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Abstract

Xylitol is a high-value sugar alcohol widely used in the food and pharmaceutical
industries. While microbial xylitol production primarily relies on fermentative organisms,
sustainable alternatives involving photosynthetic microorganisms as a substitute for
chemical hydrogenation remain largely unexplored. Here, we investigate whether the
microalga Auxenochlorella protothecoides UTEX 25 can assimilate xylose and produce
xylitol under heterotrophic conditions when glucose, acetate, or both carbon sources
were simultaneously provided to the medium. When supplemented with glucose, xylose
uptake was initially inhibited but later accelerated, leading to the highest xylose
consumption rate (0.84 = 0.10 g gDW~" d~'). When supplemented with acetate, xylose
assimilation occurred gradually with a lower consumption rate (0.24 = 0.01 g gDW~"'d™).
Xylose uptake was linked to xylitol excretion, with a 1:1 xylose-to-xylitol conversion ratio
in all conditions. When supplemented with both carbon sources, xylose metabolism was
enhanced, combining the benefits of both glucose-induced transport and acetate-
sustained metabolism. This condition resulted in an intermediate xylose consumption
rate (0.64 + 0.06 g gDW~" d~') and the highest xylitol production rate (0.65 + 0.01 g gDW~"
d™"). A fed-batch strategy further improved xylose conversion and increased final xylitol
yield to0 0.91 g gywse ', comparable to xylitol bioproduction rates in engineered yeasts.
Genome analysis identified putative xylose transporters and a putative xylose reductase.
These findings establish A. protothecoides as a promising candidate for microalgal-based
xylitol production, providing a foundation for further metabolic engineering and process
optimization for sustainable xylose valorization.
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1. Introduction

Microalgae are photosynthetic organisms, with some species also capable of efficient
heterotrophic growth. Heterotrophy offers several advantages, including reduced
contamination risks and the elimination of costly enclosed photobioreactors (Carone et
al. 2019). Additionally, heterotrophic cultivation enhances biomass accumulation and
the production of valuable biocompounds, such as lipids (Ghidossi et al. 2017). One of
the main challenges in heterotrophic cultivation is selecting economically and
ecologically viable carbon sources.

Hemicellulose, a major compound of lignocellulosic biomass alongside cellulose and
lignin, is among the most abundant biomolecules on Earth. However, its industrial
utilization is hindered by its complex structure and limited accessibility (Rao et al. 2023).
Moreover, hemicellulose primarily contains xylose (18-30% of lignocellulose hydrolysate
sugars), a sugar rarely assimilated by microorganisms, except for certain yeasts (reviewed
in Zha et al. 2021), filamentous fungi (Sampaio et al. 2003), bacteria (Zhao et al. 2020) ,
and a few microalgae (Leite et al. 2015; Portillo et al. 2022).

A previous study conducted in our laboratory demonstrated that the oleaginous green
microalga Auxenochlorella protothecoides UTEX 25 is capable of heterotrophic growth
using glucose, xylose, and acetate (Perez Saura et al. 2024) the three major carbon
sources found in beech wood dilute-acid hemicellulose hydrolysates (Miazek et al. 2017).
A. protothecoides is a microalga of choice for biotechnological applications and is one of
the ‘food grade’ microalgal strains with a GRAS (generally recognized as safe) status. It
has been commercially produced for more than 50 years, for example found in pills or
energetic powders because of its high protein and lipid content. In addition, this latter
feature makes this microalga also attractive in the field of biofuel production (reviewed in
Caporgno et al. 2019). Finally, the microalga is amenable to genetic transformation by
homologous recombination (Goold et al. 2024), which paves the way to metabolic
engineering and synthetic biology.

Considering the three carbon sources assimilated by A. protothecoides, the
metabolization of glucose and acetate follows well-known pathways. Glucose is
metabolized through glycolysis, whereas acetate is converted into acetyl-CoA and enters
the glyoxylate cycle, a shunt of the Krebs cycle, which enables the synthesis of building
blocks, such as amino acids and sugars, via gluconeogenesis (reviewed in Zhang and
Fernie 2023). In contrast, xylose assimilation is less common. In yeasts, xylose can be
taken up by specific xylose transporters or, if absent, through nonspecific hexose
transporters. It is reduced to xylitol by a xylose reductase and xylitol is then converted to
xylulose by a xylitol dehydrogenase. Xylulose is finally phosphorylated into xylulose-5-P
by a xylulose kinase. Xylulose-5-P is redirected to the pentose phosphate pathway and
glycolysis to sustain growth. In some bacteria, a xylose isomerase catalyzes the
conversion of xylitol into xylulose, which bypasses the xylitol intermediate (reviewed in
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Zhao et al. 2020). Considering A. protothecoides, xylose alone could not be assimilated
but a decrease of the xylose concentration was measured in the cultivation medium when
a mix of acetate, glucose and xylose was used for growth. It remained unclear if xylose
assimilation required glucose, acetate or both carbon sources. In addition, the metabolic
fate of xylose inside the cell was not determined (Perez Saura et al. 2024).

In this study, we evaluated the ability of A. protothecoides to utilize xylose in the presence
of glucose and/or acetate and assessed the influence of these carbon sources on xylose
metabolism. Additionally, we proposed a strategy to improve xylose valorization.
Interestingly, we discovered that xylose uptake was associated with xylitol excretion,
suggesting a partially active xylose metabolism pathway. This pathway likely involves
sugar membrane transporters for xylose uptake and xylose reductase (XR) for catalyzing
the reduction of xylose into xylitol.

