, were from Mt. Schöwieskopf, near 

Obergurgl (for location see above, S1). Zygnema sp. (SAG 2419, [16]) was previously 

obtained from the sandy littoral zone of the river Saalach (N47°47.870, E12°56.4266; 440 m 

a.s.l.) near Salzburg, Austria. Life cells were transferred to the SIO within two days after 

sampling for further analyses. Cells were kept at 20 °C and low light intensity (~30 µmol 

photons m-2 s-1).

2.2 Plasmolysis and desiccation experiments

Subsamples of the respective green algae have been plasmolysed in 800 mM or 1,600 mM 

sorbitol for 2 h at the SIO (according to [15, 17]). The plasmolysed samples were mounted 

in the plasmolysis solution for hyperspectral analysis. Desiccation was performed at ambient 

air, room temperature (20°C) and as routinely performed by the lead author [13, 16].
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2.3 Light microscopy

Light microscopy of the algal strains under investigation was performed with a Nikon 

Eclipse 50i microscope, equipped with a Plan Fluor 40x 1.3 NA oil objective.

2.4 Hyperspectral imaging and calculation of the absorbance

The system used for this study (PARISS® hyperspectral imager, Light Form Inc.), is 

mounted on a Nikon Eclipse 80i microscope, with objectives from 4x to 100x, five sets of 

filter cubes for epifluorescence (one of which is optimized for chlorophyll), and the ability 

to look at samples in reflectance (specular and angular), transmission, dark field or phase 

contrast. Under each of these conditions, the hyperspectral imager acquires entire spectra 

simultaneously for every pixel of a column, which can be repeated as many times as needed 

to cover the area of interest. The PARISS® software identifies a set of spectra that are 

different from one another with the level of difference dictated by the Minimum Correlation 

Coefficient (MCC, see below). Each spectrum can then be assigned a coded color that can be 

mapped back to the area that was acquired. Thus the mapped images have a color-code that 

reflects the identity of corresponding spectra (and not the actual color of the sample).

3 Results

3.1 Light microscopy, plasmolysis and desiccation

The different snow algal samples had distinct content of genera. While in the sample from 

Obergurgl (S1) only Chlamydomonas nivalis was found, which contained inorganic debris 

and coating of the cells (Fig. 1 a), in the sample from Kühtai (WP79) different genera could 

be found (Fig. 1 b-c). The detected genera were Chlamydomonas nivalis, Chlainomonas sp. 

(Fig. 1 b), Chloromonas rosae var. psychrophila and Chloromonas brevispina (Fig. 1 c). 

When these samples were incubated in 1,600 mM sorbitol for 2 h virtually no visible change 

was detected (Fig. 1 d-e). Only when cells were desiccated, they showed a changed 

morphology with a dense appearance (Fig. 1 f).

In Zygnema sp. two stellate chloroplast are present in each cell with a central pyrenoid, with 

small vacuoles in the cell periphery (Fig. 2 a). When these cells were plasmolysed in 800 

mM sorbitol for 2 h, a marked retraction of the protoplasts from the cell periphery was 

observed (Fig. 2 b). The retracted protoplasts were spherical in appearance, and the 

chloroplasts appeared condensed. When Zygnema sp. cells were desiccated under ambient 

air, irregular retraction of the protoplast from the surface was observed (Fig. 2 c). 

Zygogonium ericetorum contains two plate like chloroplast in each cell (Fig. 2 d), and upon 

air drying an irregular shrinkage of the cells was observed (Fig. 2 e). Klebsormidium 
crenulatum showed a similar behavior to plasmolysis [21] and desiccation [20] as previously 

illustrated, and is therefore not shown.

3.2 Hyperspectral imaging

3.2.1 Snow algae—Snow algae Chlainomonas sp. and Chlamydomonas nivalis showed 

a similar spectral pattern, with the highest absorption in the cell body (Fig. 3 a-c). High 

absorbance was found in the wave band between 400 -600 nm, and an additional peak at 

around 680 nm. Depending on the MCC (the higher the MCC value the greater the 
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discrimination between spectra with differences), MCC=0.985 (Fig. 3 b), MCC= 0.99 (Fig. 

