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Abstract

EuglenaigracilisZ and a ‘sugar loving’ variant straktuglena gracilis var. saccharophila,

were investigated as producers of paramylon, a -1,3-glucan polysaccharide with potential
medicinal and industrial applications. The strains were grown under diurnal or dark growt
conditions on a glucose-yeast extract medium supporting high-level paramylon production.
Both straifis produced the highest paramylon yields (7.4 to 87y rekpectively) while

grown in the dark, buhe maximum yield was achieved fastertbyracilis var.

saccharophila (48 h vs 72 h). The glucoseparamylon yield coefficient Yaygu = 0.46+0.03

in theEuglena gracilis var. saccharophila cultivation obtained in this studys the highest
reportediordate.

Proteomicranalysis of the metabolic pathways provided maleclues for the strain

behavior observed during cultivation. For example, overexprestemzymes in the
gluconeogenesis/glycolysis pathwagsluding fructokinase-1 and chloroplastiuctosel,6-
bisphosphatase may have contributed to the faster rate of paramylon accumukation in
gracilis var. saccharophila. Differentially expressed proteins in the early steps of
chloroplastogenesigathway including plastid uroporphyrinogen decastases,

photoreceptors, and a highly abund@@ fold increase) plastid transketolase may have
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provided theE. gracilis var. saccharophila strain an advantage in paramylon production
during diurnal cultivations.

In conclusion, the variant strakh gracilis var. saccharophila seems to be well suited for
producing large amounts of paramylon. This work has also resulted in the identifafati
molecular targets for future improvement of paramylon producti&n gnacilis, including

the chloroplast fructosel,6-hisphosphatase (FBRhd phosophofructokinase 1 (PFK-1), the
latter being a key regulator of glycolysis.

Keywords
Paramylon, $=2;3-glucanEuglena gracilis, E. gracilis var. saccharophila, proteomic analysis,

metabolic pathways
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NSAF, Normalised spectral abundance factor

PFK-1, phosphofructokinase 1

FBP, chleroplastic fructose-1l@isphosphatase
PEPCKs,phosphoenolpyruvate carboxykinase isoforms
UROQOD, plastid uroporphyrinogen decarboxylase

GSA, glutamate kemialdehgle 2,1aminotransferases

TK, plastidtransketolase
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89 The flagellated fresh water protistiglena gracilis produces a wide range of compounds of
90 medical and industrial interest. These include lipids for potential use as biofuel, dietary
91 supplements such as vitamin E and feeno acids, and the bioactive carbohydrate
92 paramylon Price1990,Mahapatra et aR013. The linear -1,3-glucan polysaccharide
93 paramylon istthe principal energy-storage compourifl gracilis. Paramylon has attracted
94  special interestin the context of medical and veterinary applications (Roddguala et al.
95 2010). It also finds usexs a dietary supplement for lowering cholesterol levels (Wang et al.
96 1997) andgmoderating postprandial glycaemic responses (Wood 1994).
97
98 Euglena gracilishas been cultivated heterotrophically- and photoautotrophically on various
99 nutrient campositions, ranging from simple and chemically defined formulae to complex
100 media with'indastrial byproducts (e.giplasses, corn steep solids and yeast extract) to
101 accumulate 5075% of the cell biomass as paramylon (Barsanti et al. 2001, Santek et al. 2009,
102  Ivusi¢ and Santek 2015, Ogawa et al. 2015b). However, the yield is negatively impacted by
103 photo-induced degradation of paramylon and inhibition of growth and cassonilation
104 (Rodriguez-Zavala et al. 2010). In order to avoid photo-inhibitory effects, most toliva
105 of E. gracilis have been performed under heterotrophic conditions, either in the dark using
106 the Z strain, or using permanently bleached variants which are no longer capable of
107  photosynthetie:growth (Barsanti et al. 2001, Santek et al. 2009, Rodriguez-Zavala et al. 2010,
108 Santek etal. 2012).
109
110 Euglena gracilisvar. saccharophila, a variant oE. gracilis, was first isolated in Germany in
111 the 1950s. It was described as more efficient at assimilating glucose than the Z strain and
112 capable of utilizing a wider range of carbohydrates including glutamate, malateaigyr
113 succinate and ethanol (Rodrigugavalaet al. 2006). Apart from this information, the
114 properties’oEuglena gracilis var. saccharophila have remained largely uncharacterized.
115
116 Recent transeriptomic studies on various metabolic pathwdyggiena gracilis (O'Neill et
117 al. 2015, Yeshida et al. 2016) have provided further insights into the molecular nature and
118 gene functionef the organism (Ogawa et al. 2015a, Tanaka et al. 2017). There arertlso rece
119 developments in the studies into the genome sequence and organization but no reports in high
120 throughput proteomic studies wiBuglena (Ebenezer et al. 2017).
121
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122 In this study, we have compared paramylon productioBugyena gracilis Z andvar

123 saccharophila strainsduring a diurnal cultivation cycle and in a completely dark environment
124  on a medium optimized for paramylon production. The experiments were performed with
125 strains trained on the optimized medium containing glucose and yeast extract to maximize the
126 paramylon yieldProteome profiles of the two strains cultivated in the diurnal and dark

127 conditions‘were compared for differentially expressed proteins, focussing on ystinveh

128 enzymes that may contribute to paramylon metabolism or regulation of paramylon synthesis
129 in varyingiight conditions, with a view of finding targets for strain improvement.

130

131 Materialsand Methods

132  Strainsand'cultivation media

133 TheEuglenagracilis Z strain was obtained from the Southern Biological Pty Ltd (Australia)
134 and theEuglena gracilis var. saccharophila strain was from the University of Texas Culture

135 Collection fttps://utex.org/ Cultures were maintained in t&eglena liquid medium (EM)

136  which consists of (per liter): 1 g sodium acetate, 1 g peptone, 2 g tryptone, 2 g yeast extra
137 and 0.01 g.€CaGl2H,0.