This finding brings another biotechnological value to A. protothecoides. Indeed, xylitol, a
widely used sucrose substitute in the agri-food and cosmetic industries, offers high
sweetening power comparable to glucose but with only half of the caloric value (Umai et
al. 2022). Although industrial xylitol production typically relies on the acidic hydrolysis of
xylans from hemicellulose-rich materials and chemical reduction using Raney nickel
(Umai et al. 2022), microbial-based xylitol production presents a more sustainable
alternative, often relying on engineered bacteria and yeasts (Umai et al. 2022). Reports of
xylitol excretion by wild-type microalgae remain scarce, with, to our knowledge, only one
example described in the green microalga Chlorella sorokiniana (Zheng et al. 2014).
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2. Materials and methods
a. Microalgal strain, cultivation medium, and preculture

The study was conducted on A. protothecoides strain SAG 211-7a (UTEX 25), obtained
from the Culture Collection of Algae at Gottingen University, Germany (SAG). The cells
were maintained on 1.5% agar plates with Tris-Minimal-Phosphate (TMP) medium
(Gorman and Levine 1965) at 25°C under constant illumination (40 pmolphoton M2 s™). To
acclimate the cells to heterotrophic conditions prior to experimentation, they were
maintained in the dark in 25 mL of liquid TMP (100 mL flask) at 27°C under constant
shaking in an incubator (GroBanks®, CLF Plant Climatics, Germany or Memmert GmbH,
Germany). The medium was supplemented with an equimolar carbon concentration of
D-glucose, D-xylose (hereafter referred as glucose and xylose), and acetate, resultingin a
final carbon atom concentration of 150 mM (mMC) (50-50-50 mMC, or 8.33 mM of
glucose, 10 mM of xylose, 25 mM of sodium acetate). One liter of TMP medium contains:
2.42gTris buffer, 400 mg NH,Cl, 50 mg CaCl,-:2H,0, 100 mg MgS0,-7H,0, 93.5 mg K;HPO,,
63.0 mg KH,PO,4, 50 mg Na.-EDTA-2H,0, 22 mg ZnS0,:7H,0, 11.4 mg HsBOs, 5.1 mg
MnCl;-4H,0, 4.9 mg FeS0O,4-7H,0, 1.6 mg CoCl,-6H,0, 1.6 mg CuS0O,:5H,0 and 1.1 mg
(NH4)sM07024-4H,0. pH was adjusted to 7.5 with HCl and the medium was sterilized in an
autoclave for 20 min at 121°C. For solid TMP medium, 15 g of agar. L were added to the
solution before sterilization. After sterilization, the medium was supplemented with 0.22
MM filtered thiamine (vitamin B1) at a final concentration of 10 uM. Two sequential
precultures, each lasting one week, were performed before starting the experiments in
the different media described above.

b. Growth conditions and growing parameters determination

Table 1: Carbon sources supplied in each cultivation condition (GX, AX, AGX, or 2x-AGX). Values are presented as the
percentage (%) or the concentration of the total amount of carbon atoms represented by the substrate (mMC), or by the
equivalent molar concentration considering the specific carbon source molarity (mM). A (+) symbol in 2x-AGX specifies
the substrate concentration added during the cultivation process as a fed-batch strategy.

Conditions Acetate D-glucose D-xylose

% [1(mM)  [1(mMC) | % [1(mM)  [1(mMC) | % [1(mM)  [1(mMC)
GX 0 0 0 66 16.67 100 33 10 50
AX 66 50 100 0 0 0 33 10 50
AGX 33 25 50 33 8.33 50 33 10 50
2x-AGX 40 25+25 50+50 40 8.33+8.33 50+50 20 10 50

Four different culture conditions were tested (Table 1). All cultures were inoculated with
the preculture at an initial optical density at 800 nm (ODsgo) of 0.2. Cultures were
maintained in the dark at 27°C using 100 mL shaking flasks containing 25 mL of minimal
medium at pH 7.5. Each condition contained 50 mMC of xylose (10 mM) supplemented
with either 100 mMC of glucose (GX condition), 100 mMC of acetate (AX condition), or
both at equimolar concentrations (50-50 mMC) in the AGX condition. A fed-batch 2x-AGX
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condition was also tested, in which exponentially growing preculture cells were
inoculated in the AGX condition. When acetate and glucose were depleted (after two
days), an additional 50 mMC of acetate and 50 mMC of glucose were supplied.

The TMP medium was used as the basal liquid culture medium, with pH adjustment
depending on the carbon source. For AX and AGX conditions, the initial pH was setto 7.5.
In GX conditions, the 20 mM Tris-HCL buffer (pKa=8.1 at 25°C) was replaced with an
equivalent amount of MES buffer (pKa=6.2 at 20°C) and the initial pH was set to 7.0. The
use of MES buffer, with a lower pKa, counteracts the rapid acidification occurring when
glucose and ammonium serve as sole carbon and nitrogen sources. In case of AGX, the
basification of the medium by acetate uptake compensates the acidification by glucose
assimilation (Perez Saura et al. 2024).

Microalgal growth was monitored spectrophotometrically cultures at 800 nm (Perkin-
Elmer lambdaTM 265 UV/VIS, USA) using plastic cuvettes with a 1 cm optical path. When
necessary, samples were diluted to maintain ODsggo values between 0.1 and 0.3. The dry
biomass concentration (DW) was estimated with the following equation (Perez Saura et
al. 2024):

DW (g L_l) == 0D800 X 0.207

The specific growth rate (u), expressed in day™, was calculated during exponential phase
as the slope of the ODsgoo natural log linear regression over time:

: t2 - tl
Biomass yield (Yyxs) on substrate, expressed in gDW gsubstrate ', Was calculated as:

Y., . = Xmax — Xo
X/S - S _ S
0 1

Where Xo, Xmax represent the initial and maximal DW concentration (g L™) at the start of the
culture, and So/S; are the initial and final concentrations of acetate and/or glucose (g L™).

The xylose consumption and xylitol production rates, expressed in g gDW"' day” were
calculated as follows:
[xylose], — [xylose],

(t; —t,)x X

Xylose consumption rate =

[xylitol], — [xylitol],
(t, — ;) x X

Xylitol production rate =
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Where [xylosel./[xylose]s and [xylitol]/[xylitol]s represent the highest and the lowest
values of xylose or xylitol (g L") at the time points t, and t, (in days) and X represents the
average DW concentration (g L) over the same period.

