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 41 

Abstract 42 

Euglena gracilis Z and a ‘sugar loving’ variant strain Euglena gracilis var. saccharophila, 43 

were investigated as producers of paramylon, a β-1,3-glucan polysaccharide with potential 44 

medicinal and industrial applications. The strains were grown under diurnal or dark growth 45 

conditions on a glucose-yeast extract medium supporting high-level paramylon production. 46 

Both strains produced the highest paramylon yields (7.4 to 8 g · L−1, respectively) while 47 

grown in the dark, but the maximum yield was achieved faster by E. gracilis var. 48 

saccharophila (48 h vs 72 h). The glucose-to-paramylon yield coefficient Ypar/glu

Proteomic analysis of the metabolic pathways provided molecular clues for the strain 52 

behavior observed during cultivation. For example, overexpression of enzymes in the 53 

gluconeogenesis/glycolysis pathways including fructokinase-1 and chloroplastic fructose-1,6-54 

bisphosphatase may have contributed to the faster rate of paramylon accumulation in E. 55 

gracilis var. saccharophila. Differentially expressed proteins in the early steps of 56 

chloroplastogenesis pathway including plastid uroporphyrinogen decarboxylases, 57 

photoreceptors, and a highly abundant (68 fold increase) plastid transketolase may have 58 

 = 0.46±0.03 49 

in the Euglena gracilis var. saccharophila cultivation, obtained in this study, is the highest 50 

reported to date. 51 
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provided the E. gracilis var. saccharophila strain an advantage in paramylon production 59 

during diurnal cultivations.   60 

In conclusion, the variant strain E. gracilis var. saccharophila seems to be well suited for 61 

producing large amounts of paramylon. This work has also resulted in the identification of 62 

molecular targets for future improvement of paramylon production in E. gracilis, including 63 

the chloroplastic fructose-1,6-bisphosphatase (FBP) and phosophofructokinase 1 (PFK-1), the 64 

latter being a key regulator of glycolysis. 65 

 66 

Keywords 67 

Paramylon, β-1,3-glucan, Euglena gracilis, E. gracilis var. saccharophila, proteomic analysis, 68 

metabolic pathways 69 
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Abbreviations 71 

NSAF, Normalised spectral abundance factor 72 

PFK-1, phosphofructokinase 1 73 

FBP, chloroplastic fructose-1,6-bisphosphatase 74 

PEPCKs, phosphoenolpyruvate carboxykinase isoforms 75 

UROD, plastid uroporphyrinogen decarboxylase 76 

GSA, glutamate 1-semialdehyde 2,1-aminotransferases 77 

TK, plastid transketolase 78 
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The flagellated fresh water protist Euglena gracilis produces a wide range of compounds of 89 

medical and industrial interest. These include lipids for potential use as biofuel, dietary 90 

supplements such as vitamin E and free amino acids,

 97 

 and the bioactive carbohydrate 91 

paramylon (Price 1990, Mahapatra et al. 2013). The linear β-1,3-glucan polysaccharide 92 

paramylon is the principal energy-storage compound in E. gracilis. Paramylon has attracted 93 

special interest in the context of medical and veterinary applications (Rodriguez-Zavala et al. 94 

2010). It also finds uses as a dietary supplement for lowering cholesterol levels (Wang et al. 95 

1997) and moderating postprandial glycaemic responses (Wood 1994).  96 

Euglena gracilis has been cultivated heterotrophically- and photoautotrophically on various 98 

nutrient compositions, ranging from simple and chemically defined formulae to complex 99 

media with industrial byproducts (e.g., molasses, corn steep solids and yeast extract) to 100 

accumulate 50-75% of the cell biomass as paramylon (Barsanti et al. 2001, Šantek et al. 2009, 101 

Ivušić and Šantek 2015, Ogawa et al. 2015b). However, the yield is negatively impacted by 102 

photo-induced degradation of paramylon and inhibition of growth and carbon assimilation 103 

(Rodriguez-Zavala et al. 2010). In order to avoid photo-inhibitory effects, most cultivations 104 

of E. gracilis have been performed under heterotrophic conditions, either in the dark using 105 

the Z strain, or using permanently bleached variants which are no longer capable of 106 

photosynthetic growth (Barsanti et al. 2001, Šantek et al. 2009, Rodriguez-Zavala et al. 2010, 107 

Šantek et al. 2012).  108 

 109 

 Euglena gracilis var. saccharophila, a variant of E. gracilis, was first isolated in Germany in 110 

the 1950s. It was described as more efficient at assimilating glucose than the Z strain and 111 

capable of utilizing a wider range of carbohydrates including glutamate, malate, pyruvate, 112 

succinate and ethanol (Rodriguez-Zavala et al. 2006).  Apart from this information, the 113 

properties of Euglena gracilis var. saccharophila have remained largely uncharacterized.  114 