138

139 The medium optimized for paramylon production (LG1YE) contained (per litre): 17.7 g
140 glucose, 10 gwyeast extract, 0.2 g CaC®5 gMgSQOy, 0.4 g (NH,)2HPOy, 0.2 g KHPOy,

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

142 mineral stock A was mad®y dissolving 2.2 g ZnSg7H,0, 2 g MnSQ+4H,0, 0.5 g

143 Na;Mo04°2H;0, 0.04 g CoGlk6H,0 in 3 mL of concentrated HCI and the solution was

144  diluted with ddHO to 50 mL. Trace mineral stock B was made following the recipe by

145 RodriguezZavala et al. (2010All chemicals were purchased from Sigma Aldrich (Australia)
146 unless stated otherwise.

147

148 Both strains'used in the study have been passaged in 1G1YE for over 100 generations
149 (culture diluted<1:5 every seven d) over the course of two y.

150

151  Culture conditiens

152 A seedculture was produced by inoculating 10 mL of a stock culture maintained in the EM
153 medium into 50 mL of 1G1YE in a 250 mL Erlenmeyer flask and cultivating until the cel
154  density reached 1xi@ells- mL™. The seed culture was then used to start the experimental

155 culture in a fresh 1G1YE medium with an initial concentration éfcgélls - 50 mLt in a 250
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156 mL Erlenmeyer flask. Téacultures were incubated at’22on an orbital shaker at 120 rpm.

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

158 three biological replicates.

159

160 Culturesrunder-a diurnal cycle were exposed to incandescent light of approxibd&@!

161 lumens for 12 h'and then kept in the dark for 12 h with the shaker lid covered by aluminium
162 foil. The diurnal cyclewvas repeated throughout the entire nine days of cultivation. Cultures
163 grown totally in the dark were kept in 250 mL Erlenmeyer flasks covered with aluminiu

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

165

166 In order tordeplete the residual paramylon from the cultures for the paramglon@ation

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

168 1G1YE mediumwithout glucose and allowed to grow for three days before staetiagttial

169 cultivation cycle by adding the appropriate amount of glucose (17.7%.- L

170

171 Measurement,efbiomass and cell concentration

172 Triplicates'ef 10 mL aliquots of eachltiure were centrifuged at 2,00@nd the cell pellets

173 washed with'warm dd}D twice before regpending in 10 mL ddD. The cell pellets were
174  subsequently.dried in pre-weighed aluminium boats at 70°C for 48 h prior to weighing. Cell
175 concentration of each aliquot was measured on a hemocytometer (BioRad, Australia).

176

177 Determination of the paramylon content

178 Methods for the extraction and determination of the amount of paramylon produced were
179 adapted from Rodriguez-Zavala et al. (2010). Cells (10 mL) were washed by cetitnifaga
180 2,00@ andresuspended in 9 mL dgblbefore addition of 1 mL of 30% /W) ice cold

181 perchloriciacid (PCA) for cell lysis. The mixture was vortexed vigsisobefore centrifuged

182 at 1,10@ for2'min. Supernatant was removed, the pellet resuspended in 10 mL of 1% (w/v)
183 SDS and placed in boiling water for 15 min. The suspensas then centrifuged at 1,10

184 for 15 min.and washed twice in dg@ before resuspending in 10 mL of 1N NaOH. To

185 determine thesparamylon concentration in the samples, acid hydrolysis assay was carried out
186 as per Rodriguez-Zavala et al. (2010). Paramylon concentration was determined oy plotti
187 the absorbance of the sample at 492 nm to a standard curve prepared with pusafiedopa
188 purchased from Sigmaldrich. All measurements were made in technical triplicates.

189
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Paramylon amount in the cultures is expressed in the following ways: (i) volaryietd
(the amount of paramylon produced per litre of culture as ¢); (ii) mass fraction (the
amount of paramylon per gram of biomass as§), and (iii) glucosee-paramylon

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

Statistical analysis
All experimental data were collected from at least three independent cell cultures. Student’s t
test was performed on unpaired samples to determine whether the sample values differed

significantly.

Protein extraction, fractionation and trypsin in-gel digestion

The cells were'harvested on day 4 of cultivation in the dark, 24 h after the addition of glucose
(day 4;Fig. 1). Three biological replicates were cultivated for each condition. Cell samples of
100 mg wet weight were collected from b&iglena gracilis Z andEuglena gracilisvar.
saccharophila culturesand sonicated for five cycles of 10 s sonicatRhs resat 25% of the
maximum amplitude (Digital Sonifier 450, Branson-Emerson, US) in a lysis buffer
containing50 mM TrisHCI (pH 7.4), 3 mM EDTA, 250 mM sucrose, 0.04%

mercaptoethanol, and protease inhibitor (cOmpteRrotease Inhibitor Cocktail, Rochks).

Supernatants*of the sonicated samples were collected after centrifugation gffdr, 50®in
followed by precipitation, extraction and fractionatiordascribedreviously (Hasan et al
2017).Protein concentration was determined by the BCA assaydisgdo manufacturer’s
recommendations (ThermoFisher, Australia). Fractionation of the protein samples was
carried out using the XCell SureLock Mini-Cell Electrophoresis Systenrifidteésher, AU).

All gels and.reagents used for SP8GE were purchased froThermoFisher (AU) and the
procedures,were carried out as per manufacturer’s instructions unless mentioned otherwise.
The n-geltrypsin digestion of the proteins and the subsequent peptide extraction and

purification processvas carried out ggreviouslydescribed (Hasan et &017).
NanoflowdzC-MS/M S and data analysis The peptides were analysed on a revptsese
nanoLCMS/MS:QExactive mass spectrometer (Thermo Scientific,fol®)wing the

method outlined in Hasan et al. (2017).

Protein identification
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Raw nanoLCMS/MS files were converted into mzXML format and analyzed using the
global proteome machine (GPM) Fury version 3.0 with the X!Tandem algorithm
(http://www.thegpm.orgCraig andBeavis2003,2004). The MS/MS files were searched
against custm databases consisting of protein sequences retrieved from the NCBI, Uniprot
and TrEMBlLdatabases in April 2016 (NCBI: http://www.ncbi.nlm.nih.gov/, Uniprot and
TrEMBL: http://mww.uniprot.org/), and against common human and trypsin peptide
contaminantsThe data resultant GPM hits were filtered according to criteria previous
describedy(Hasan et &017).The sixteen fractions of each replicate were processed
separately on GPM with output files for each fraction and merged into a non-redundant
output file for peptide and protein identifications with a log (e) valueffudgf -1.5. The

peptide FDR wvas calculated as 2 x (total number of peptides representing reversed hits/total
number of peptides representing all hits) x 100, and the protein FDR was edlaglétotal
number of reversed protein hits/total number of all proteins) x 100.