To assess statistical significance, a Fisher test was first performed to evaluate the
variance homogeneity (p value < 0.05). A Student’s t-test was applied to compare the two
groups. If the p value was greater than 0.01, the statistical result was explicitly stated in
the text.

c. Carbon source concentration determination

At the same time points as ODgo measurement, 1-2 mL of culture were sampled and
centrifuged (16,000 x g; 3min). The supernatant was stored at -20°C for further analysis.
Glucose, xylose, xylitol and acetate were quantified in 0.22 um filtered culture
supernatant by High Performance Liquid Chromatography (HPLC, Shimadzu, Japan) as
described in (Perez Saura et al. 2024). Concentrations were determined by comparing
chromatogram peak areas to standard calibration curves of known glucose, xylose,
xylitol, or acetate concentration. The injection volume was 40 L for all samples.

d. Protein alighments

Putative xylose transporters and xylose reductases from A. protothecoides UTEX 25 were
identified using Candida intermedia glucose/xylose facilitator 1 (Q2MDH1, Ci|gxf1)
(Leandro et al. 2006), and Debaryomyces nepalensis xylose reductase (AOAOM4HL56,
Dn|akr2) (Paidimuddala et al. 2018) as queries for Tblastn searches in the PhycoCosm
database (https://phycocosm.jgi.doe.gov/phycocosm/home) (Grigoriev et al. 2021).
Globally protein sequence alignments were performed using Clustal Omega (Madeira et
al. 2024). Experimentally determined protein structures were obtained from the Uniprot
database or the RCSB Protein Data Bank. 3D structure predictions were generated using
AlphaFold 3 (Abramson et al. 2024), and visualization of protein alignment was created
using the ESPript 3.0 software (Robert and Gouet 2014). 3D structure representations
were generated using the PyMOL™ software (v3.1.1, Schrodinger, Inc., NY, USA).

3. Results

a. Algal growth and carbon consumption

To determine whether glucose or acetate enables xylose assimilation, we first assessed
the growth of A. protothecoides in a medium containing either glucose and xylose (GX),
or acetate and xylose (AX). A medium containing both glucose and acetate along with
xylose (AGX) was used as a control, based on our previous studies showing that xylose
assimilation occurs under this condition (Perez Saura et al. 2024). Loss of pigmentation
was found in all the cultures, as previously observed in heterotrophic conditions (Perez
Saura et al. 2024) (Suppl. Fig. S1). Figure 1a displays the cell density of the three
conditions over 8 days of dark cultivation. The GX condition reached a maximal biomass
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at1.77 £ 0.08 gDW L™ after 2 days, with a specific growth rate (u) of 2.65+0.02d™", before
entering the stationary phase. In contrast in the AX condition, the maximum biomass was
significantly lower (0.82 + 0.06 gDW L"), achieved after 4 days, with a growth rate that
was more than twice as low (0.98 + 0.02 d™") as in the GX condition. The AGX condition
exhibited intermediate growth dynamics, reaching the stationary phase after 2 days, with
a growth rate of 2.32 + 0.06 d™' and a maximum biomass of 1.13 +0.05 gDW L™".

As shown in Figure 1b-c, the stationary phase coincided with acetate or glucose
depletion in GX and AX. However, in AGX (Fig. 1d), exponential growth phase ceased after
glucose depletion, despite the presence of acetate in the medium. Complete acetate
consumption followed the next day, after the culture had already entered the stationary
phase. Biomass yields on substrates, calculated as biomass produced per gram of
acetate and/or glucose consumed, were 0.28 £ 0.01 and 0.59 £ 0.02 gDW g~ in the AX and
GX conditions, respectively, with an intermediate value of 0.40 = 0.02 gDW g~ in AGX.
These trends align with previous findings on A. protothecoides growth (Shi et al. 1999;
Heredia-Arroyo et al. 2010; Perez Saura et al. 2024).
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Figure 1 : Growth curves (a), and concentrations of carbon sources (b-d) in the culture medium of A. protothecoides cells
grown in heterotrophy in the presence of xylose, glucose and/or acetate. Graph (a) shows dry weight evolution (in g L) in
the AGX (blue circles), AX (green triangles), and GX (yellow squares) conditions over time (days). Graphs (b-d) represent
the evolution of glucose (dashed lines — black circles), acetate (dashed lines — grey diamonds), xylose (solid lines — black
crossed-red squares), and xylitol (solid lines - green triangles) concentrations (expressed in mM of carbon atoms), over
time (days), in the GX (b), AX (c), and AGX (d) conditions. Each value on the graphs is presented as the mean of three
independent biological replicates. Error bars represent standard deviation of the mean (+ SD).
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Beyond the glucose and acetate consumption, all three conditions showed significant
xylose uptake (Fig. 1b-d), demonstrating that both glucose and acetate can stimulate the
process. Xylose consumption was delayed in the presence of glucose and only began
after glucose depletion in both AGX and GX (Fig. 1b, 1d), whereas in AX, xylose uptake
occurred while acetate was still available (Fig. 1¢). This suggests that, unlike acetate,
glucose initially inhibits xylose uptake, likely due to competition for hexose or pentose
transporters binding sites, as previously observed (Sun et al. 2012; Gupta et al. 2022;
Badary et al. 2024). In addition, glucose is known to negatively regulate global xylose
metabolism, including the xylose reductase (XR) enzymatic expression or activity (Ribeiro
et al. 2021; Gupta et al. 2022). Interestingly, the presence of glucose at the start of the
culture had in fine a positive impact on xylose consumption rate since it was about 3times

§_ 104a c EXylose cl os
S 2 & Xylitol = X
32306 . L o
< =
w— o0
25 504 T - 02 £ §
3 & o3
28 02 L oe
(&)
0.0 | 515
(@) - 1.0
o =2 ab ~
® E 1 I ES
Lo’—\ =
S8 E
C o
o€ 2 T =3
< O c I 3
S 8 8 8
£ g 5
=
£
— 0 4 : : . |