 115 

Recent transcriptomic studies on various metabolic pathways in Euglena gracilis (O'Neill et 116 

al. 2015, Yoshida et al. 2016) have provided further insights into the molecular nature and 117 

gene function of the organism (Ogawa et al. 2015a, Tanaka et al. 2017). There are also recent 118 

developments in the studies into the genome sequence and organization but no reports in high 119 

throughput proteomic studies with Euglena (Ebenezer et al. 2017).  120 

 121 
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In this study, we have compared paramylon production by Euglena gracilis Z and var 122 

saccharophila strains during a diurnal cultivation cycle and in a completely dark environment 123 

on a medium optimized for paramylon production. The experiments were performed with 124 

strains trained on the optimized medium containing glucose and yeast extract to maximize the 125 

paramylon yield. Proteome profiles of the two strains cultivated in the diurnal and dark 126 

conditions were compared for differentially expressed proteins, focussing on pathways and 127 

enzymes that may contribute to paramylon metabolism or regulation of paramylon synthesis 128 

in varying light conditions, with a view of finding targets for strain improvement.  129 

 130 

Materials and Methods 131 

Strains and cultivation media  132 

The Euglena gracilis Z strain was obtained from the Southern Biological Pty Ltd (Australia) 133 

and the Euglena gracilis var. saccharophila strain was from the University of Texas Culture 134 

Collection (https://utex.org/). Cultures were maintained in the Euglena liquid medium (EM) 135 

which consists of (per liter): 1 g sodium acetate, 1 g peptone, 2 g tryptone, 2 g yeast extract 136 

and 0.01 g CaCl2·2H2

 138 

O.  137 

The medium optimized for paramylon production (1G1YE) contained (per litre): 17.7 g 139 

glucose, 10 g yeast extract, 0.2 g CaCO3, 0.5 g MgSO4, 0.4 g (NH4)2HPO4, 0.2 g KH2PO4, 140 

1.81 g NH4Cl, 2 mL of trace mineral stock A and 1 mL of trace mineral stock B. Trace 141 

mineral stock A was made by dissolving 2.2 g ZnSO4•7H2O, 2 g MnSO4•4H2O, 0.5 g 142 

Na2MoO4•2H2O, 0.04 g CoCl2•6H2O in 3 mL of concentrated HCl and the solution was 143 

diluted with ddH2

 147 

O to 50 mL. Trace mineral stock B was made following the recipe by 144 

Rodriguez-Zavala et al. (2010). All chemicals were purchased from Sigma Aldrich (Australia) 145 

unless stated otherwise.  146 

Both strains used in the study have been passaged in 1G1YE for over 100 generations 148 

(culture diluted 1:5 every seven d) over the course of two y. 149 

 150 

Culture conditions 151 

A seed culture was produced by inoculating 10 mL of a stock culture maintained in the EM 152 

medium into 50 mL of 1G1YE in a 250 mL Erlenmeyer flask and cultivating until the cell 153 

density reached 1x107 cells · mL-1. The seed culture was then used to start the experimental 154 

culture in a fresh 1G1YE medium with an initial concentration of 107 cells · 50 mL-1 in a 250 155 
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mL Erlenmeyer flask. The cultures were incubated at 22°C on an orbital shaker at 120 rpm. 156 

This regime was used for all cultivations. All experimental cultures were performed with 157 

three biological replicates. 158 

 159 

Cultures under a diurnal cycle were exposed to incandescent light of approximately 1500 160 

lumens for 12 h and then kept in the dark for 12 h with the shaker lid covered by aluminium 161 

foil. The diurnal cycle was repeated throughout the entire nine days of cultivation. Cultures 162 

grown totally in the dark were kept in 250 mL Erlenmeyer flasks covered with aluminium 163 

foil for the entire duration of the cultivation except for sample taking. 164 

 165 

In order to deplete the residual paramylon from the cultures for the paramylon accumulation 166 

study, the E. gracilis Z and the E. gracilis var. saccharophila strains were seeded into the 167 

1G1YE medium without glucose and allowed to grow for three days before starting the actual 168 

cultivation cycle by adding the appropriate amount of glucose (17.7 g · L−1

 170 

). 169 

Measurement of biomass and cell concentration 171 

Triplicates of 10 mL aliquots of each culture were centrifuged at 2,000g and the cell pellets 172 

washed with warm ddH2O twice before resuspending in 10 mL ddH2

 176 

O. The cell pellets were 173 

subsequently dried in pre-weighed aluminium boats at 70°C for 48 h prior to weighing. Cell 174 

concentration of each aliquot was measured on a hemocytometer (BioRad, Australia). 175 

Determination of the paramylon content 177 

Methods for the extraction and determination of the amount of paramylon produced were 178 

adapted from Rodriguez-Zavala et al. (2010). Cells (10 mL) were washed by centrifugation at 179 

2,000g and resuspended in 9 mL ddH2O before addition of 1 mL of 30% (v/v) ice cold 180 

perchloric acid (PCA) for cell lysis. The mixture was vortexed vigorously before centrifuged 181 

at 1,100g for 2 min. Supernatant was removed, the pellet resuspended in 10 mL of 1% (w/v) 182 

