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Abstract 

The unicellular microalga Euglena gracilis has always been considered the ideal alga to 

investigate photoreceptive responses and systems, and this has been the subject of 

hundreds of papers. Moreover, because of its detectable photoreceptor, it has been given 

a key role in the evolution of photoreception, from single and simple cells to complex 

visual system of higher organisms.  

In this paper we report the Raman spectra recorded in vivo on photoreceptors of E. 

gracilis and Bos taurus retina. The almost perfect superimposability (correlation coefficient 

r=0,955) of these spectra states that the Euglena possesses a photoreceptor with the same 

structural characteristic of a vertebrate photoreceptor, i.e. a stack of membrane layers 

embedding rhodopsin-like proteins. Raman spectra recorded in vivo on photoreceptors of 

Euglena gracilis after hydroxylamine treatment further confirm our findings, which should 

lead to a reconsideration of most of the scientific literature on algae photoreception and 

eye evolution. 
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Introduction 

In 1830, Christian G. Ehrenberg managed to observe Euglena photoreceptive system 

under an achromatic microscope, and he identified it as a "rudimentary eye". He chose 

this feature to name a new genus of organisms: Euglena derives indeed from the Greek 

terms ευ- meaning well, true, and γλήνη, meaning eye (1). However, what attracted the 

attention of the German scholar was not the photoreceptive organelle, but the eyespot, 

aka stigma, a bright orange screen located close to the paraflagellar body (PFB), which is 

the true photoreceptor of the alga (2).  

Euglena has been always and is still considered a key step in the evolutionary path of 

photoreceptive systems, from simple and single photoreceptive cells to complex visual 

systems of higher organisms (3). This unicellular alga can be described as a prototypical 

eye, since it is characterized by all the biochemical and structural components described 

by Gehring (4), i.e. a photoreceptor component and a pigment component. This 

prototypical eye can be dated back to the Statherian period, the final geological period of 

the Paleoproteozoic era (about 1.6 billion years ago), when this microalga diverged from 

other algal group and began its complex evolutionary history (5).  

Hundreds of papers have been written on this topic, and two main hypotheses emerged 

for the light sensitive protein of Euglena: i.e. rhodopsin (6-14) and photo activated 

adenylyl cyclase (PAC) (15, 16) Despite the enormous difference among the amount of 

literature supporting the universal presence of rhodopsin-based photoreceptor in 

photosynthetic organisms and that supporting the role of flavoproteins, still an 

undeniable conclusion has not been reached.  

Raman Spectroscopy is a non-invasive light scattering technique based upon the 

interaction of light with the chemical bonds of the analyte, which provides a measure of 

the energy difference between the incident laser light and the scattered light (Raman 

shift).  This change in energy depends on the frequency of vibration of atoms in a 

molecule. By studying molecular vibrations, detailed information about the chemical and 

structural composition of a material can be obtained. Raman spectroscopy can identify 

the key molecular species based on their spectral signatures, and when joined to a 

confocal microscope is a well suited instrument to investigate the biochemical nature of 



3 
 

photoreceptive structures; moreover, since Raman-active water modes are weak, matrix 

interference phenomena are minimized (17). 

Herein, Raman spectra of photoreceptors of Euglena gracilis and Bos taurus retina and 

crystalline retinal have been acquired. The degree of similarity between the spectrum of 

the photoreceptor and that of the retina, together with the presence of retinal peaks in 

the photoreceptor spectrum confirm the principal photoreceptive role of rhodopsin-like 

proteins in algae, giving credit where credit is due, i.e. Euglena name meaning, and should 

lead to a reconsideration of most of the scientific literature on algae photoreception and 

eye evolution as well. 
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Materials and Methods 

Strains and culture conditions  

Euglena gracilis WZSL mutant was used for the experiments (18). Stock cultures of this 

strain were maintained as pure axenic cultures on modified Cramer and Myers medium 

(18). All stock and experimental cultures were grown at 24 C under constant 

illumination. For Raman analysis, cells were separated from the growth medium by 

gentle centrifugation and rinsed twice with sterilized tap water to remove all the 

chemicals of the medium. About 10 µL of cells were then pipetted on a quartz slide and 

let air dry for the measurements. 