AGX AX GX  2x-AGX AGX AX GX  2x-AGX

Figure 2 : Xylose and/or xylitol consumption and production parameters calculated from A. protothecoides cells
grown in heterotrophy in the presence of xylose and: glucose (GX, yellow bars), acetate (AX, blue bars), or both
carbon sources in batch (AGX, green bars) or fed-batch (2x-AGX, white dotted green bars) cultivation strategies. Bar-
chart (a) shows the maximal xylose consumption (red solid bars) and xylitol production (green hatched bars) rates,
expressed in g gDW' d'. Bar-chart (b) represents the ratio of xylitol concentration at the end of the culture compared
to the xylose concentration at the beginning of the culture, expressed in mM of carbon atoms. Bar-charts (c) and (d)
display the global xylitol production by the end of the culture compared to the total carbon sources consumed
(acetate and/or glucose) provided at the start of the culture (c, expressedingg’), or to the maximal achieved biomass
in the condition (d, expressed in g gDW'). Each value on the graphs is presented as the mean of three independent
biological replicates. Error bars represent standard deviation of the mean (+ SD). Distinct letters on top of the bars
indicate significantly different values within the same data group, according to a Student's t-test (p < 0.05).

higher in AGX (0.636 + 0.055 g day™' gDW~", p value < 0.01) and 4 times higher in GX (0.848
+0.104 gday ' gDW~, pvalue <0.01), compared to AX (0.239 + 0.008 g day~' gDW") (Fig.
2a). These findings suggest that xylose uptake may be facilitated by transporters that are
present in low amounts within the cell membrane (occurring in AX), with an increased
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expression under glucose-induced conditions. However, these transporters do not
transport xylose as long as glucose is present. A similar observation was previously
reported in C. sorokiniana (Zheng et al., 2014), where xylose uptake was detected only
after acclimation in the presence of glucose and was therefore likely mediated by
nonspecific hexose transporters with some affinity for pentoses.

b. Xylose uptake is correlated to xylitol excretion

In all tested conditions, xylose consumption was accompanied by the appearance of an
additional peak in high performance liquid chromatography (HPLC) analysis. By passing
standards of xylose secondary metabolites through the column, we identified this peak
as xylitol (Suppl. Fig. S2) (Fig. 1b-d). Unlike C. sorokiniana, where about 60% of the
consumed xylose was converted into secreted xylitol (Zheng et al. 2014), a near 1:1 ratio
xylitol-to-xylose was observed in the three conditions (AX, GX, and AGX) (Fig. 2b). This
suggests that while A. protothecoides possesses an active xylose reductase (XR) enzyme,
the reduced xylitol is not further metabolized for biomass production.

Since xylitol production depended on the presence of the other carbon sources, we
calculated the xylitol yield per gram of initially supplied acetate and glucose (Fig. 2c). No
significant difference in xylitol production yield was observed between AX and GX (0.231
+ 0.007 and 0.214 = 0.032 Gyyitol Ssubstrate ', respectively). However, in AGX, the yield was
significantly higher at 0.300 * 0.003 Zyitol Ssubstrate+ (P < 0.01 vs AX, p = 0.043 vs GX) (Fig.
2c¢). Similarly, xylitol production rates per biomass unit followed the same trend: AGX
exhibited a nearly 2 fold higher rate (0.647 = 0.007 gyt DW "' d™') compared to AX (p
value < 0.01) and GX (p value = 0.049) (0.270 = 0.007, and 0.300 * 0.140 gy gDW ' d7",
respectively) (Fig. 2a). Finally, the final xylitol concentration relative to maximal cell
density is more than 2 fold lower in GX (0.367 = 0.064 g gDW~") compared to AX and AGX
(0.827 £ 0.020 g gDW~" and 0.759 + 0.031 g gDW~, respectively) (Fig. 2d). These results
suggest that glucose facilitates high initial growth and a rapid shift to xylitol conversion
but may limit the total xylitol yield due to early stationary phase onset.

c. Fed-batch cultivation enhances xylitol excretion

To improve xylose-to-xylitol conversion yield, that was around 50% (0.5 gram of xylitol per
gram of xylitol) by the end of the culture in the above conditions (Fig. 1b-d), we
implemented a fed-batch strategy under 2x-AGX condition. After two days, when glucose
and acetate were depleted and xylose-to-xylitol conversion had begun, an additional
supply of both carbon sources was added (Fig. 3a).

11
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Figure 3 : Growth curves (a), and concentrations of carbon sources (a-b) in the culture medium of A. protothecoides
cells grown in heterotrophy in the presence of xylose, glucose and acetate in the 2x-AGX condition. Graph (a) shows
dry weight evolution (in g L) in the 2x-AGX (blue circles) and glucose (dashed lines — black circles), acetate (dashed
lines — grey diamonds), xylose (solid lines — black crossed-red squares), and xylitol (solid lines - green triangles)
concentrations (expressed in mM of carbon atoms) over time (days). Bar-chart (b) shows the evolution of xylose
consumption (red filled-bars) and xylitol production (green hatched-bars) over time (days). Each value on the graphs
is presented as the mean of three independent biological replicates. Error bars represent standard deviation of the
mean (£ SD).

Following the replenishment, biomass production resumed, and acetate/glucose were
rapidly consumed. Notably, the xylitol production rate remained stable until about 70% of
the xylose was consumed, confirming the importance of a metabolizable carbon source
in sustaining XR activity (Fig. 3a).

Beyond this point, biomass production, xylose consumption, and xylitol excretion
gradually declined until stabilization on day 7 (Fig. 3a). By the end of cultivation, the xylose
conversion yield was significantly improved to 90%, with only 3.7 mMC xylose remaining
from an initial 49.5 mMC supplied (Fig. 2B & Fig. 3a-b). The final xylitol yield was 0.91 +
0.06 g g.i0se', cOmparable to the highest yields reported for wild-type yeasts such as
Candida tropicalis JA2 (0.86 g gxese ') and Yarrowia lipolytica (0.97 g gxiese ')(Morais Junior
etal. 2019; Prabhu et al. 2020), but also for engineered E. coli strains (~0.95 g g,i0se”) (Yuan
et al. 2019; Umai et al. 2022).