SDS and placed in boiling water for 15 min. The suspension was then centrifuged at 1,100g 183 

for 15 min and washed twice in ddH2

 189 

O before resuspending in 10 mL of 1N NaOH. To 184 

determine the paramylon concentration in the samples, acid hydrolysis assay was carried out 185 

as per Rodriguez-Zavala et al. (2010). Paramylon concentration was determined by plotting 186 

the absorbance of the sample at 492 nm to a standard curve prepared with purified paramylon 187 

purchased from Sigma-Aldrich. All measurements were made in technical triplicates.  188 
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Paramylon amount in the cultures is expressed in the following ways: (i) volumetric yield 190 

(the amount of paramylon produced per litre of culture as g · L−1); (ii) mass fraction (the 191 

amount of paramylon per gram of biomass as g · g-1), and (iii) glucose-to-paramylon 192 

coefficient Ypar/glu

 194 

 (the ratio of the initial glucose in the culture converted to paramylon). 193 

Statistical analysis 195 

All experimental data were collected from at least three independent cell cultures. Student’s t-196 

test was performed on unpaired samples to determine whether the sample values differed 197 

significantly. 198 

 199 

Protein extraction, fractionation and trypsin in-gel digestion  200 

The cells were harvested on day 4 of cultivation in the dark, 24 h after the addition of glucose 201 

(day 4; Fig. 1). Three biological replicates were cultivated for each condition. Cell samples of 202 

100 mg wet weight were collected from both Euglena gracilis Z and Euglena gracilis var. 203 

saccharophila cultures and sonicated for five cycles of 10 s sonication, 30 s rest at 25% of the 204 

maximum amplitude (Digital Sonifier 450, Branson-Emerson, US) in a lysis buffer 205 

containing 50 mM Tris-HCl (pH 7.4), 3 mM EDTA, 250 mM sucrose, 0.04% β-206 

mercaptoethanol, and protease inhibitor (cOmplete™ Protease Inhibitor Cocktail, Roche US).  207 

Supernatants of the sonicated samples were collected after centrifugation at 1,500g for 5 min  208 

followed by precipitation, extraction and fractionation as described previously (Hasan et al. 209 

2017). Protein concentration was determined by the BCA assay according to manufacturer’s 210 

recommendations (ThermoFisher, Australia). Fractionation of the protein samples was 211 

carried out using the XCell SureLock Mini-Cell Electrophoresis System (ThermoFisher, AU).  212 

All gels and reagents used for SDS-PAGE were purchased from ThermoFisher (AU) and the 213 

procedures were carried out as per manufacturer’s instructions unless mentioned otherwise. 214 

The in-gel trypsin digestion of the proteins and the subsequent peptide extraction and 215 

purification process was carried out as previously described (Hasan et al. 2017).  216 

 217 

Nanoflow LC-MS/MS and data analysis The peptides were analysed on a reverse-phase 218 

nanoLC-MS/MS QExactive mass spectrometer (Thermo Scientific, US) following the 219 

method outlined in Hasan et al. (2017).   220 

 221 

Protein identification 222 
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Raw nanoLC-MS/MS files were converted into mzXML format and analyzed using the 223 

global proteome machine (GPM) Fury version 3.0 with the X!Tandem algorithm 224 

(http://www.thegpm.org;

 236 

 Craig and Beavis 2003, 2004). The MS/MS files were searched 225 

against custom databases consisting of protein sequences retrieved from the NCBI, Uniprot 226 

and TrEMBL databases in April 2016 (NCBI: http://www.ncbi.nlm.nih.gov/, Uniprot and 227 

TrEMBL: http://www.uniprot.org/), and against common human and trypsin peptide 228 

contaminants. The data resultant GPM hits were filtered according to criteria previous 229 

described (Hasan et al. 2017). The sixteen fractions of each replicate were processed 230 

separately on GPM with output files for each fraction and merged into a non-redundant 231 

output file for peptide and protein identifications with a log (e) value cut-off of -1.5. The 232 

peptide FDR was calculated as 2 x (total number of peptides representing reversed hits/total 233 

number of peptides representing all hits) x 100, and the protein FDR was calculated as (total 234 

number of reversed protein hits/total number of all proteins) x 100.  235 

Quantitative analysis  237 

Quantitative analysis was carried out by calculating the normalized abundance factor (NSAF) 238 

for each protein (Mirzaei et al. 2012, Neilson et al. 2014). Log-transformed NSAF data was 239 

then used for the two-sample unpaired t tests and the proteins with a t test p-value of less than 240 

0.05 and t-value higher than 2 or lower than -2 were considered to be differentially expressed. 241 

This gave the relative abundance value of a protein between the Z and variant cultures, which 242 

is expressed as fold change (FC). The enzyme class (EC), expected values (E-value) and 243 

accession numbers were extracted from the BLAST search results. Protein hits are arranged 244 

based on the pathways involved, with a separate category “Glycolysis/gluconeogenesis, 245 

reversible” designated for enzymes that catalyse reversible reactions, thus involved in both 246 

pathways. 247 

 248 

Chlorophyll extraction  249 

Chlorophyll was extracted and the amount calculated according to the methods described in 250 