Quantitative analysis

Quantitative.analysis was carried out by calculating the normalized abundance factor (NSAF)
for each pretein/(Mirzaei et al. 2012, Neilson et al. 2014). tragsformed NSAF data was

then used for the tweample unpaired t tests and the proteins witleatpivalue of less than

0.05 and t-value higher than 2 omlerthan -2were considered to be differentially expressed.
This gave the relative abundance value of a protein between the Z and variant cultures, which
is expressed as fold change (F@)e engme class (EC), expected valuesv@ue) and

accession numbers were extracted from the BLAST search réxultsin hits are arranged

based on the pathways involved, with a separate category “Glycolysis/gluconeogenesis,
reversible” designated for enzymtbsit catalyse reversible reactions, thus involved in both

pathways.

Chlorophyllirextraction

Chlorophyliwas extracted and the amount calculated according to the methodsedescri
Jeffrey andsHumphrey (1975). Briefly, 1 mL of cells was harvested daily during both diurnal
and dark cultivations and resuspended in 90% (v/v) acetone, followed by incubation on ice
for 30 min. The cells were then centrifuged at 2¢gd@0sediment solid matter and the
absorbance of the supernatant was measured at 664 nm and 647 nm. Chlorophyll
concentration was calculated using the absorbance readings according to tloe émjuat

higher plans and green algae containing chlorophydisdb: Chlorophylla = 11.93 Asss —
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1.93 AsszandChlorophyllb = 20.36 Asa7 —5.50 Ases,described in Jeffrey and Humphrey
(1975). Total chlorophyll amount was calculated as the sum of chlorapastib.

Resultsand Discussion

Accumulation‘of‘the biomass and paramylon under different light conditions

The Euglena gracilis var. saccharophila and theE. gracilis Z strains were cultured under a
diurnal cycle (12t2h lightdark), and in constant darkness for nina drder to compare
accumulation of paramylon as a function of time. The strains wererrghgvith no

carbon for 72 h.to deplete the paramylon reserve before addition of glucose on day 3. The
day 3+ samples were collected on day 3 immediately after the addition of glucoseribis

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

Following the addition of glucose, tii®iglena gracilis var. saccharophila cultures reached

the peak concentration of paramykmimapproximately4 h (Fig. 1B; day 4) when cultivated

in the dark; while th&. gracilis Z cultures requirea longer cultivatin period of
approximately.another 24 h (Fig. 1A; day 5) to reach the maximum paramylon concentration.
This could be due to the noticeably higher rate of glucose assimilatiergbgcilis var.
saccharophila(residual glucose depleted in 48 h, day 5) camngal to theE. gracilisZ

(residual glucese depleted in 72 h, day 6).

The highest paramylon levels produceddnglena gracilis var. saccharophila (8.1+ 0.3g -

L™ andE."gracilis Z strain (7.5 + 0.4 g - L) were similar when the strains were cultivated

in the dark, whereas under diurnal conditionEhgracilis var. saccharophila cultures

produced significantly more paramylon (49.4g - L) than the Z strain (3.6 + 0.1 g -').

(Fig. 2, A and B). Although there appeared to be no significant differences in the total
amount of paramylon accumulated by the two strains in the dark, the faster metaholism
sugar andraccumulation of paramylon shown by the variant strain may have facilitated a
shorter tunaround time thus potentially reducing the production costs. Glucose depletion also

happened faster in the variant strain under both conditions (Figure 1B).
The highest amount of paramylon produced per gram of biommass (fraction) achieved in

this study was about 80% for the variant striumglena gracilis var. saccharophila, when

cultivated in the dark. This is higher than the most commonly reporté@%0Santek et al.
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290 2009, Ivusi¢ and Santek 2015, Ogawa et al. 2015b) and on par with the 75%exthiith

291 repeateebatch cultivation of the Z strain with an over-supply of glucose (Santek et al. 2012).
292

293 We also examined the efficiency of conversion of glucose to paramylon. The highest glucose
294  to paramylon-coefficient value obtained in this study wasgX = 0.46+0.03 (Fig. 1A; dark

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

296 numbers published so far (Barsanti et al. 2001, Rodriguez-Zavala et al. 2010, Grimm et a
297 2015, Ivusi¢ andSantek 2015). Othepproaches to increase volumetric production of

298 paramylon using very high amounts of glucose and other complex carbohydrate sources have
299 returned much lower ¥ quvalues (Santek et al. 2009, Santek et al. 2012).

300

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

302 cultures was significantly higher to that of the Z strain cultures as a direct consequence of
303 having a higher paramylon mass fraction (Fig. 2B). This indicates that the pdatokile

304 degradation of pamylon was not as pronounced in the variant strain as it was in the Z strain.
305

306 In summary, both strains were found to produce more paramylon when cultivated in the dark,
307 producifigapproximately 8 g - of paramylon compared to 4-5 g ~*under diurnal

308 cultivation. Although both strains accumulated less paramylon under the diurnal condition,
309 the variant strain was still somewhat more productive than the Z strain. [&éngaramylon

310 catabolism has been demonstrated to be pinoigeible, it is possible tt the differences of

311 paramylonlevels between the strains arise from their apparent differing sensitivity, or the
312 extent of the photoinduced reaction to light (Schwartzbach et al. 1975, Barsanzogual

313

314  Accumulation of chlorophyllsin the Euglena gracilisZ and E. gracilis var. sacchar ophila

315 dtrains

316 Chlorophylis'play important roles in the photosynthesis process and chlorophyll

317 concentrationsis often used as an indicator of photosynthesis activity level i gatahbther

318 photosynthetic organisms (Nagaraj et al. 2002, Papageorgiou 2007,T&pade:-et al.2013).