Compared to the other conditions, the xylitol-to-xylose ratio in 2x-AGX was slightly below
1 (Fig. 2b), suggesting that a portion of the xylose may have been assimilated rather than
excreted. Additionally, while the xylose consumption rate did not significantly differ
between AGX and 2x-AGX, the xylitol production rate was markedly lower (p < 0.01) in 2x-
AGX (0.375 = 0.012 g gDW" d"') compared to AGX (0.647 = 0.007 g gDW" d™) (Fig. 2a).
Similarly, xylitol production per unit of final biomass or per gram of consumed carbon
(acetate and glucose) was slightly reduced in 2x-AGX (0.548 = 0.026 g gDW"' and 0.213 =
0.014 g Zaubstrate ') compared to AGX condition (0.759 = 0.031 g gDW" and 0.300 = 0.003 g

gsubstrate_1) (Fig- 2C'd).
d. Genome analysis of A. protothecoides

Following the physiological characterization, we explored the genome of A.
protothecoides UTEX 25 to identify candidate genes encoding xylose transporters and
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xylose reductase (XR), using sequence homology analyses at the PhycoCosm website
(Grigoriev et al. 2021).

Xylose transporters

Sugar transport in cells is mediated by membrane transporters, with xylose uptake
primarily facilitated by proteins belonging to the Major Facilitator Superfamily (MFS). MFS
transporters are folded into 12 transmembrane segments, with the N- and C-terminal
helices facing the intracellular side. These transporters can function as facilitators,
antiporters, or symporters (Drew et al. 2021). Xylose is commonly transported through
proton-coupled MFS transporters (Leandro et al. 2006; Bueno et al. 2020; Drew et al.
2021). One example is the glucose/xylose facilitator 1 of Candida intermedia PYCC 4715
(Cilgxf1) (Leandro et al. 2006; Fonseca et al. 2011), which is the most efficient xylose
transporter when expressed in Saccharomyces cerevisiae (Runquist et al. 2010).
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Figure 4 : Global alignment of xylose transporters of E. coli (Ec|xylE), C. intermedia (Ci|gfx1), and A.
thaliana (At|stp10) with two putative A. protothecoides xylose transporters (Ap|2974 and Ap|5737).
Boxes with white characters in bold show amino acid residues with strict identity. Red characters show
conserved function in amino acid residues among groups. Blue triangle labels show positions of key
amino acid residues for xylose coordination. Green star labels show positions of key amino acid
residues for sugar transporter (SP) signature. Black frames highlight strictly conserved amino acid
residues across groups compared to Ec|XylE. Top secondary structures (in blue) show predicted
transmembrane alpha helices in Ec|xylE. Bottom secondary structures (in orange) show predicted
transmembrane alpha helices in At|stp10.
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A bioinformatic search using Ci|gxf1 as a query identified two putative xylose transporters
in A. protothecoides, designated Ap|2974 and Ap|5737, with 25.93% and 27.08%
sequence identity to Ci|gxf1, respectively. These proteins also showed 25.55% and 27.31
identity to Ec|xylE, a high-affinity D-xylose:H*"symporter from E. coli (Sun et al. 2012), and
47.84% and 48.13% identity to STP10 from A. thaliana (At|stp10), a well-characterized
hexose:H* symporter (Paulsen et al. 2019; Bueno et al. 2020). Both Ap|2974 and Ap|5737
retained the characteristic 12 transmembrane domains and four internal helices typical
of MFS sugar transporters, as shown in Suppl. Fig. S3. However, Ap|5737 is truncated by
16 amino acid residues at the N-terminal region compared to the crystal structures of
Ec|xylE (Sun et al. 2012) and At|stp10 (Paulsen et al. 2019), leading to an incomplete first
transmembrane domain, which reduces the probabilities for a putative activity.

The sugar transporter (SP) signature, responsible for coupling sugar transport with proton
movement, was well preserved in both A. protothecoides transporters (Fig. 4, Table S1).
A notable exception was at position 225 of Ec|xylE (Sun et al. 2012) where an Arginine was
found in Ci|gxf1 but replaced by an Asparagine in Ap|2974 and Ap|5737. Since At|stp10, a
functional sugar/H+ symporter, also contains a Asn residue at this position (Paulsen et al.
2019), this substitution is unlikely to impair function of Ap|2974 and Ap|5737.

Amino acids implicated in xylose binding and coordination are predominantly located at
the C-terminal end of the transporter and include polar residues with hydroxyl groups,
facilitating hydrogen bonding, and aromatic residues that create a hydrophobic cavity to
retain xylose (Faham et al. 2008; Sun et al. 2012). On the nine functionally-validated
xylose-coordinating residues in Ec|xylE (Sun et al. 2012), six were conserved in Ap|2974
(Fig. 4, Table S1). The observed substitutions Q415N, Y298F, and W416F are unlikely to
impact function, as Q415N is also present in Ci|gxf1, an efficient xylose transporter
(Runquist et al. 2010), and the two aromatic substitutions unlikely impact xylose
coordination (Faham et al. 2008; Sun et al. 2012). Conversely, Ap|5737 displayed an
additional substitution: F24T (Ec|xylE numbering). Previous studies showed that an F24A
mutation in Ec|XylE impaired transport due to a loss of substrate stabilization (Bueno et
al. 2020). Given this and the truncated transmembrane domain, Ap|5737 is unlikely to be
functional as a xylose transporter.

Overall, Ap|2974 appears to be the most promising candidate for xylose transport in A.
protothecoides. However, further experimental validation is required to assess its
specificity and functionality.

Xylose reductase

To identify a putative xylose reductase (XR) in A. protothecoides UTEX 25 genome, we
conducted a bioinformatic search using a well-characterized XR from Debaryomyces
nepalensis (Dnlakr2), a member of aldose-keto reductase (AKR) NAD(P)H-dependent
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Figure 5 : (a): Predicted 3D structure of the putative A. protothecoides xylose reductase Ap|1177 compared to Dnl|akr2 (in purple). The
green part represents the N-terminal domain of Ap|1177 and the yellow part represents the C-terminal domain of Ap|1177. (b): Global
alignment of xylose reductase of D. nepalensis (Dnlakr2), S. stipitis (Ss|akr2), C. tenuis (Ct|XR), and C. sorokiniana (Cs|9620) with the
N and C-terminal domains of a putative A. protothecoides xylose reductase (Ap|1177). The amino acids MGQ at the N-terminus of
Ap|1177 were added after examination of expressed sequences of the corresponding gene. Boxes with white characters in bold show
amino acid residues with strict identity. Red characters show conserved function in amino acid residues among groups. Blue triangle
labels show positions of the AKR family catalytic tetrad. Green star labels show positions of key amino acid residues for xylose binding.
Purple circle labels show positions of key amino acid residues for NADPH-specificity. Black frames highlight strictly conserved amino
acid residues across groups compared to Dnlakr2. Top secondary structures found in Dnlakr2 are marked in blue.