3 c), the appearance of the hyperspectral image varies only slightly, and identifying from 9 

spectra (Fig. 3 b) to 11 spectra (Fig. 3 c). The additional spectra however did not affect 

significantly the spectral mapping, indicating that these new added spectra correlate well 

with the ones obtained with a lesser discriminatory power. Due to this, all further 

hyperspectral images were calculated with MCC=0.985. The field sample WP79 contains 

distinct cells, which were also clearly depicted by hyperspectral imaging (Fig. 3 d-e); not 

only the shape, but also the absorbance pattern were clearly distinct between 

Chlamydomonas nivalis and the two Chloromonas sp., which are lacking absorbance in the 

range between 500 – 600 nm (see blue and green spectra of Fig. 3 e). Field samples of 

Chlamydomonas nivalis S1 (Fig. 3 f), which were covered by inorganic debris, obviously 

hardly absorbing in the detected waveband (magenta to yellow area on hyperspectral 

mapping; Fig. 3 f, the cell center however showed a similar spectral profile of absorption as 

Chlamydomonas nivalis form WP79 (Fig. 3 e). The ‘halo effect’ with purple and red colors, 

shows little spectral absorbance, and is likely due to the surface coatings of these cells 

(compare Fig. 1 a). When snow algae were plasmolysed with 800 mM (Fig. 4 a-b) or 1,600 

mM sorbitol (Fig. 4 c), no drastic change in the absorbance pattern was found. Desiccating 

snow algae at ambient air lead to accumulation of the cells into clumps with increased 

absorbance, particularly in the wavelength band below 600 nm (Fig. 4 d).

3.2.2 Aeroterrestrial green algae—In Zygnema sp. the spectral pattern observed in 

Zygnema sp. (Fig. 5 a-b) was clearly distinct from the investigated snow algae 

Chlamydomonas sp. and Chlainomonas sp. The highest values in the spectrum were found 

close to the lower detection limit of 400 nm, from there the absorbance dropped drastically, 

reaching a minimum at 500 nm. An additional peak was clearly found at around 680 nm. In 

untreated cells, the absorbance was fairly homogeneous throughout the cell towards the cell 

periphery (Fig. 5 b). When Zygnema sp. cells were plasmolysed in 800 mM sorbitol, a 

distinct retraction of the cytoplasm was observed. This resulted in a space between the cell 

wall and the cytoplasm, which had no absorbance and thus no associated spectra (hence the 

gray image with no mapped spectra; Fig. 5 c). The spectral properties in the waveband 

between 400 – 500 nm was changed slightly, the peak intensity at the 680 nm value was 

increased. An even more drastic effect was observed upon desiccation of Zygnema sp. 

filaments (Fig. 5 e). While the spectral properties did not change, the absorbance levels 

increased, likely due to the increased accumulation of pigments. In contrast, in Zygogonium 
ericetorum, no such increase was observed in the desiccated cells (Fig. 5 f). The parietal 

chloroplasts of Klebsormidium crenulatum gave a distinct spectral pattern (Fig. 6 a-b). The 

highest absorbance was found in the areas where this open ring of the chloroplast overlaps 

(Fig. 6 b). The total signal was weaker, possibly due to the smaller size of the cells. When K. 
crenulatum was plasmolysed with 800 mM sorbitol, a retraction of the cytoplasm was 

observed (Fig. 6 c), which was also seen in the hyperspectral image (Fig. 6 d).

4 Discussion

The hyperspectral imaging technique (PARISS®) used is attractive because it provides a 

spatial analysis of spectral information from live specimen of single-celled algae. This is 
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innovative in the sense that conventional techniques either (1) characterize the ultrastructure 

of fixed cells, use dyes to locate certain cellular compartments or (2) characterize spectra 

from cells after pigment extraction and spectral analysis from the extract. Hyperspectral 

imaging combines these two and seeks to provide spectral mapping from live cells, thus 

showing the possible interaction (based on respective localization) between organelles and 

pigments.