 

Hydroxylamine experiments  

For the hydroxylamine experiments, a 100 mM stock solution was prepared by 

dissolving crystalline NH2OH-HCl in distilled water. The solution was sterilized by 

filtration and then added to Euglena cultures to a final concentration of 1 mM. Changes 

in PFB morphology and fluorescence emission were monitored daily. For Raman 

analysis, treated cells were processed as non-treated cells. 

 

Bos taurus retina isolation 

Retinas were prepared according to the protocol of Panfoli et al. (19). All operations 

were carried out at room temperature, in dim red light, to avoid rhodopsin bleaching. 

Four freshly enucleated bovine eyes were obtained from a local slaughterhouse, kept 

warm, and used within few hours of animal death. All the extra-ocular tissues were 

removed by means of scissors; the eyes were then hemi-sected and the anterior segment, 

the lens and vitreous were carefully removed and discarded.   The eye semi-cup 

containing the attached retina was filled with sterile mammalian ringer buffer containing 

glucose, protease inhibitor, and antibiotics. After 15 min the retina completely detached 

from retinal pigmented epithelium. Upon cutting the optic nerve, the retina freely 

floated in the buffer and could be cut in pieces and mounted onto quartz slides for 

Raman analysis.  
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All-trans Retinal and Flavin Adenin Dinucleotide (FAD) preparation 

For Raman analysis crystalline powder of the two compounds was placed on quartz 

slides. 

 

Raman spectroscopy 

Spectra of Euglena cells and retina samples were recorded by means of a Renishaw 

confocal micro-Raman in Via system, coupled with an optical Leica DLML microscope, 

equipped with a NPLAN objective 50 × with a numerical aperture of 0.75. The laser 

source used was a Nd:Yag laser at 532 nm with an average spot of 0.5 µm on the plane 

of the sample. These parameters turned out the best compromise between the sample 

stability (no contamination by photoproducts) and the S/N ratio. The spectrometer 

consists of a single grating monochromator (1800 lines mm−1), coupled with a CCD 

detector, a RenCam 578 × 400 pixels (22 µm × 22 µm) cooled by a Peltier element. 

Spectral resolution of the spectrometer is 0.5 cm−1. Spectral calibration of the instrument 

was performed on the 520.0 cm−1 band of a pure silicon crystal (20). 

All the air-dried samples (untreated and hydroxylamine-treated Euglena cells, bovine 

retina, retinal and FAD) were irradiated by the 532 nm laser source with laser power on 

the sample of about 30 mW.  

Ten spectra were recorded on each of the 4 different retinas and 4 different Euglena  

cells. Spectra were acquired after 100 accumulations lasting 10s each. Maps consisting of 

35 overlapping spectra (10 accumulations each) were collected in the area of the Euglena 

reservoir to determine the spectra present in the region of interest.  

 

Bright-field Microscope 

A Zeiss Axioplan microscope (Zeiss, Germany) equipped with bright-field 20x, 40x and 

100x Plan-Apo objectives (Carl Zeiss AG, Germany) was used.  
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Statistical analysis 

Spectra graphic, baseline correction and band decomposition and fitting procedures 

were all performed using OriginPro software from Originlab (USA). For all fits R-

Squared was better than 99%. The Pearson correlation coefficient and Student t-test 

were calculated using the same software. 
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Results 

The photoreceptive system of Euglena WZSL mutant is shown in Figure 1 (18). The PFB 

(black arrowhead) is located in the apical part of the cell, inside the reservoir cavity 

(white dot), where the contractile vacuole (pink dot) periodically discharges its content. 

It is an almond-shaped organelle about 1 μm3 volume linked to the axoneme of the 

locomotory flagellum (red arrowhead), and protected by the flagellar membrane. The 

photoreceptor is in close relation with the eyespot (blue arrowhead), a screening device 

consisting of carotenoid globules (2, 21). The WZSL mutant shows the typical 

swimming motion and photo-accumulation behavior of the wild type, and is rich of 

granules of paramylon (green dots), the crystalline form of the -glucan storage 

carbohydrate (18).  We chose this mutant for our measurements because it has no 

chloroplasts, whose strong signal might interfere with that arising from the PFB and 

affect the results.  