319 Here the chlerephyll content was evaluated biochemically to support the proteomic analysis
320 of the photosynthesis and chloroplast biogenesis pathways in sectiorm Be3tatal

321 chlorophyl content (chla andb) in thevariantEuglena gracilis var. saccharophila strain was

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

323 differences uner the diurnal condition (Fig. 3).
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The amount of chlorophyll remained at 20 tou80- g * biomass during the first threeod
cultivation, when botltuglena strains were grown in the absence of glucose thus relying on
photosynthesis for survival. Chlorophyll levels declined sharply to less thand * after

the additiontef'glucose (day 3+ to day 4) as both strains entered heterotrophic growth, but
steadily recovered after day 5 when glucose was exhausted and the strains returned to
photoautotrophic growth (Figé.and 3).

Proteome changes between the dark and diurnal cultivation conditions

A total of 1647 non-redundant proteins could be reproducibly identified and quantified from
the Euglena'gracilis Z andE. gracilis var. saccharophila strainson day 4 of the cultivation

period Fran'these, the relative abundances of a subset of proteins involved in glycolysis,
gluconeogenesis, paramylon synthesis and degradation, and chloroplast and plastid
biosynthesis were analyzed from the strains grown under dark and diurnal growth conditions
based on their NSAF coefficient.

The NSAF ¢oefficient is calculated based on a protein’s spectral count and length, which
allows comparison of the relative abundance of a protein against the entire poolias@bte

a given time_point. This method dosst require a reference (0 hour time point) for

comparison of differentially expressed proteins and has been widely applied to various
organisms_as a reliable indicator of relative protein quantity (Voelclkél 2010, Neilson et

al. 2011, Mirzaei et al. 2012, Monavarfeshani et al. 2013, George et al. 2015, Kaufman et al.
2015). Toadd ta the stringendgld change ratio (as calculated from NSAF coefficient

values) of a protein was considered valid only when the protein of interest candieddigte

all three replicates and that the NSAF distribution in the triplicates satisfytdbeft-value

<0.05, t-value >2 or <32

Differentially-expressed enzymes in the sugar metabolic pathways

The majority of enzymes involved in the sugar metabolism pathways - glycolysis,
gluconeogenesis, paramylon synthesis and degradatiene-identified from both strains
under both cultivation conditions (dark and diurnal). Exceptions to this were glucaf-endo-

D-1,3-glucosidase and phosphofructokindsenzymes that wemot found in the diurnal

This article is protected by copyright. All rights reserved



356
357
358

359
360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376
377
378

379

380

381
382
383
384
385
386
387

cultures, and isoform Il d§-D-1,3-glucan synthase and isoform VI of glucan efd»-1,3-
glucosidase that were not found in dark cultivations (Table 1).

Glycolysis and gluconeogenesis

The analysis of proteins involved in glycolysis and gluconeogenesis (Table 1) showed that
phosphofructokinase 1 (PFK-1), a key regulator of glycolysis, was more tioéohigher in
Euglena.gracilisvar. saccharophila than in the Z strain in the diurnal cultivation. PFK-1
catalyses the first reaction that commits glucose to the glycolytic pathway (Mor et al. 2011)
and an overexpression of PFK-1 may help contributing to the faster metabolismoskegiuc
theE. gracilisvar. saccharophila strain observecithe cultivation studiesiboth cultivation
modes (Fig. 1B).

Most enzymes in the gluconeogenesis pathway mere abundanh the Euglena gracilis
var.saccharophila strain, including chloroplastic fructose-1,6-bisphosphatase (FBP) with a
two-fold increase during diurnal cultivation. The increased abundance of chloropBBtic
was as expected as it plays a role in photosynthetic carbon metabolism (Ogawa¥5a).
Thehigherabundancef FBP may also facilitate paramylon accumulation inEhgracilis

var. saccharophila strain, as the product of FBP, fructos@t@sphate, serves as a precursor
to the paramylon synthesis pathway. Other enzymes that were more abuorndeBt

gracilis var. saccharophila strain were phosphoenolpyruvate carboxykinase isoforms
(PEPCKs)-insthe range of 1.6 to 2-fold increase (Table 1) during diurnal deltivahe

levels of cytosolic fructosé,6-bisphosphatasend pyrophosphat&uctose éphosphate 1-
phosphotransferase were not affected by the cultivation mode.

Paramylon synthesis and degradation

Enzymes (esgglucan ende3-D-1,3-glucan synthases and glucan e#fidD-1/3-glucosidases)
involved ingaramylon synésis and degradation in tBeglena gracilis var. saccharophila
strain were“almost uniformly lower with a few remaining unchanged compared tottianZ s
in both diurnal and dark cultivations (Table 1). ForBEhgracilis var. saccharophila strain,
thismay be indicative of a transitional phase in its paramylon metabolism, asdides

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

and dark cultivations).
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388 The overall higher expression level of the gluconeogenesis pathway, coupled Wothahe
389 expression level of paramylon synthesis/degradation ikubkena gracilis var.

390 saccharophila strain in the diurnal cultivation also signifies a shift from the heterotrophic
391 growth (medium glucose-dependent) to photoautotrophic growth (light apai€i@ndent).
392 This metaboliesshift was corroborated by the elevated levels of photorecep&inpeotd

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

394

395 During dark cultivation, the levels of mastizymes were similar between the two strains.
396 Some enzymes involved in the paramylon synthesis and gluconeogenesis pathways became
397 more abundant(1.4 to 30-fold increase) in the Z strain (Table 1), which may haveutedtri
398 to the accumulation of paramylon during dark cultivation (Fig. 1A; days BiHg) enzymes
399 that were overéxpresséattluded the chloroplastic fructodeé-bisphosphatase,

400 phosphoenolpyruvate carboxykinases, phosphoglucomutase, UDP—glucose

401 pyrophosphorylase and afoinctional enzyme capée of catalysing both the

402 phosphoglucomutase and UDP—glucose pyrophosphorylase reactions. However, fluctuation
403 of the enzyme.levels in paramylon and glucose metabolic pathways did not result in a
404 significant'difference in maximal paramylon yields betwtenZ andEuglena gracilis var.
405 saccharophilastrains in the dark even thoughgracilis var. saccharophila accumulated

406 paramylon faster (Fid2, A and B;days 4-5). This finding further reinforces the view that
407 while differential protein expression leattsa different rate of paramylon accumulation
408 Dbetween the strains studied, their maximal growth and paramylon yield aregstiited by
409 similar physiological bottlenecks or rate limiting enzymes discussed below.