In the present study a hyperspectral characterization of snow algae (Chlorophyta) and 

aeroterrestrial green algae (Charophyta) was performed. The PARISS® technique allows one 

to fully map the spectral signal in a two dimensional chart, giving clear information where 

signals with a certain spectral property are located within the cells. A clearly different 

hyperspectral pattern was found in samples that contain abundant amounts of astaxanthin 

like mature spores (Chlamydomonas nivalis, Chlainomonas sp.) when compared to cells that 

contained visibly less secondary carotenoids, like the spores of Chloromonas sp. and 

chlorophyll-only containing algae (like Klebsormidum, Zygnema, Zygogonium). While 

secondary carotenoid containing snow algae had an absorption maximum in the waveband 

between 400 - 550 nm (which nicely goes along with the measured peak of the apolar keto-

carotenoid isomer 13Z cis-astaxanthin in Chlamydomonas nivalis [9, 11], a drastic drop of 

the absorption was found in algae lacking this pigment. An additional peak has been 

observed in the range of 680 nm which is due to the chlorophyll absorbance (excitation 

wavelength of the chlorophyll fluorescence).

The PARISS® technique applied in this study has the advantage of simultaneously 

generating all the spectral information for one line of pixel, which by accumulating lines 

generates an hyperspectral image fairly quickly, especially in the absorbance mode (for our 

study, it took about 5 ms per line acquisition, thus less than 1 s to scan a large field of view). 

Thus, such conditions precluded from measuring photobleached conditions. Compare to 

other spectral analyses done from plant material (using two separate techniques such and 

micro-spectrophotometry in bright field -MSP, or Pulse Amplitude Modulated fluorometry -

PAM), the hyperspectral imaging technique brings this unique spatial dimension to the 

spectra (both in bright field and fluorescence within the same instrument), which can be 

critical for understanding the ecology of some of these algae in relation to managing 

irradiance with other stressors. One of the challenges of this technique is to set the MCC 

properly in order to get a reasonable resolution of the different spectral properties; on the 

other hand, when the resolution is too detailed, the generated image gets difficult to read. In 

the present study, a MCC value of 0.985 turned out to be suitable and was used for image 

processing. In fact, the number of detected spectra increased from 9 (at MCC 0.985, Fig. 3 

b) to 11 when setting the MCC value to 0.99 (Fig. 3 c). By further increasing this value, the 

number of discriminated spectra gets so high, that the two dimensional charts are getting 

extremely difficult to read.

4.1 Determination between different genera

Hyperspectral analysis is usually used to remotely identify species of plants [32–35], 

considering that the hyperspectral signature tends to be species specific. This was confirmed 

here between Chlamydomonas sp. vs. Chloromonas sp.. Chlamydomonas nivalis [1, 9–11] 
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and Chlainomonas sp. [11] have abundant secondary pigments like astaxanthins, giving 

them a red appearance. Chloromonas nivalis also contains astaxanthins, however young cells 

with a greener appearance contained less secondary pigments [14]. A similar situation might 

be the case in the here investigated Chloromonas sp. with a green to orange appearance, 

depending on the developmental stage of the spores (Tab 1). Clearly visible in our spectral 

data, both Chloromonas sp. contained less astaxanthins, making them clearly distinguishable 

from Chlamydomonas nivalis in hyperspectral mapping image. Hyperspectral technology 

may thus be also applied to discriminate mixed samples of algae, which is most often the 

case [36]. These authors used diatoms and green algae of known ratio to study spectral shifts 

derived from different contributing pigments, without however showing the mapping of the 

measured spectra. One of the first reports to use hyperspectral imaging for discriminating 

among different photosynthetic organisms was applied in corals, but not by a microscopic 

approach [37].

4.2 Distribution of pigments in algae

In our study we demonstrate, that a discrimination between signals derived from different 

pigments (e.g. astaxanthins, chlorophyll) can be achieved using hyperspectral mapping on 

single-celled algae. Different chloroplast shapes lead to a distinct appearance of the various 

streptophytic green algae used in our study. The star shaped chloroplasts from Zygnema sp. 