1 family (AKR2B) (Paidimuddala et al. 2018). A candidate protein, Ap|1177, was identified,
2 displaying 20% sequence identity with Dn|akr2. However, Ap|1177 was notably longer
3 (675 residues) compared to Dnlakr2 (320 residues). Structural modeling revealed that
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Ap|1177 consists of two globular domains with similar secondary and tertiary structures,
except for the first 83 residues at the N-terminal region (Fig. 5a-b). In addition, the N-
terminal (Ap|1177-Nter) and C-terminal (Ap|1177-Cter) domains of the protein shared
56.61% sequence identity. A multiple sequence alignment with known XRs, including
Scheffersomyces stipitis (Ss|akr2) (Son et al. 2018), and Candida tenuis (Ct|XR)
(Petschacher and Nidetzky 2005; Kratzer et al. 2006), revealed that Ap|1177-Nter and
Ap|1177-Cter shared 38.41% and 39.15% identity with Dnl|akr2, respectively (Fig. 5b,
Table S2). A putative XR from C. sorokiniana found by bioinformatic analysis (Cs|9620)
was also included in the alignment, since cell extracts demonstrated XR activity (Zheng
et al. 2014). Enzymes from the AKR2 family are typically active as homodimer in solution
(Petschacher and Nidetzky 2005; Kratzer et al. 2006; Son et al. 2018). Structural
prediction showed good superimposition of each domain of Ap|1177 to Dn|akr2 (Fig. 5a).
These findings suggest that the N- and C-terminal domains of Ap|1177 function
cooperatively, mimicking an active AKR2 homodimer. Consequently, each domain was
analyzed individually through in silico approaches to further assess its potential role in
xylose metabolism.

The conserved catalytic tetrad (D42, Y47, K76, H109) found in all AKR families, which is
crucial for proton transfer and hydride donation in XR enzyme (Paidimuddala et al. 2018)
was present in both Ap|1177-Nter and -Cter domains (Fig. 5b, Table $2). Among NADPH-
binding residues identified in Ss|akr2 (Son et al., 2018), N165, Q186, S213, K269, and
R275 were fully conserved in both Ap|1177-Nter and Ap|1177-Cter domains, while S164,
A252 and Q278 residues were retained in at least one domain (Fig. 5b). Other NADPH
related residues substituted in Ap|1177 are often identical to Cs|9620 like N271T, F215L,
Q218P and S219D (Fig. 5b, Table S2).

Of the 10 Ss|akr2 key residues previously identified as essential in xylose-binding through
site-directed mutagenesis (Son et al., 2018), five were conserved in both domains of
Ap|1177, while one was retained in the C-terminal domain (Fig. 5b, Table S$2).
Interestingly, the remaining four positions differing in Ap|1177 matched those found in
Cs|9620.

In conclusion, these findings suggest that Ap|1177 possesses most of the key residues
required for XR function. Notably, Ap|1177 is structurally distinct from typical XR
enzymes, as it contains two AKR2-like domains within one single protein

4. Discussion

Since A. protothecoides UTEX 25 was originally isolated from the sap of a wounded
Populus alba tree rich in xylose-containing polysaccharides (Viétor et al. 1995), the ability
to uptake xylose is unsurprising. However, only a few reports describe xylose uptake by
heterotrophically grown eucaryotic microalgae. Among red algae, Galdieria sulphuraria
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was shown to assimilate xylose efficiently (Portillo et al. 2022; Perez Saura et al. 2024). In
green algae, xylose uptake was demonstrated in only two uncharacterized Desmodesmus
strains from the class of Chlorophyceae (family of the Scenedesmaceae) (Badary et al.
2024; Sartori et al. 2025), and diverse species from the class of Trebouxiophyceae (Zheng
et al. 2014; Leite et al. 2015), such as A. protothecoides (Mu et al. 2015). Nevertheless, in
the latter case, no clear evidence of net xylose assimilation was provided, as xylose was
mixed with other sugars found in sugarcane bagasse hydrolysate (Mu et al. 2015). At last,
a study from (Leite et al. 2015) isolated and characterized ten putative Chlorella spp.
strains capable of xylose utilization when grown in the dark (not axenically). No report of
xylitol excretion associated with xylose uptake was mentioned in these papers. As
previously mentioned, only C. sorokiniana showed xylose uptake combined with xylitol
excretion in the cultivation medium (Zheng et al. 2014).

AX GX GX

GROWTH PHASE GROWTH PHASE GROWTH PHASE
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Environment

Energy s [0 ] e o)
!
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Figure 6 : Hypothetical model of xylose conversion into xylitol of A. protothecoides grown heterotrophically in the
presence of xylose and acetate (AX), of xylose and glucose (GX), or of xylose, acetate and glucose (AGX), during
exponential and stationary growth phases. Substrates are represented by yellow hexagons for glucose (Glu), blue
pentagons for xylose (Xyl), and green triangles for acetate (Ace). Transporters are marked trapezes colored in yellow with
hashed blue line for glucose and xylose (MFS), and green with white dots for acetate (MCT). Xylose reductase (XR) is
represented by a white box.