 

Figure 1.  Bright field microscope image of a WZSL mutant cell. The PFB (black arrowhead) is clearly visible inside the 

reservoir (white dot), attached to the locomotory flagellum (red arrowhead). Eyespot: blue arrowhead; Contractile vacuole: 

pink dot; paramylon granules: green dots. 
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Figure 2.  Reflected image of a WZSL mutant cell. The PFB (black arrowhead) is clearly visible inside the reservoir (white 

dot), attached to the locomotory flagellum (red arrowhead). Contractile vacuole: pink dot. 

 

Figure 2 shows the reflected image of one of the cells on which the Raman spectrum 

was recorded. The PFB (black arrowhead) is visible inside the reservoir (white dot).  

Figure 3 shows the comparison between the average Raman spectrum of Bos taurus 

retinas (black line) and the spectrum of the PFB (red line). The two normalized spectra 

show a very high degree of similarity, which was further established by statistical analysis. 

The spectra measured on the bovine retinas possess an average Pearson’s coefficient r 

equal to 0,902, while the different spectral combinations of PFB and retina spectra have 

an average value of 0,901. The significance value calculated with the Student t-test clearly 

indicates an extremely high significant relation between the two classes of spectra (α= 

0,0001).  The two spectra of Figure 3 have a Pearson’s coefficient r = 0,955, and shows 

matching of all the peaks.  

 

Figure 3. Comparison between the Raman spectra of PFB and bovine retina. 

 

Figure 4 shows the Raman spectrum of retinal crystalline powder with the main peaks at 

1172, 1204 cm-1 (both due to the C-C stretching vibration) and 1577, 1609, 1634 cm-1 (all 

due to the C=C stretching vibration). 
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Figure 4. Raman spectrum of Retinal. 

 

Focusing on the PFB spectrum, band decomposition was performed to better 

characterize it. Figures 5a, 5b and 5c show the results of the fitting procedure (black 

line). The green lines represent the fits with Lorentzian functions on the raw data. The 

Raman spectra were fitted from 950-1200 cm-1, from 1200-1400 cm-1 and from 1400-

1800. For all fits R-Squared was better than 99%. Band positions and tentative 

assignment are reported in table 1 (17, 22-25) 
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Figure 5. Band decomposition of the PFB Raman spectrum: a) 950-1200 cm-1 region; b) 1200-1400 cm-1 region; c) 1400-

1800 cm-1 region.    
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Table 1. Band positions and tentative assignment. 

Band position Tentative Assignment 

977 Rhodopsin C-H hydrogen out of plane (Hoop) motion 

1001 Phenylalanine ring breathing mode 

1031 Phenylalanine  

1063 Phospholipids, O–P–O and C–C stretching  

1078 Phospholipids, O–P–O and C–C stretching  

1125  Phospholipids,  C–C stretching 

1155  Carotenoid and Retinal (C–C stretching)  

1172  Retinal (C–C stretching) 

1206 Retinal (C-C stretching)  

1246–1262 Protein amide III;  α-helix 

1306–1336  Protein Amide III; α-helix; phospholipids 

1447  Phospholipids, CH2 bending vibration 

1525 Carotenoids (C = C) 

1554  Retinal (N-H bending) 

1583 Retinal (C=C stretching) 

1606 Retinal (C=C stretching) /tyrosine 

1616  Rhodopsin (C = C stretching)/tyrosine 

1657  Protein amide I; α-helix; phospholipids; Schiff base C=N 

 

Our spectra as well as those of the retinas present in the literature (22-24, 26) show 

many more bands respect to those recorded on detergent-extracted rhodopsin (25, 27-

30). Most of the bands are related to the presence of proteins and phospholipids, and 

because of the greater abundance of lipids in the retina disks and higher Raman cross 

section respect to proteins (26), we assigned the prominent bands to phospholipids (974, 

1063, 1078 1125, 1306, 1447 cm-1). The isoprene chain of retinal molecules produces the 

bands at 1173, 1204, 1582, 1602 and 1616 cm−1 (17, 24, 29, 30).  In the Raman spectrum 

of retinal crystalline powder, two C-C stretching  bands in the 1170-1204 cm-1 region 

and three C=C bands in the 1600 cm-1 region can be identified. The assignment of the 

peaks for the PFB spectrum has been done on the basis of two premises:  the bovine 

retina contains retinal, and there is a peak-to-peak correspondence between the 

spectrum of the bovine retina and that of the PFB, while other carotenoids are 

responsible for the bands centered at 1155 and 1525 cm−1 (22). 