Jeffrey and Humphrey (1975). Briefly, 1 mL of cells was harvested daily during both diurnal 251 

and dark cultivations and resuspended in 90% (v/v) acetone, followed by incubation on ice 252 

for 30 min. The cells were then centrifuged at 2,000g to sediment solid matter and the 253 

absorbance of the supernatant was measured at 664 nm and 647 nm. Chlorophyll 254 

concentration was calculated using the absorbance readings according to the equation for 255 

higher plans and green algae containing chlorophylls a and b: Chlorophyll a = 11.93 A664 – 256 
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1.93 A647 and Chlorophyll b = 20.36 A647 – 5.50 A664, 

 259 

described in Jeffrey and Humphrey 257 

(1975). Total chlorophyll amount was calculated as the sum of chlorophyll a and b.  258 

Results and Discussion 260 

Accumulation of the biomass and paramylon under different light conditions  261 

The Euglena gracilis var. saccharophila and the E. gracilis Z strains were cultured under a 262 

diurnal cycle (12:12 h light:dark), and in constant darkness for nine d in order to compare 263 

accumulation of paramylon as a function of time.  The strains were first grown with no 264 

carbon for 72 h to deplete the paramylon reserve before addition of glucose on day 3.  The 265 

day 3+ samples were collected on day 3 immediately after the addition of glucose; this served 266 

as the initial reference point for the residual glucose analysis (Fig. 1, A and B).    267 

 268 

Following the addition of glucose, the Euglena gracilis var. saccharophila cultures reached 269 

the peak concentration of paramylon at approximately 24 h (Fig. 1B; day 4) when cultivated 270 

in the dark, while the E. gracilis Z cultures required a longer cultivation period of 271 

approximately another 24 h (Fig. 1A; day 5) to reach the maximum paramylon concentration. 272 

This could be due to the noticeably higher rate of glucose assimilation by E. gracilis var. 273 

saccharophila (residual glucose depleted in 48 h, day 5) compared to the E. gracilis Z 274 

(residual glucose depleted in 72 h, day 6).  275 

 276 

The highest paramylon levels produced by Euglena gracilis var. saccharophila (8.1 ± 0.3 g · 277 

L−1) and E. gracilis Z strain (7.5 ± 0.4 g · L−1) were similar when the strains were cultivated 278 

in the dark, whereas under diurnal condition the E. gracilis var. saccharophila cultures 279 

produced significantly more paramylon (4.9 ± 0.4 g · L−1) than the Z strain (3.6 ± 0.1 g · L−1

 286 

) 280 

(Fig. 2, A and B). Although there appeared to be no significant differences in the total 281 

amount of paramylon accumulated by the two strains in the dark, the faster metabolism of 282 

sugar and accumulation of paramylon shown by the variant strain may have facilitated a 283 

shorter turnaround time thus potentially reducing the production costs. Glucose depletion also 284 

happened faster in the variant strain under both conditions (Figure 1B).  285 

The highest amount of paramylon produced per gram of biomass (mass fraction) achieved in 287 

this study was about 80% for the variant strain Euglena gracilis var. saccharophila, when 288 

cultivated in the dark. This is higher than the most commonly reported 50-60% (Šantek et al. 289 
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2009, Ivušić and Šantek 2015, Ogawa et al. 2015b) and on par with the 75% achieved with 290 

repeated-batch cultivation of the Z strain with an over-supply of glucose (Šantek et al. 2012).  291 

 292 

We also examined the efficiency of conversion of glucose to paramylon. The highest glucose 293 

to paramylon coefficient value obtained in this study was Ypar/glu = 0.46±0.03 (Fig. 1A; dark 294 

cultivation of the Euglena gracilis Z strain), which is comparable to, if not exceeding the 295 

numbers published so far (Barsanti et al. 2001, Rodriguez-Zavala et al. 2010, Grimm et al. 296 

2015, Ivušić and Šantek 2015). Other approaches to increase volumetric production of 297 

paramylon using very high amounts of glucose and other complex carbohydrate sources have 298 

returned much lower Ypar/glu 

 300 

values (Šantek et al. 2009, Šantek et al. 2012).  299 

During the diurnal cycle, the yield of paramylon in the Euglena gracilis var. saccharophila 301 

cultures was significantly higher to that of the Z strain cultures as a direct consequence of 302 

having a higher paramylon mass fraction (Fig. 2B). This indicates that the photo-inducible 303 

degradation of paramylon was not as pronounced in the variant strain as it was in the Z strain. 304 

 305 

In summary, both strains were found to produce more paramylon when cultivated in the dark, 306 

producing approximately 8 g · L−1 of paramylon compared to 4-5 g · L−1 

 313 

under diurnal 307 

cultivation. Although both strains accumulated less paramylon under the diurnal condition, 308 

the variant strain was still somewhat more productive than the Z strain. Since the paramylon 309 

catabolism has been demonstrated to be photo-inducible, it is possible that the differences of 310 

paramylon levels between the strains arise from their apparent differing sensitivity, or the 311 

extent of the photoinduced reaction to light (Schwartzbach et al. 1975, Barsanti et al. 2001). 312 