410

411 Differentiallyexpressed enzymesin photosynthesis and chloroplast biogenesis pathways

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

413 between chlorophyll levels, chloroplast/photosynthassaciated proteins and paramylon
414 accumulation were also ptored. A decrease in paramylon production was expected in the
415 diurnal cultivations due to the fact that light may enhance the activity of enzgspmmsible
416 for paramylen degradation (Price 1990).

417

418 The overall abundance of chloroplast and plastid pretdientified from the diurnal

419 cultivations inEuglena gracilis var. saccharophila and Z strains was similar and

420 approximately two-fold higher than in their corresponding dark cultures. Some chlorophyll
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421 biosynthesigelated proteins (e.gplastid uroporphyrinogen synthase, chlorophyll synthase
422  andtetrapyrrolésinding protein) werabsent or in relatively low abundance in the dark

423 comparing to their diurnal counterpafisable 2) While the change in expression levels

424  theindividual chlorophyll biosynthesis proteins is not proportionatiédrastic crash of

425 chlorophylllevels in the dark cultivations (Fig), itis possible thathe low abundance, or
426 absence, amultiple proteinsn this pathway collectiveljormeda bottleneck for t

427  biosynthesis and accumulation of chlorophylls.

428

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

430 abundant than'those in strain Z, especially during the diurnal cultivations (abla 2

431 example, during diurnal growth, the phototropins and an adagio 2-like protein, both of which
432 are light-oxygenvoltage (LOV) blue light reeptors, were found to be up to 5-fold more

433 abundant in.thé&. gracilis var. saccharophila strain (Table 2). Phototropins are responsible
434  for mediating phototropism, light-induced stomatal opening, and chloroplast movement in
435 response to'changes in lighteénsity (Christie 2007). The adagio 2 proteins are involved in
436 regulation/ofthe chloroplast development and degradation in relation to circlagtiam r

437 (Mittag et al. 2005, Zoltowski andhaizumi 2014. Differently to earlier reports

438 (Schwartzbaeh et al975) where paramylon degradation were found to be regulated by

439 photoreceptors, relatively higher levels of the above photoreceptorsEngieilis var.

440 saccharophila strain did not readily result in lower paramylon accumulation. This suggests
441 that mae factors connecting the chloroplast development to paramylon degradation were
442  involved.

443

444  The development of chloroplastskuglena gracilisis catabolite sensitive, and will be

445  supressed-ifautilizable carbon source is present in the medium (Mawr&¢hwartzbach

446 1984). This mechanism was reflected by a crash of chlorophyll levels within 24 h of addition
447  of glucose in both strains in both dark and diurnal cultivations and staying low until day 9
448 (Fig. 3). However, at the proteome level, some of the enzymes involved in the chlorophyll
449 Dbiosynthesis pathways, such as plastid uroporphyrinogen decarboxylase (UROD, 4 to 44 fold
450 increase) and glutamatesémialdehyde 2,1-aminotransferases (GSA, 1.5 to 1.9 fold

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

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

453 the chlorophyll levels, possibly gated by the downstream enzymes. For example, no
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459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
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476
477
478
479
480
481
482
483
484
485
486
487

significant changes were observed in the expression of enzyme#/i@grotoporphyrin 1X
chelatase, protochlorophyllide reductase, divinyl chlorophy#i8evinyl-reductase and
chlorophyll synthase) involved in the chloroplast biosynthesigsiiovay that converts
protoporphyrin IX into Mg-Protoporphyrin, protochlorophyllide, and ultimately chloroghyll
andb (Terryand'Smith 2013). Moreover, the level of tetrapyrioileding protein which
regulates chlorophyll synthesis and plastidiucleus signal transduction (Brzezowski et al.
2014)was '50% of that in th2 strain. Taken together, although many of the enzymes in the
early steps of the chloroplastogengmthway werenore abundant, the generation of
chloroplasts, ircuglena gracilis may be controlled by the later steps that convert
protoporphyrin.into chlorophylls.

Comparing to the diurnal cultivation, many chloroplast and plastid proteins were not found or
had fallen below the detection limit in tharll cultivations (greyout rows;Table 2, both

strains), reflecting the corresponding low chlorophyll levels of gd0g ™ biomass Eig. 3).

Of the more abundant proteins in thaglena gracilis var. saccharophila strain during dark
cultivation,plastid transketolase (TK) was found to be 68 times more abundant thaiZin t
strain. The transketolagtays a strategic role in carbohydrate metabolism, catalyzing
reversible conversions of glyceraldehyde-3-phosphate and fructoisesphate to xylulose
5-phosphate.and erythrose-4-phosphate, both of which are substrates for enzymes in the
glycolysis/gluconeogenesis pathways (Gontero et al. 2007). Moreover, TK was found to limit
the maximum rate of photosynthesis and growth through regulation of carbon allocation
(Henkes etal. 2001, Gontero et al. 2007, Khozaei et al. 2015). A look into the TK abundance
in the diurnal samples revealed that the enzyme levels were high in both condiEons

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

The elevated. levels of TK iBuglena gracilis var. saccharophila may thus be a contributing
factor to its"better performance in paramylon production over the Z strain duringldiurn
cultivation«(Fig=3) as the enzyme modulates photosynthesis and growth. However, furthe

investigatiemwould be required to establish this relationship.

Concluding remarks
The Euglena gracilis var. saccharophila variant strairwas establisheih this study as a
desirable producer of paramylon due to its ability to metabolize glucosmanert to

paramylon at a faster rate than the frequently used Z strain. Paramylon yield, upto 8.1 g - L
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488 was achieved bE. gracilis var. saccharophila in the dark cultivations and the glucase-

489 paramylon conversion rate oh¥/qu = 0.46+0.03 is the highestported in the literature to
490 date.