[16], were clearly distinct from the parietal chloroplasts found in Klebsormidium crenulatum 
[14]. For technical reasons we could not capture absorbance below 400 nm (the filters within 

the Nikon Eclipse 80i microscope did not allow transmittance of light with wavelengths < 

400 nm). Therefore, we could not determine any strictly UV absorbing compounds, like 

phenolic compounds (see Tab. 1), which are present e.g. in Zygnema sp. or Zygogonium 
erictorum [4, 6]. The absorption maximum of the phenolic compound of the latter species 

was determined at 270-280 nm [17], and is thus below the spectral range of the current 

microscopic application with PARISS® hyperspectral imaging. Zygogonium ericetorum has 

a distinct cell architecture, with large vacuoles containing a ferric (gallate)2 complex that 

causes the purple color [38]. Recently an iron exclusion mechanism via the phenolic has 

been proposed in Z. ericetorum by [6].

The pigment composition however, might be determined and used as an exclusion criterion 

for a certain stage of culture development, as previously demonstrated for Haematococcus 
pluvialis [39–40]. During the life cycle, these algae change their pigment composition; while 

in zoospores astaxanthin was localized in the eyespot, it became widely distributed in the 

cells, but localized differently than chlorophyll. The hyperspectral technique applied for 

these investigations [40] was different from the PARISS® approach used in our study, where 

the spectral information was collected simultaneously across the entire spectrum. There, the 

light was transmitted through a liquid crystal tuneable filter (LCTF), photons passing 

through this LCTF at each wavelength were captured with an electron multiplying charge 

coupled device (EMCCD) camera to obtain the hyperspectral images [40]. By the use of a 

multivariate curve resolution to the hyperspectral image data, it was demonstrated that the 

predicted values correlate with the actual measurements of extracted pigments [34]. Label-

free measurements of algal triacylgylceride production has been recently achieved via 

fluorescence hyperspectral imaging in a variety of microalgae, e.g. Nannochloropsis sp. 
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Dunaliella salina, Neochloris oleoabundans, Chlamydomonas reinhardtii [41]. In vivo 
hyperspectral confocal fluorescence imaging was previously used to determine pigment 

distribution in cyanobacteria [42].

4.3 Osmotic changes and desiccation

Water loss is a potential threat in snow algae and aeroterrestrial green algae [18], and was 

therefore applied in the present study to analyze if the spectral properties change during this 

treatment. Snow algae were remarkably resistant against osmotic stress, and not even 1,600 

mM sorbitol caused a visible plasmolysis. Consequently, the spectral properties did not 

change even during these high concentration of osmoticum. In contrast, physical drying at 

ambient air caused an accumulation of snow algae leading to an increased absorbance, a 

scenario that might occur in nature when the snow fields are melting during summer and the 

algae end up on the soil surface. Plasmolysis, induced by osmotic treatment had severe 

effects on different Zygnema sp. and Klebsormidium sp. [21, 23]. The relative volume 

changes as a consequence of drying can be as drastic as 50% of the initial volume 

determined in Zygnema sp. and Klebsormidium crenulatum [43]. The absorbance increased 

in plasmolysed and desiccated samples, particularly in the lower waveband of 400-500 nm 

due to the higher density of the pigments. These changes might be ecologically relevant, as 

aeroterrestrial algae are naturally exposed to occasional water limitation, leading to 

desiccation, and also high irradiance particularly at high altitudes where these algae 

naturally occur. However, this effect was not observed in Zygogonium ericetorum [17]. The 

osmotic treatments had another advantage for the analysis; the absorbance of the cell walls, 

which were clearly separated from the protoplast could be studied. It became particularly 

clear, that neither the cell walls nor the spaces between the retracted protoplast did have 

distinct spectral properties in the range observed (400-900 nm).

Our findings demonstrate the capacity of the hyperspectral (PARISS®) technology that has 

previously been successfully applied to different systems like bio-inspired structural color 

analysis [44], biophotonic properties of shrimps [45] or properties of capillary foams [46]. 