Accumulation of chlorophylls in the Euglena gracilis Z and E. gracilis var. saccharophila 314 

strains 315 

Chlorophylls play important roles in the photosynthesis process and chlorophyll 316 

concentration is often used as an indicator of photosynthesis activity level in plants and other 317 

photosynthetic organisms (Nagaraj et al. 2002, Papageorgiou 2007, Zarco-Tejada et al.  2013). 318 

Here the chlorophyll content was evaluated biochemically to support the proteomic analysis 319 

of the photosynthesis and chloroplast biogenesis pathways in section 3.3.2. The total 320 

chlorophyll content (chl a and b) in the variant Euglena gracilis var. saccharophila strain was 321 

lower than that of the Z strain under both diurnal and dark cultivation, with more pronounced 322 

differences under the diurnal condition (Fig. 3).  323 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

 324 

The amount of chlorophyll remained at 20 to 30 μg · g −1 biomass during the first three d of 325 

cultivation, when both Euglena strains were grown in the absence of glucose thus relying on 326 

photosynthesis for survival. Chlorophyll levels declined sharply to less than 5 μg· g −1

 331 

  after 327 

the addition of glucose (day 3+ to day 4) as both strains entered heterotrophic growth, but 328 

steadily recovered after day 5 when glucose was exhausted and the strains returned to 329 

photoautotrophic growth (Figs. 1 and 3).  330 

Proteome changes between the dark and diurnal cultivation conditions 332 

A total of 1647 non-redundant proteins could be reproducibly identified and quantified from 333 

the Euglena gracilis Z and E. gracilis var. saccharophila strains on day 4 of the cultivation 334 

period. From these, the relative abundances of a subset of proteins involved in glycolysis, 335 

gluconeogenesis, paramylon synthesis and degradation, and chloroplast and plastid 336 

biosynthesis were analyzed from the strains grown under dark and diurnal growth conditions, 337 

based on their NSAF coefficient.  338 

 339 

The NSAF coefficient is calculated based on a protein’s spectral count and length, which 340 

allows comparison of the relative abundance of a protein against the entire pool of proteins at 341 

a given time point. This method does not require a reference (0 hour time point) for 342 

comparison of differentially expressed proteins and has been widely applied to various 343 

organisms as a reliable indicator of relative protein quantity (Voelckel et al. 2010, Neilson et 344 

al. 2011, Mirzaei et al. 2012, Monavarfeshani et al. 2013, George et al. 2015, Kaufman et al. 345 

2015). To add to the stringency, fold change ratio (as calculated from NSAF coefficient 346 

values) of a protein was considered valid only when the protein of interest can be detected in 347 

all three replicates and that the NSAF distribution in the triplicates satisfy the t-test (p-value 348 

<0.05, t-value >2 or <-2). 349 

 350 

Differentially expressed enzymes in the sugar metabolic pathways  351 

The majority of enzymes involved in the sugar metabolism pathways - glycolysis, 352 

gluconeogenesis, paramylon synthesis and degradation – were identified from both strains 353 

under both cultivation conditions (dark and diurnal).  Exceptions to this were glucan endo-β-354 

D-1,3-glucosidase and phosphofructokinase-1 enzymes that were not found in the diurnal 355 
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cultures, and isoform II of β-D-1,3-glucan synthase and isoform VI of glucan endo-β-D-1,3-356 

glucosidase that were not found in dark cultivations (Table 1).  357 

  358 

Glycolysis and gluconeogenesis 359 

The analysis of proteins involved in glycolysis and gluconeogenesis (Table 1) showed that 360 

phosphofructokinase 1 (PFK-1), a key regulator of glycolysis, was more than 7-fold higher in 361 

Euglena gracilis var. saccharophila than in the Z strain in the diurnal cultivation. PFK-1 362 

catalyses the first reaction that commits glucose to the glycolytic pathway (Mor et al. 2011) 363 

and an overexpression of PFK-1 may help contributing to the faster metabolism of glucose in 364 

the E. gracilis var. saccharophila strain observed in the cultivation studies in both cultivation 365 

modes (Fig. 1B).   366 

 367 

Most enzymes in the gluconeogenesis pathway were more abundant in the Euglena gracilis 368 

var. saccharophila strain, including chloroplastic fructose-1,6-bisphosphatase (FBP) with a 369 

two-fold increase during diurnal cultivation. The increased abundance of chloroplastic FBP 370 

was as expected as it plays a role in photosynthetic carbon metabolism (Ogawa et al. 2015a). 371 

The higher abundance of FBP may also facilitate paramylon accumulation in the E. gracilis 372 

var. saccharophila strain, as the product of FBP, fructose-6-phosphate, serves as a precursor 373 

to the paramylon synthesis pathway. Other enzymes that were more abundant in the E. 374 

gracilis var. saccharophila strain were phosphoenolpyruvate carboxykinase isoforms 375 