491

492 A total of"1647=non-redundant proteins were reproducibly identified and quantifiedhfeom t
493 Euglena gracilisvar. saccharophila and the Z strains grown under dark and diurnal growth
494 conditions'and the relative abundances of a subset of proteins involved in glycolysis,
495 gluconeogenesis, paramylon synthesis and degradation, and chloroplast and plastid
496 biosynthesis were analyzefl higher abundance 6fFK-1, a key regulator of glycolysis;

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

498 decarboxylase; GSA, glutamatesémialdehyde 2,aminotransferases and TK, plastid

499 transketolase and photoreceptors may have contributed to the improved aHilityauilis
500 var.saccharophila to produce and retain paramylon. The overall abundance of chloroplast
501 and plastid proteins was associated with chlorophyll levels in both stitawess hlso notable
502 that many'enzymes in the early chloroplastogenesis pathways were more abuBdant in

503 gracilisvarssaecharophila strain.

504

505 The findingssin this study have pointed out defined targets for the improvement of/lmaram
506 productionfinEuglena gracilis. For examplepverexpression of the chloroplastic FBP may
507 enhance paramylon accumulation as the protein serves as a precursor for typparam
508 synthesis pathway, and overepxression of PFK-1 may enhance sugar metabolism, which
509 could resultsinsa quicker turnaround time in cell growth and paramylon production.

510
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Tables and-Figures

Figure 1. Changes in the biomass and paramylon productideughena gracilis Z and

Euglena gracilisvar. saccharophila strains during the 9-day cultivation. The day 3 samples
were collected before the addition of glucose and day 3+ samples were collected after the
addition of glucose. Days4 represent time points after glucose addition. Yeast extract (1YE)
was provided as a nitrogen source at the start of culturingughena gracilis Z cultures. B.
Euglena gracilis var.saccharophila cultures.o: paramylon under diurnal cycle, ®: paramylon

under dark cultivation;: biomass under diurnal cycle, m: biomass under dark cultivation.

Dotted grey lines represent residual glucose in the mediumesidual glucose under

diurnal cyclesA: residual glucosender dark cultivation.

Figure 2. The maximumvolumetric yield (A) and paramylon mass fraction of paramylon (B)
obtained in théeuglena gracilis Z and theEuglena gracilis var. saccharophila cultures.
Statistical significance indicated byp¥0.05, t = 3.165, 95% confidence interval 0.1622 to
2.48.
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Figure 3. Chlorophyll contenty(g chlorophyll - g biomas$ in theEuglena gracilis Z and
the Euglena gracilis var. saccharophila cells cultivated under diurnal and dark conditions.
Euglena gracilis Z under diurnal cycles: Euglena gracilis Z under dark cycle;: Euglena
gracilis var. saccharophila under diurnal cyclem: Euglena gracilis var. saccharophila under

the dark cycle.
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Table 1. Level changes of the predicted proteins that are involved in the glycolysis and glewmegathways from tliglena gracilis var.
saccharophila and Euglena gracilis Z strains during the mitbg phase of growth (day 4, 24 h post glucose addition). Greyscale heat map:
proteins were colecoded if the level differences between the two strains were statistically signifieakgrey indicates higher abundance
while lightgrey indicates lower abundance. Uncolored (blank) cells: proteins were phestmse cultivation conditions, but the level
differences between strains were insignific&@reyedout cells: proteins were absent or below level of detection in these cultivation conditions.
NSAF cqefficient values in eaclelt represents relative abundance of the protein across different cultigatditions.Fold-changes represent

the relative protein levels of thear. saccharophila culture compared to that in tizestrain under the same cultivation conditiéold chang

ratios were-not displayed for proteins that were absent or with level differences that were statigtigaifjcant. Up and DownRward arrows
indicate proteins that were differentially expressed in thesaacharophila strain. Values under the “Fbkchange- Diurnal to Dark” columns
indicate the=change in protein abundance in the dark cultures as compared to the Diiwmesl Statistical significanceste defined aspf