Our data indicate that xylose metabolism in A. protothecoides is influenced by the
presence of glucose and acetate, which modulate both xylose uptake and xylitol
production efficiency (Fig. 6). When acetate was the sole added carbon source (AX),
xylose uptake and xylitol excretion occurred gradually alongside acetate consumption.
Since both xylose consumption and xylitol production rates were equally low compared
to AGX, this suggests that xylose transport was limited in the absence of glucose-induced
facilitation. Additionally, acetate and xylose uptakes did not appear to compete, likely
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because they utilize different transport systems. Acetate is transported across the
membrane via monocarboxylate transporters (MCTs) (Casal and Ledo 1995; Inwongwan
et al. 2019), whereas xylose is taken up by sugar transporters belonging to the Major
Facilitators Superfamily (MFS) (Sun et al. 2012; Drew et al. 2021). Considering xylitol
excretion, itis suggested to be mediated by an aquaglyceroporinin yeast (Wei et al. 2013).
In the presence of glucose (GX), xylose uptake is initially inhibited, likely due to higher
glucose affinity for shared transporters, thereby outcompeting xylose. However, once
glucose was depleted, xylose uptake accelerated rapidly. Despite this, the overall
conversion of xylose to xylitol remained limited, as the culture quickly entered the
stationary phase, likely due to energy reallocation. This resulted in a xylitol production rate
more than 2-fold lower than the xylose consumption rate. In contrast, the AGX condition
revealed a synergistic effect between glucose and acetate. Here, xylose uptake was
presumably enhanced following glucose depletion due to the induction of hexose
transporters, similar to what was observed in GX. Meanwhile, acetate contributed to
sustaine metabolic activity, allowing xylose assimilation via the glucose transporters
while maintaining redox balance, as seen in AX. This combination ensured both high
xylose consumption and efficient xylitol production rates. In conclusion, our findings
highlight that while glucose dictates the timing of xylose metabolism, acetate plays a key
role in maintaining redox balance and enzymatic activity, ultimately optimizing xylitol
yield.

The fed-batch strategy shown here appears promising if the main objective is maximizing
net xylitol production. While the maximal volumetric xylitol productivity observed in this
study (0.57 £ 0.03 g L' d") is low compared to xylitol-producing microorganisms reported
in literature, such as Candida tropicalis (e.g. ~67 gL' d"), or engineered E. coli (~50 g L
d™') (Morais Junior et al. 2019; Yuan et al. 2019), our data provide valuable insights into
xylitol production by microalgae, particularly in terms of achieving high xylose-to-xylitol
yield. This strategy could begin with a high glucose concentration as a first step to obtain
high cell density since A. protothecoides is able to grow on glucose concentrations higher
than 75 gaucoseL” (Ghidossi et al., 2017), followed by the addition of xylose and acetate
once glucose is consumed. The presence of glucose will induce hexose transporters that
will be used for xylose entry in the second step while acetate will bring the carbon source
for xylose conversion into xylitol. The remaining biomass at the end of the xylitol excretion
could be used for food since this microalga is GRAS (see introduction) and contains high
percentage of fatty acids and proteins (20-30% DW) at stationary phase when cells are
grown on glucose, acetate or a mix of glucose, acetate and xylose (Perez Saura et al.
2024).

XRs from yeasts are homodimeric enzymes encoded by a single gene (Petschacher and
Nidetzky 2005; Kratzer et al. 2006; Son et al. 2018). The putative xylose reductase of A.
protothecoides presents an unusual organization since the two monomers-like domains
are not strictly identical and found encoded side by side in a single gene. In addition,
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compared to the yeast XRs, an extension comprising an alpha helix is found at the N-
terminal part. This alpha helix is probably not involved in the insertion to the membrane
since no transmembrane helices are predicted by in silico analyses (Hallgren et al. 2022).
A protein identical to Ap|1177 was found in in another strain of A. protothecoides (A.
protothecoides strain 0710, Ap|4914). Amongst the genome sequences of algae found on
the PhycoCosm website (Grigoriev et al., 2021), similar proteins were found for example
in the green microalgae Picichlorum soloecismus DOE101 (Trebouxiophyceae), and
Scenedesmus obliquus UTEX 3031 haplotype 1 (Chlorophyceae) (Suppl. Fig. S4), that
shows slow xylose assimilation in mixotrophic conditions (Yang et al. 2014).

In summary, these findings pave the way for further optimization of sustainable xylitol
bioproduction in microalgae, potentially through high cell density cultivation systems or
metabolic engineering strategies to enhance transport efficiency and enzymatic activity.
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Table Description

Table 1: Carbon sources supplied in each cultivation condition (GX, AX, AGX, or 2x-AGX).
Values are presented as the percentage (%) or the concentration of the total amount of
carbon atoms represented by the substrate (mMC), or by the equivalent molar
concentration considering the specific carbon source molarity (mM). A (+) symbol in 2x-
AGX specifies the substrate concentration added during the cultivation process as a fed-
batch strategy.

Figure Description

Figure 1 : Growth curves (a), and carbon sources concentrations of carbon sources (b-d)
in the culture medium of A. protothecoides cells grown in heterotrophy in the presence of
xylose, glucose and/or acetate. Graph (a) shows dry weight evolution (in g L-1) in the AGX
(blue circles), AX (green triangles), and GX (yellow squares) conditions over time (days).
Graphs (b-d) represent the evolution of glucose (dashed lines — black circles), acetate
(dashed lines — grey diamonds), xylose (solid lines — black crossed-red squares), and
xylitol (solid lines - green triangles) concentrations (expressed in mM of carbon atoms),
over time (days), in the GX (b), AX (c), and AGX (d) conditions. Each value on the graphs is
presented as the mean of three independent biological replicates. Error bars represent
standard deviation of the mean (+ SD).

Figure 2 : Xylose and/or xylitol consumption and production parameters calculated from
A. protothecoides cells grown in heterotrophy in the presence of xylose and: glucose (GX,
yellow bars), acetate (AX, blue bars), or both carbon sources in batch (AGX, green bars) or
fed-batch (2x-AGX, white dotted green bars) cultivation strategies. Bar-chart (a) shows the
maximal xylose consumption (red solid bars) and xylitol production (green hatched bars)
rates, expressed in g gDW d”'. Bar-chart (b) represents the ratio of xylitol concentration
at the end of the culture compared to the xylose concentration at the beginning of the
culture, expressed in mM of carbon atoms. Bar-charts (c) and (d) display the global xylitol
production by the end of the culture compared to the total carbon sources consumed
(acetate and/or glucose) provided at the start of the culture (c, expressed in g g'), or to the
maximal achieved biomass in the condition (d, expressed in g gDW"). Each value on the
graphs is presented as the mean of three independent biological replicates. Error bars
represent standard deviation of the mean (* SD). Distinct letters on top of the bars
indicate significantly different values within the same data group, according to a Student's
t-test (p < 0.05).