(PEPCKs) in the range of 1.6 to 2-fold increase (Table 1) during diurnal cultivation. The 376 

levels of cytosolic fructose-1,6-bisphosphatase and pyrophosphate-fructose 6-phosphate 1-377 

phosphotransferase were not affected by the cultivation mode. 378 

 379 

Paramylon synthesis and degradation 380 

Enzymes (e.g., glucan endo-β-D-1,3-glucan synthases and glucan endo-β-D-1/3-glucosidases) 381 

involved in paramylon synthesis and degradation in the Euglena gracilis var. saccharophila 382 

strain were almost uniformly lower with a few remaining unchanged compared to the Z strain 383 

in both diurnal and dark cultivations (Table 1). For the E. gracilis var. saccharophila strain, 384 

this may be indicative of a transitional phase in its paramylon metabolism, as it coincides 385 

with the highest point of paramylon production at day 4, before a decline (Fig. 1B; diurnal 386 

and dark cultivations).  387 
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The overall higher expression level of the gluconeogenesis pathway, coupled with the lower 388 

expression level of paramylon synthesis/degradation in the Euglena gracilis var. 389 

saccharophila strain in the diurnal cultivation also signifies a shift from the heterotrophic 390 

growth (medium glucose-dependent) to photoautotrophic growth (light and CO2

 394 

-dependent). 391 

This metabolic shift was corroborated by the elevated levels of photoreceptor proteins and 392 

chlorophyll biosynthesis enzymes detected in the same culture (Table 2). 393 

During dark cultivation, the levels of most enzymes were similar between the two strains. 395 

Some enzymes involved in the paramylon synthesis and gluconeogenesis pathways became 396 

more abundant (1.4 to 30-fold increase) in the Z strain (Table 1), which may have contributed 397 

to the accumulation of paramylon during dark cultivation (Fig. 1A; days 4-5). The enzymes 398 

that were overexpressed included the chloroplastic fructose-1,6-bisphosphatase, 399 

phosphoenolpyruvate carboxykinases, phosphoglucomutase, UDP–glucose 400 

pyrophosphorylase and a bi-functional enzyme capable of catalysing both the 401 

phosphoglucomutase and UDP–glucose pyrophosphorylase reactions. However, fluctuation 402 

of the enzyme levels in paramylon and glucose metabolic pathways did not result in a 403 

significant difference in maximal paramylon yields between the Z and Euglena gracilis var. 404 

saccharophila strains in the dark even though E. gracilis var. saccharophila accumulated 405 

paramylon faster (Fig. 2, A and B; days 4-5). This finding further reinforces the view that 406 

while differential protein expression leads to a different rate of paramylon accumulation 407 

between the strains studied, their maximal growth and paramylon yield are still regulated by 408 

similar physiological bottlenecks or rate limiting enzymes discussed below.  409 

 410 

Differentially expressed enzymes in photosynthesis and chloroplast biogenesis pathways 411 

Since photoinduced degradation is an important factor affecting the yields, the relationship 412 

between chlorophyll levels, chloroplast/photosynthesis-associated proteins and paramylon 413 

accumulation were also explored. A decrease in paramylon production was expected in the 414 

diurnal cultivations due to the fact that light may enhance the activity of enzymes responsible 415 

for paramylon degradation (Price 1990). 416 

 417 

The overall abundance of chloroplast and plastid proteins identified from the diurnal 418 

cultivations in Euglena gracilis var. saccharophila and Z strains was similar and 419 

approximately two-fold higher than in their corresponding dark cultures. Some chlorophyll 420 
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biosynthesis-related proteins (e.g., plastid uroporphyrinogen synthase, chlorophyll synthase 421 

andtetrapyrrole-binding protein) were absent or in relatively low abundance in the dark 422 

comparing to their diurnal counterparts (Table 2). While the change in expression levels of 423 

the individual chlorophyll biosynthesis proteins is not proportionate to the drastic crash of 424 

chlorophyll levels in the dark cultivations (Fig. 3), it is possible that the low abundance, or 425 

absence, of multiple proteins in this pathway collectively formed a bottleneck for the 426 

biosynthesis and accumulation of chlorophylls.  427 

 428 

Photoreceptor proteins in the Euglena gracilis var. saccharophila strain were generally more 429 

abundant than those in strain Z, especially during the diurnal cultivations (Table 2). For 430 

example, during diurnal growth, the phototropins and an adagio 2-like protein, both of which 431 

are light-oxygen-voltage (LOV) blue light receptors, were found to be up to 5-fold more 432 

abundant in the E. gracilis var. saccharophila strain (Table 2). Phototropins are responsible 433 

for mediating phototropism, light-induced stomatal opening, and chloroplast movement in 434 

response to changes in light intensity (Christie 2007). The adagio 2 proteins are involved in 435 

regulation of the chloroplast development and degradation in relation to circadian rhythm 436 

(Mittag et al. 2005, Zoltowski and Imaizumi 2014). Differently to earlier reports 437 