value <0.05,'t >2 or &).
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Fold-change
Diurnal cultivation Dark cultivation Diurnal to Dark
E. gracilis var. Fold- E. gracilis Z E. gracilis var. Fold- E. gracilis Z E. gracilis var. E. gracilis Z EC Number Description Accession
saccharophila change saccharophila change saccharophila number
Glycolysis
@ 2.7 1.062 - 0.678 2.7.1.2 Glucokinase; GK TORE29
- 0.812 f 2.4 0.637 53.1.9 Glucose-6-phosphate isomerase; GPI ROGDQ1
7.4 0.166 1.568 - 1.034 f 6.2 2.7.1.11 Phosphofructokinase 1; PFK-1 BACYS52
- - 0.709 2.372 2.7.1.11 ATP-dependent 6-phosphofructokinase C9ZKZ6
1. 0 1.2 0.830 - 0.897 4.1.2.13 Fructose-bisphosphate aldolase Q42728
1.8 0.668 - 2.0 0.689 2.7.1.40 Pyruvate Kinase B3RNSO
0.801 - 0.934 1.044 - 1.222 1.2.4.1 Pyruvate dehydrogenase complex, component E1 Q6KCM1
1.4 1 1.4 0.753 1.126 - 1.036 - 2.3.1.12 Pyruvate dehydrogenase complex, component E2 Q6KCMO
0.950 1.6 1.042 ?‘ 2.1 0.481 B 3.2 1.8.1.4 Pyruvate dehydrogenase complex, component E3 Q6KCL9
Glycolysis / Gluconeogenesis, reversible
o‘zsag WF a9 0315 7.1 [ 53..1 _ |Triosephosphate isomerase QBVEGS
0.449 F 4 2.9 0.771 - 1.479 - - Triosephosphate isomerase AOADS3IUIS
0.911 4" 1.9 0.492 1.256 1.340 s 2.7 1.2.1.12 Glyceraldehyde-3-phosphate dehydrogenase; GAPDH Q43311
1.072 U 1.6 0.655 1.166 - 1.107 2.7.2.3 Phosphoglycerate kinase; PGK Q66PT2
1.2 0.569 0.446 - 2.4 s 3.6 2.7.2.3 Phosphoglycerate kinase; PGK Q66PT3
1.3 0.856 1.578 0.420 1.2.19 Glyceraldehyde-3-phosphate dehydrogenase (NADP+), GAPN R1BKM5
1.011 - 0.760 1.238 - 0.991 5.4.211 Phosphoglycerate mutase X6POR7
1.125 - 0.961 1.064 - 0.849 4.2.1.11 Enolase QILEK7
0.963 - 0.757 0.878 T 16 [ amaoz | 32111 |Enolase Q9LEK7
Gluconeogenesis
1.120 - 0.892 1.131 - 0.856 - 3.1.3.11 Fructose-1,6-bisphosphatase , cytosolic, EgFBPaselll AOAOUAMTX7
i+ 2.0 1.050 0.160 & 4.2 s 13.2 3.1.3.11 Fructose-1,6-bisphosphatase, chloroplastic, FBP A3Q557
0.861 - 0.932 1.027 - 1.180 2.7.1.90 Pyrophosphate-fructose 6-phosphate 1-phosphotransferase D7FV23
U 16 0.858 0.849 0.918 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform | L8GALS
0. @ 2.1 0.441 1.041 - 1.588 e 3.6 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform Il L8GAL5
0. 1 1.4 0.495 0.860 i 23 LB 3.9 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform IlI L8GALS
0.750 U 2.0 0.373 1.4 1@ 45 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform IV L8GAL5
1.05! U 2.2 0.476 1.247 1.222 Ln 26 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform V L8GQALS
0.909, 16 0.612 1.221 | | 1.258 Il 4.1.1.32 Phosphoenolpyruvate carboxykinase; PEPCK; Isoform VI L8GQL5
r ¥ y
0.531 i 5.4.2.2 Phosphoglucomutase TOQKN9
0.801 3 5.4.2.2/ Phosphoglucomutase W7T5H8
4.7 2.7.7.9 /UDP-glucose pyrophosphorylase bifunctional AOAON7L4LS
1.093 - - 2.7.7.9 UDP—-glucose pyrophosphorylase; Isoform | B9XHRS8
0.421 - 0.725 0.091 s 46 4+ 3.8 2.7.7.9 UDP—-glucose pyrophosphorylase; Isoform Il 10YVS3
1.192 - 1.066 1.038 2.4.1.34 B-D-1,3-glucan synthase (GT48 family); Isoform | AOAO0SAKKB3
0.919 - 2.517 - - - 2.4.1.34 B-D-1,3-glucan synthase (GT48 family); Isoform II AOA0S4IWMO
Parmaylon degradation
- - [~ 75 0.354 - 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH64 family) AOAOWOVYE4
0.463 - 1.160 - 1.295 4+ 25 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform | AOAOE4B7Q1
D.GE? 1.142 0.742 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform Il AOAOE4B7Q1
0.564, 1.126 - 1.090 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform Il A9ER91
0. 540\ 0.966 0.919 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform IV AOA150RBA9
0.802 1.219 0.826 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform V AOAOE4B9H2
0.521 - - - 3.2.1.58/39 |Glucan endo-B-D-1,3-glucosidase (GH81 family); Isoform Vi AOA150GTC4
0.341 0.940 - 1.932 3.2.1.21 Exo-B-D-1,3-glucanase (GH2 family); Isoform | A4BD51
0.418 - I 1.231 [ 0.643 1.708 3.2.1.21 Exo-B-D-1,3-glucanase (GH5 family) AOAOSBKM75
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Table 2. Level changes of the predicted proteins associated with photoreceptors and poatedns the chloroplasts and plastidat® shown

are from theEuglena gracilis var. saccharophila andEuglena gracilis Z cultures grown in either diurnal or dark conditions during thelogd
phase of growth (day 4, 24 h post glucose addition). Greyscale heat map: proteins weredealdf the level differences between the two
strains were=significantNumerical valuesn the colorcoded cells is the NSAF coefficient that represents relative abundance of the protein
comparing_ to other cultivation conditiordark-grey indicates more abundant while ligjrey indicates less abundant proteins. Uncolored (blank)
cells: praeins were present in these cultivation conditions, but the level differences between strainsgmdieans Greyedout cells: proteins
were absent or could not be identified in these cultivation conditiéolstchanges represent the protein levelstlod E. gracilis var.
saccharophila cultures compared to that in tlestrain cultures under the same cultivation conditiime values under the “Fold change
Diurnal to Dark” columns indicate the change in protein abundance in the darkesudis compared to the Diurnal culturep- Bhd down
arrows indieated proteins that were differentially expressed, respectively Engteeilis var. saccharophila strain. Fold change ratios were not
calculated'for proteins that were absent or with level differences that were sthtigigignificant. Statistical signifance here defined ags-(