From our results we can conclude the technique will be useful in different applications 

concerning algal or phytoplankton research; the chloroplast shapes with different 

morphologies might be used to select a given composition of a sample and automated 

approaches could help to count cells of a given species. Hyperspectral imaging could also be 

used in the future to address the dynamic change between spectra and organelles upon 

exposure to specific experimental stress conditions. Currently MicroSpectroPhotometry 

(MSP) is the most widely used method to perform spatial analysis of spectra, e.g. in cotton 

fibers [47]. Using MSP, spectra are recorded from area of sample using small optical fibers 

that record spectra from the area only, without spatial discrimination within the area. MSP is 

applicable mostly for large size samples, and is not applicable because of the lack of spatial 

resolution at the level of small sample size like the case for single cell algae. Hyperspectral 

imaging fills this gap.

As demonstrated with the mixed snow algal sample, it is easy to distinguish between 

different species with distinct spectral properties. In future studies, an expansion of the 
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investigated waveband below 400 nm could give valuable insights in the occurrence and 

distribution of ecophysiologically relevant UV protecting substances.
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Fig. 1. 
Light microscopy of snow algal cells from different field samples (S1, a, d) and (WP79 b-c, 

e-f). (a) Chlamydomonas nivalis covered with debris, (b) Chlamydomonas nivalis, 

Chlainonmonas sp. cells are marked with an arrow, (c) Chloromonas rosae var. psychrophila 
(arrows), Chloromonas brevispina (arrowheads), (d) sample S1 plasmolysed in 1,600 mM 

sorbitol, (e) sample WP79 plasmolysed in 1,600 mM sorbitol, (f) sample WP79 desiccated. 

Bars 20 µm
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Fig. 2. 
Cultivated cells of (a) Zygnema sp., (b) Zygnema sp. plasmolysed with 800 mM sorbitol, (c) 

Zygnema sp. desiccated, severe damage of the cells, (d) Zyogogonium ericetorum field 

sample, (e) Zyogogonium ericetorum air dried. Bars 20 µm
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Fig. 3. 
Hyperspectral images and corresponding spectra (below) of snow algae. (a) Chlainomonas 
sp. (arrow) and Chlamydomonas nivalis cells, bright field image, (b) hyperspectral image of 

the same cell with Min CC: 0.985, (c) hyperspectral image calculated with Min CC: 0.99, 

(d) bright field image of field sample (WP97) containing Chlamydomonas nivalis and 

Chloromonas brevispina (arrowhead) and Chloromonas rosae var. psychrophila (arrowhead), 

note the different spectral properties of the latter two, (f) Chlamydomonas nivalis from 

sampling site (S1). Bars 10 µm
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Fig. 4. 
Hyperspectral images and corresponding spectra (below) of Chlamydomonas nivalis (a) 

bright field image of cells plasmolysed with 800 mM sorbitol, (b) hyperspectral image of the 

same cells, (c) plasmolysed with 1600 mM sorbitol, (d) desiccated in ambient air. Bars 10 

µm
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Fig. 5. 
Hypersectral images and corresponding spectra (below) of Zygnema sp. (A-E) and 

Zygogonium ericetorum (F) cells. (a) bright field image, (b) hyperspectral image of the same 

cell, (c) cells plasmoylsed in 800 mM sorbitol, retraction of the protoplast, (d) bright field 

image of air dried cells, (e) corresponding hyperspectral image, (f) desiccated cell of 

Zygogonium ericetorum, note the irregular shrinkage of the cells. Bars 10 µm
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Fig. 6. 
Hyperspectral images and corresponding spectra (below) of Klebsormidium crenulatum. (a) 

bright-field image, (b) corresponding hyperspectral image, (c) cells plasmolysed with 800 

mM sorbitol, note the retraction of the cytoplasm, (d) corresponding hyperspectral image. 

Bars 10 µm.
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Tab. 1

Summary of investigated algae, characterizing their developmental state, origin and pigment composition

Genus Developmental stage Field sample Culture Secondary carotenoids Phenolics

Chlamydomonas nivalis   mature spores   WP 79, S1 ++

Chlainomonas sp.   mature spores   WP 79 ++

Chloromonas rosae   mature spores   WP 79 +

Chloromonas brevisp.   mature spores   WP 79 +

Klebsormidium crenul.   vegetative cells SAG 2515

Zygnema sp.   vegetative cells SAG 2419 +

Zygogonium ericet.   vegetative cells S1 +
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