Two minor differences between our spectra should be stressed: first, the two carotenoid 

bands at 1155 and a 1525 cm-1 present in the PFB are absent in the Bos taurus retina, due 

to the peripheral location where the spectra were recorded (i.e. far from the macula). In 

the case of Euglena, as the cells dry on the slide, the pressure cause the collapse of the 

eyespot globules, which in turn release their carotenoid content around the reservoir 

area. The laser beam, though pointing on the PFB inside the reservoir, excites also these 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3142917/figure/F1/
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contaminant carotenoids, hence the presence of the two bands (1155 cm-1 and 1525 cm-

1) in the PFB Raman spectrum. Second, the bands at 1063 and 1078 cm-1 in the PFB 

spectrum are closer respect to the same bands in the Bos taurus retina, almost 

overlapping, probably because of some differences in phospholipids composition.  

To further investigate the possible presence of a rhodopsin-based photoreceptor, 

hydroxylamine-treated cells were analyzed by Raman spectroscopy. As shown in Figure 

6, no PFB is visible attached to the flagellum (red arrowhead) inside the reservoir and 

close to the eyespot (blue arrowhead). Viability and swimming are non-affected, but cells 

do not show any kind of photo-accumulation behavior (31). 

  

 

Figure 6. Bright field microscope image of a hydroxylamine-treated cell. The locomotory flagellum (red arrowhead) does not 

bear any PFB. Reservoir: white dot; Eyespot: blue arrowhead; Contractile vacuole: pink dot; paramylon granules: green dots. 

 

Because of the absence of a detectable organelle, the reservoir region was mapped by 

collecting 35 overlapping spectra across the area of interest. Figure 7 shows the reflected 

image of the hydroxylamine-treated cell on which the map was recorded. The resulting 

35 spectra can be grouped in 3 categories: 1) spectra recorded inside the reservoir (e.g. a, 

b, c); 2) spectra recorded on paramylon granules (e.g. d); 3) spectra recorded on the cell 

membrane lining the reservoir, the most likely position of the eyespot (e.g. e, f, g, h). 

Though none of these spectra resemble that of PFB (Figure 3), the bands at 1447 cm−1 

and 1656 cm−1 present in the spectra of the first category could be assigned to fragments 

of proteins and phospholipids assemblages. The spectra recorded on paramylon granules 

are those typical of -glucans (32), while those of the third category show two main 

bands at 1157 and a 1525 cm-1 assignable to the carotenoids present in the eyespot. 
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These spectra are identical to the spectra recorded on the macula lutea of higher 

organisms, in which zeaxanthin and lutein are present (33, 34). 
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Figure 7. Reflected image of a hydroxylamine-treated cell. The Raman map was recorded on the apical portion of the cell 

and covered an area including both the reservoir (white dot) and the contractile vacuole (pink dot). The letters mark the 

positions of the spectra showed in the bottom of the figure. 

 

Figure 8 (black line) shows the spectrum of FAD, which has been assigned the role of 

primary photoreceptor molecule in Euglena and other algae by many authors, and the 

spectrum of Euglena photoreceptor (red line). The differences between the two spectra 

rule the presence of this molecule inside the photoreceptor out altogether. 

 

Figure 8. Raman spectrum of FAD (black line) and the PFB spectrum (red line).  
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Discussion 

The very high degree of similarity (r=0,955) between the spectra recorded in vivo on 

Euglena photoreceptors and Bos taurus retinas (figure 3), which in turn overlap with the 

spectra recorded on the retina of higher organisms (e.g. men, mice, and pig) (22-24), 

together with the identification of retinal peaks in the photoreceptor spectrum (figure 4) 

demonstrates that Euglena possesses a rhodopsin-based photoreceptor. The spectra show 

the same proportions between the main bands suggesting also that the ratio between 

lipids and proteins is in the same range of that of retinas (50-100:1) (25). The similarity 

extends also to the structural organization of the organelle, which consists of a 3D 

ordered assemblage of stacked membranes containing rhodopsin-like proteins embedded 

in a phospholipid bilayer (13). Moreover, the calculated number of membrane layers and 

rhodopsin molecules (about 50 layers, each hosting an average of 106 rhodopsin 

molecules) in the PFB (13) is very close to that characterizing the photoreceptors of 

higher organisms (35, 36).  These results complete and confirm what already predicted 

by the experimental data we gathered up to now ((e.g. in vivo microspectroscopy on a 

single photoreceptor (6-9), retinal identification (10, 11), structural characterization (13)).  