value <0.05, t >2 or <-2).
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Fold-change
Diurnal cultivation Dark culti Diurnal to Dark
E. gracilis var. Fold- E. gracilis Z E. gracilis var. Fold- E. gracilis Z E. gracilis var. E. gracilis 2 E-value Description Accession
saccharopbhila change saccharophila change saccharophila number
Photoreceptors
- 44 0.363 - = - - - 3.0E-16|Adagio protein 2 Q8w420
[ 40 0.319 = 11 1.159 - - 4.4E-06|Neochrome Q40106
4~ 1.9 0.672 4 1.6 0.783 - - 2.4E-07|Neochrome (fragment) AOA059UB02
M 54 0.283 - - - - - 8.5E-12|Phototropin AQAQ59UB53
[~ 1.7 0.736 1.076 = 1.1 0.969 - - 3.1E-18|Phototropin AOAO59UB72
F 20 | 1.103 T 19 0.587 - - 5.9E-25|UVB-receptor 10YXW7
Chlorophyll biosnhthesi:
1.020 1.6 | 0.452 [& 20 0.912 m 2.3 13 1.8 0.0E+00]Plastid glutamyl tRNA synthetase ADA1L3A2Y0
1.108 15 0.737 1.074 - 1.081 - 1.2E-26|Plastid glutamate 1-semialdehyde 2,1-aminotransferase ADA1L3A3C6E
1.098 19 0.581 _?‘ 13 1.001 . - 8.5E-18|Plastid glutamate 1-semialdehyde 2,1-aminotransferase A0A1L3A3C7
0.784 - 1.871 - - - - 2.2E-06|Plastid glutamate 1-semialdehyde 2,1-aminotransferase AOA1L3A3C9
- 2.037 - - - - 0.0E+00|Plastid uroporphyrinogen synthase AOA1L3A3L8
4.8 0.538 - - - - - 0.0E+00|Plastid uroporphyrinogen decarboxylase isoform 1 AOA1L3A3Y5
0.049 0.289 T 52 [masen [ 75 [ 302 1.9E-17|Plastid uroporphyrinogen decarboxylase isoform 2 AOATL3A403
1.149 0.609 - 0.729 m 2.5 T 1.6 0.0E+00|Plastid uroporphyrinogen decarboxylase isoform 3 ADA1L3A425
- - - - - 3.5E-118|Plastid coproporphyrinogen oxidase isoform 3 AOA1L3A3U9
0.459 v 17 0.753 - 3.3 i 1.7 0.0+00|Plastid protoporphyrinogen oxidase AOA1L3A3P7
1.166 1.325 0.403 ¥ 28 1.106 r 2.9 1.7E-60|Mg-protoporphyrin X chelatase AODAOG3FB04
1.482 - 0.678 = - - - - 1.4E-25|Protochlorophylliide reductase 048741
1.013 - 0.625 - 1.165 - - 4.6E-28|Protochlorophyllide reductase Q8W3D9
0.985 - 0.372 7.0 0.329 - - 3.5E-20|Light-dependent protochlorophyllide reductase 066148
1.724 - 5.5 0.203 - - 5.3E-146|Divinyl chlorophyllide a 8-vinyl-reductase, chloroplastic JIRYI6
2.432 - - - - - 4.2E-141|Chlorophyll Synthase Q5W6H5
1.062 & 19 _ | - - - - 3.8E-35|Tetrapyrrole-binding protein, chloroplastic QILXa1
Other chloroplast and plastid proteins
T 16 | wam | 0259 [ 29 0.751 T 70 & 16 1.7€-12|Elongation factor Tu, plastid P14634
4 52 0.157 iH@ 79 |4~ 100 9.8¢-38| DNA-directed RNA polymerase subunit beta P23580
T 22 P17 0.805 - - 2.8E-06|6-phosphogluconate dehydrogenase, decarboxylating B2NIV9
¢ 2.2 0.601 1.078 = 10 1.025 - 4 17 2.2E-04|30S ribosomal protein S8, chloroplastic P21508
4~ 1.6 0.772 2.2 0.612 - - 5.8E-13|Elongation factor Tu, chloroplastic M1EV34
1.021 - 15 0.683 18 0.816 - - 1.5E-164 |Elongation factor Tu, chloroplastic AOAOG3FBA4
0.702 1.2 0.875 - 1.320 4 1.6 - 4.5E-32|ATP synthase subunit alpha, chloroplastic AOA1BOUKY3
0.721 14 1.035 0.892 & 15 - - 2.0E-26|ATP synthase subunit beta, chloroplastic AOA1BOUKY9
0.874 2.7 0.111 59 0.648 > 7.9 3.7 3.7€-15|Oxygen-evolving enhancer protein 2 P83687
0.313' 9.6 0.042 15.5 0.640 ny 7.5 4.7 0.0E+00|ADP,ATP carrier protein E6Y2N7
1.743 - 0.664 " 680 0.023 - 28.5 1.7E-161|Plastid transketolase ABYAZS5
0.904 1.015 @+ 21 0.662 - - 8.0E-37|Translation initiation factor IF-2, chloroplastic QIXEK9
1.195 1.095 0.403 33 L 3.0 - 1.3€-21|Chloroplast light-harvesting complex | protein Lhca2 A4QPI4
1335 - 2.073 0.107 & 46 0.485 3 125 [ 43 8.0E-71|Chloroplast photosystem Il protein M D8VEQS
0.390 - 1.018 0.382 - 59 - s 22 4.2E-19|DNA-directed RNA polymerase subunit M1EVD2
T 98 0.247 - - - - - 4.5E-14|Ferredoxin P22341
4~ 3.8 0.592 - - - - - 8.0E-13|50S ribosomal protein L12, chloroplastic M1EWE9
< 1.9 - - - - - 0.0E+00|Chloroplast light-harvesting complex Il protein ABHPF9
1.9 - - - - - 0.0E+00|Cytochrome f, chloroplastic Q8GZR2
0.197 19.2 - - - - - 0.0E+00|Chloroplast light-harvesting complex | protein ABHPCE
- - - 0.330 ¥ 92 - - 3.2€-06|Chloroplast enolase QOLEKE
- - - 0.296 & 86 - - 7.3E-04|Photosystem |l reaction center protein Z (PSII-Z) M1FT16
1.048 - 0.747 1.873 - 0.333 - - 0.0E+00|Porin-like protein Q9FPM7
0.594 - 1.152 1.441 - 0.813 - - 2.0E-45|50S ribosomal protein L2, chloroplastic P19165
0.996 - 0.880 1.288 - 0.835 - - 2.0E-07{30S ribosomal protein S9, plastid P58135
0.812 - 0.576 1.380 - 1.232 - - 7.96-26|DNA-directed RNA polymerase subunit beta ADA0G3VQUO
2.149 - 0.949 - - - - - 1.4E-04|Chloroplast light-harvesting complex | protein A8BHPD3
0.555 3.011 - - - - - 5.1E-151 |Chloroplast light-harvesting complex Il protein Lhcbm4 A4QPI0
1.744 2.175 - - - - - 0.0E+00|Light harvesting chlorophyll a /b binding protein of PSII Q39725
1.887 0.768 - - - - 8.9€-166 |Chloroplast Phosphoglycerate kinase Q66PT3
1.250 - 0.907 - - - - - 2.3E-177|Plastid ribose-5-phosphate isomerase ADA0S3IU33
1.447 - 0.987 - - - - - 1.4E-25|Plastid fructose 1,6-bisphosphatase isoform 1 AOA0S3IUCS8
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