(Schwartzbach et al. 1975) where paramylon degradation were found to be regulated by 438 

photoreceptors, relatively higher levels of the above photoreceptors in the E. gracilis var. 439 

saccharophila strain did not readily result in lower paramylon accumulation. This suggests 440 

that more factors connecting the chloroplast development to paramylon degradation were 441 

involved.  442 

 443 

The development of chloroplasts in Euglena gracilis is catabolite sensitive, and will be 444 

supressed if a utilizable carbon source is present in the medium (Monroy and Schwartzbach 445 

1984). This mechanism was reflected by a crash of chlorophyll levels within 24 h of addition 446 

of glucose in both strains in both dark and diurnal cultivations and staying low until day 9 447 

(Fig. 3). However, at the proteome level, some of the enzymes involved in the chlorophyll 448 

biosynthesis pathways, such as plastid uroporphyrinogen decarboxylase (UROD, 4 to 44 fold 449 

increase) and glutamate 1-semialdehyde 2,1-aminotransferases (GSA, 1.5 to 1.9 fold 450 

increase), were found to be higher in the E. gracilis var. saccharophila strain (Table 2). The 451 

abundance of URODs and GSAs did not seem to directly translate to significant increase in 452 

the chlorophyll levels, possibly gated by the downstream enzymes. For example, no 453 
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significant changes were observed in the expression of enzymes (e.g., Mg-protoporphyrin IX 454 

chelatase, protochlorophyllide reductase, divinyl chlorophyllide a 8-vinyl-reductase and 455 

chlorophyll synthase) involved in the chloroplast biosynthesis sub-pathway that converts 456 

protoporphyrin IX into Mg-Protoporphyrin, protochlorophyllide, and ultimately chlorophyll a 457 

and b (Terry and Smith 2013). Moreover, the level of tetrapyrrole-binding protein which 458 

regulates chlorophyll synthesis and plastid-to-nucleus signal transduction (Brzezowski et al. 459 

2014) was 50% of that in the Z strain. Taken together, although many of the enzymes in the 460 

early steps of the chloroplastogenesis pathway were more abundant, the generation of 461 

chloroplasts in Euglena gracilis may be controlled by the later steps that convert 462 

protoporphyrin into chlorophylls.  463 

 464 

Comparing to the diurnal cultivation, many chloroplast and plastid proteins were not found or 465 

had fallen below the detection limit in the dark cultivations (grey-out rows; Table 2, both 466 

strains), reflecting the corresponding low chlorophyll levels of <10 μg · g −1

 478 

  biomass (Fig. 3). 467 

Of the more abundant proteins in the Euglena gracilis var. saccharophila strain during dark 468 

cultivation, plastid transketolase (TK) was found to be 68 times more abundant than in the Z 469 

strain. The transketolase plays a strategic role in carbohydrate metabolism, catalyzing 470 

reversible conversions of glyceraldehyde-3-phosphate and fructose-6-phosphate to xylulose-471 

5-phosphate and erythrose-4-phosphate, both of which are substrates for enzymes in the 472 

glycolysis/gluconeogenesis pathways (Gontero et al. 2007). Moreover, TK was found to limit 473 

the maximum rate of photosynthesis and growth through regulation of carbon allocation 474 

(Henkes et al. 2001, Gontero et al. 2007, Khozaei et al. 2015). A look into the TK abundance 475 

in the diurnal samples revealed that the enzyme levels were high in both conditions in E. 476 

gracilis var. saccharophila (NSAF coefficient 1.711 in diurnal and 1.602 in dark).   477 

The elevated levels of TK in Euglena gracilis var. saccharophila may thus be a contributing 479 

factor to its better performance in paramylon production over the Z strain during diurnal 480 

cultivation (Fig. 3) as the enzyme modulates photosynthesis and growth. However, further 481 

investigation would be required to establish this relationship. 482 

 483 

Concluding remarks 484 

The Euglena gracilis var. saccharophila variant strain was established in this study as a 485 

desirable producer of paramylon due to its ability to metabolize glucose and convert to 486 

paramylon at a faster rate than the frequently used Z strain. Paramylon yield, up to 8.1 g · L-1 487 
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was achieved by E. gracilis var. saccharophila in the dark cultivations and the glucose-to-488 

paramylon conversion rate of Ypar/glu

 491 

 = 0.46±0.03 is the highest reported in the literature to 489 

date.  490 

A total of 1647 non-redundant proteins were reproducibly identified and quantified from the 492 

Euglena gracilis var. saccharophila and the Z strains grown under dark and diurnal growth 493 

conditions and the relative abundances of a subset of proteins involved in glycolysis, 494 

gluconeogenesis, paramylon synthesis and degradation, and chloroplast and plastid 495 

biosynthesis were analyzed. A higher abundance of PFK-1, a key regulator of glycolysis; 496 