The presence of a rhodopsin-based photoreceptor in Euglena is further validated by the 

results of the hydroxylamine experiment. In the case of visual pigments, hydroxylamine 

combines with retinal molecules during the synthesis of rhodopsin or displaces the 

retinal from opsin to form oxymes directly. Euglena photoreceptor is ex novo formed 

about once a day, being regenerated during cell division for the two daughter cells (37). 

During this period, hydroxylamine molecules react with retinal hindering its linkage with 

opsin to form rhodopsin, which in turn hinders PFB formation (31) (figure 6). The 

Raman spectra confirm the absence of any organized structure inside the reservoir, 

showing only bands that can be assigned to fragments of proteins and phospholipids 

assemblages (figures 7 a, b, c). 

Another trait of similarity between the photoreceptive system of Euglena and the retina 

of higher organism is the presence of carotenoids, which in the alga are detected in the 

cell membrane lining the reservoir, the most likely position of the eyespot (figures 7 e-h), 

while in the retina are concentrated in the macula pigment, and are responsible for the 
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yellowish hue of the macula (38). The macular pigment contains many carotenoids 

including zeaxanthin, mesozeaxanthin, and lutein (34), which limits chromatic blur to 

increase visual acuity (39) and protects the macula from photodegradation by short 

wavelength light (33, 40). In the case of Euglena, eyespot carotenoids have only a light 

screening function during swimming of the alga. Raman spectroscopy is not able to 

distinguish the carotenoid molecules present in the cell.  

Our measurements exclude the presence of FAD in the PFB (figure 8), confirming that 

Euglena photoreception does not rely on flavins, which are not able to successfully 

compete with rhodopsin for the principal photoreceptive role (41). Still, flavins could 

play a secondary role in light sensing processes in the form of cryptochromes in algae 

and other organisms (41). 

The combination of a chromophore (retinal) and a protein (opsin) in Euglena could have 

been only the beginning of the evolution and development of light receptors and eyes 

from a simple light sensing cell.  The impressive structural homology between Euglena 

photoreceptive apparatus (axoneme, stack of membranes, carotenoid screen) and the 

rod/cone of vertebrates (connecting cilium, stacked membrane, macula lutea) could also 

lead to the assumption of a gene of the Pax family (genetic anlage) though in a primitive 

form, which would have mastered the generation of more complex image forming and 

processing systems (41-43).  

Euglena PFB is not an image forming device, since it can only discriminate between 

presence or absence of light; the constituent rhodopsin molecules are assembled in a 

crystalline hexagonal lattice (13), and the closely stacked disposition of the layers is 

probably due to the interlayer interactions of the charged extra-membrane domains of 

the protein molecules (12, 21). All these characteristics make it different from the 

photoreceptors present in the retina of higher organisms (rod membranous discs 

independent from the plasma membrane, or cone membrane membranous discs 

continuous with the plasma membrane folding). Moreover, being the PFB a 3D crystal 

(13), its rhodopsin molecules possess limited possibility of motion and exchange of 

material with the environment, they do not bleach (i.e. the chromophore does not 

detach from the protein), and possess optical bi-stability, being thermally stable (7-9). 
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The functioning of the organelle relies on the photodynamic equilibrium between two 

intermediates; it works as a flip-flop, modified by different light wavelengths and eyespot 

screening (7-9). 

The concluding remark of our work is that Euglena, which has been considered the first 

organism in the ciliary line of eye evolution (3), should reclaim the true meaning of its 

name, and these results should lead to a deep reconsideration of most of the scientific 

literature on algae photoreception and eye evolution as well. 
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