FBP, chloroplastic fructose-1,6-bisphosphatase; UROD, plastid uroporphyrinogen 497 

decarboxylase; GSA, glutamate 1-semialdehyde 2,1-aminotransferases and TK, plastid 498 

transketolase and photoreceptors may have contributed to the improved ability of E. gracilis 499 

var. saccharophila to produce and retain paramylon. The overall abundance of chloroplast 500 

and plastid proteins was associated with chlorophyll levels in both strains. It was also notable 501 

that many enzymes in the early chloroplastogenesis pathways were more abundant in E. 502 

gracilis var. saccharophila strain. 503 

 504 

The findings in this study have pointed out defined targets for the improvement of paramylon 505 

production in Euglena gracilis. For example, overexpression of the chloroplastic FBP may 506 

enhance paramylon accumulation as the protein serves as a precursor for the paramylon 507 

synthesis pathway, and overepxression of PFK-1 may enhance sugar metabolism, which 508 

could result in a quicker turnaround time in cell growth and paramylon production. 509 
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 684 

Tables and Figures 685 

Figure 1. Changes in the biomass and paramylon production by Euglena gracilis Z and 686 

Euglena gracilis var. saccharophila strains during the 9-day cultivation. The day 3 samples 687 

were collected before the addition of glucose and day 3+ samples were collected after the 688 

addition of glucose. Days 4-9 represent time points after glucose addition. Yeast extract (1YE) 689 

was provided as a nitrogen source at the start of culturing. A. Euglena gracilis Z cultures. B. 690 

Euglena gracilis var. saccharophila cultures. ○: paramylon under diurnal cycle, ●: paramylon 691 

under dark cultivation, □: biomass under diurnal cycle, ■: biomass under dark cultivation. 692 

Dotted grey lines represent residual glucose in the medium, △: residual glucose under 693 

diurnal cycle, ▲: residual glucose under dark cultivation.  694 

 695 

Figure 2. The maximum volumetric yield (A) and paramylon mass fraction of paramylon (B) 696 

obtained in the Euglena gracilis Z and the Euglena gracilis var. saccharophila cultures. 697 

Statistical significance indicated by * p<0.05, t = 3.165, 95% confidence interval 0.1622 to 698 

2.48. 699 
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 700 

Figure 3. Chlorophyll content (μg chlorophyll · g biomass-1

 706 

) in the Euglena gracilis Z and 701 

the Euglena gracilis var. saccharophila cells cultivated under diurnal and dark conditions. ○: 702 

Euglena gracilis Z under diurnal cycle, ●: Euglena gracilis Z under dark cycle, □: Euglena 703 

gracilis var. saccharophila under diurnal cycle, ■: Euglena gracilis var. saccharophila under 704 

the dark cycle. 705 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

Table 1. Level changes of the predicted proteins that are involved in the glycolysis and gluconeogenesis pathways from the Euglena gracilis var. 707 

saccharophila and Euglena gracilis Z strains during the mid-log phase of growth (day 4, 24 h post glucose addition). Greyscale heat map: 708 

proteins were color-coded if the level differences between the two strains were statistically significant, dark-grey indicates higher abundance 709 

while light-grey indicates lower abundance. Uncolored (blank) cells: proteins were present in these cultivation conditions, but the level 710 

differences between strains were insignificant. Greyed-out cells: proteins were absent or below level of detection in these cultivation conditions. 711 

NSAF coefficient values in each cell represents relative abundance of the protein across different cultivation conditions. Fold-changes represent 712 

the relative protein levels of the var. saccharophila culture compared to that in the Z strain under the same cultivation condition. Fold change 713 

ratios were not displayed for proteins that were absent or with level differences that were statistically insignificant. Up- and Down-ward arrows 714 

indicate proteins that were differentially expressed in the var. saccharophila strain. Values under the “Fold change – Diurnal to Dark” columns 715 

indicate the change in protein abundance in the dark cultures as compared to the Diurnal cultures. Statistical significance here defined as (p-716 

value <0.05, t >2 or <-2).  717 
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Table 2. Level changes of the predicted proteins associated with photoreceptors and proteins found in the chloroplasts and plastids. Data shown 720 

are from the Euglena gracilis var. saccharophila and Euglena gracilis Z cultures grown in either diurnal or dark conditions during the mid-log 721 

phase of growth (day 4, 24 h post glucose addition). Greyscale heat map: proteins were color-coded if the level differences between the two 722 

strains were significant. Numerical values in the color-coded cells is the NSAF coefficient that represents relative abundance of the protein 723 

comparing to other cultivation conditions, dark-grey indicates more abundant while light-grey indicates less abundant proteins. Uncolored (blank) 724 

cells: proteins were present in these cultivation conditions, but the level differences between strains were insignificant. Greyed-out cells: proteins 725 

were absent or could not be identified in these cultivation conditions. Fold-changes represent the protein levels of the E. gracilis var. 726 

saccharophila cultures compared to that in the Z strain cultures under the same cultivation condition. The values under the “Fold change – 727 

Diurnal to Dark” columns indicate the change in protein abundance in the dark cultures as compared to the Diurnal cultures. Up- and down- 728 

arrows indicated proteins that were differentially expressed, respectively, in the E. gracilis var. saccharophila strain. Fold change ratios were not 729 

calculated for proteins that were absent or with level differences that were statistically insignificant. Statistical significance here defined as (p-730 

value <0.05, t >2 or <-2). 731 
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