Figure 3 : Growth curves (a), and concentrations of carbon sources (a-b) in the culture
medium of A. protothecoides cells grown in heterotrophy in the presence of xylose,
glucose and acetate in the 2x-AGX condition. Graph (a) shows dry weight evolution (ing L
) in the 2x-AGX (blue circles) and glucose (dashed lines - black circles), acetate (dashed
lines — grey diamonds), xylose (solid lines — black crossed-red squares), and xylitol (solid
lines - green triangles) concentrations (expressed in mM of carbon atoms) over time
(days). Bar-chart (b) shows the evolution of xylose consumption (red filled-bars) and
xylitol production (green hatched-bars) over time (days). Each value on the graphs is
presented as the mean of three independent biological replicates. Error bars represent
standard deviation of the mean (+ SD).
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Figure 4: Global alignment of xylose transporters of E. coli (Ec|xylE), C. intermedia
(Cilgfx1), and A. thaliana (At|stp10) with two putative A. protothecoides xylose
transporters (Ap25|2974 and Ap25|5737). Boxes with white characters in bold show
amino acid residues with strict identity. Red characters show conserved function in
amino acid residues among groups. Blue triangle labels show positions of key amino acid
residues for xylose coordination. Green star labels show positions of key amino acid
residues for sugar transporter (SP) signature. Black frames highlight strictly conserved
amino acid residues across groups compared to Ec|XylE. Top secondary structures (in
blue) show predicted transmembrane alpha helices in Ec|xylE. Bottom secondary
structures (in orange) show predicted transmembrane alpha helices in At|stp10.

Figure 5: (a): Predicted 3D structure of the putative A. protothecoides xylose reductase
Ap|1177 compared to Dn|akr2 (in purple). The green part represents the N-terminal
domain of Ap|1177 and the yellow part represents the C-terminal domain of Ap|1177. (b):
Global alignment of xylose reductase of D. nepalensis (Dn|akr2), S. stipitis (Ss|akr2), C.
tenuis (Ct|XR), and C. sorokiniana (Cs|9620) with the N and C-terminal domains of a
putative A. protothecoides xylose reductase (Ap|1177). The amino acids MGQ at the N-
terminus of Ap|1177 were added after examination of expressed sequences of the
corresponding gene. Boxes with white characters in bold show amino acid residues with
strict identity. Red characters show conserved function in amino acid residues among
groups. Blue triangle labels show positions of the AKR family catalytic tetrad. Green star
labels show positions of key amino acid residues for xylose binding. Purple circle labels
show positions of key amino acid residues for NADPH-specificity. Black frames highlight
strictly conserved amino acid residues across groups compared to Dn|akr2. Top
secondary structures found in Dn|akr2 are marked in blue.

Figure 6 : Hypothetical model of xylose conversion into xylitol of A. protothecoides grown
heterotrophically in the presence of xylose and acetate (AX), of xylose and glucose (GX),
or of xylose, acetate and glucose (AGX), during exponential and stationary growth phases.
Substrates are represented by yellow hexagons for glucose (Glu), blue pentagons for
xylose (Xyl), and green triangles for acetate (Ace). Transporters are marked trapezes
colored in yellow with hashed blue line for glucose and xylose (MFS), and green with white
dots for acetate (MCT). Xylose reductase (XR) is represented by a white box.
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Supplementary Files

Supplementary Figure S1. A. protothecoides cultures in the three conditions tested
(from left to right: AGX, AX, GX). The presence of the carbon sources is responsible for loss
of pigmentation in heterotrophic condition.
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Supplementary Figure S2. HPLC chromatograms displaying the concentration of carbon
sources in the cultivation medium of A. protothecoides under the AGX condition (acetate,
glucose and xylose). (a) Chromatogram at the start of the culture. (b) Chromatogram after
90 hours of cultivation. (c) Xylitol commercial standard at 4 g L™" for reference (retention
time highlighted with a red line).
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Supplementary Figure S3. Predicted 3D structure of the two putative A. protothecoides
xylose transporters Ap|2974 (on the left) and Ap|5737 (on the right). Predicted
transmembrane a helices are highlighted in blue or orange when matching to Ec|xylE or
At|stp10 structure prediction, respectively. Green parts are matching with both Ec|xylE
and At|stp10 structure predictions.
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Supplementary Figure S4. Global alighment of xylose reductase of A. protothecoides
UTEX 25 (Ap|1177), P. soloecismus DOE101 (Picsp_1|5253; 60.7% identity), and S.
obliquus UTEX 3031 haplotype 1 (Sob152z_1|379; 61.9% identity). Boxes with white
characters in bold show amino acid residues with strict identity. Red characters show
conserved function in amino acid residues among groups. Green star labels and blue
triangle labels frame the amino acid residues of the N- and C-terminal domains of
Ap|1177.
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Supplementary Table S1. Comparison of xylose transporters of E. coli (Ec|xylE), C.
intermedia (Ci|gfx1), the putative xylose transporters of A. protothecoides (Ap|2974 and
Ap|5737) and the A. thaliana hexose transporter (At|stp10) (see main text and
Supplemental Fig S3 for details). Amino acids of the sugar transporter (SP) signature and
xylose binding are presented.

Function | One Three Ec|xylE | Ci|gfx1 | Ap|2974 | Ap|5737 | At|stp10
letter letter
code code

SP G83 Gly G G G G G

signature | E153 Glu E E E E E
R159 Arg R R R R R
S223 Ser S S S S T
R225 Arg R R N N N
G340 Gly G G G G G
R341 Arg R R R R R
E397 Glu E E E E E
R404 Arg R R R R R
E465 Glu E E E E E

Xylose F24 Phe F F F T F

binding Q168 Gln Q Q Q Q Q
Q288 | Gln Q Q Q Q Q
Q289 | Gln Q Q Q Q Q
N294 Asn N N N N N
Y298 Tyr Y Y F F F
W392 | Trp % Y \ \ W
Q415 Gln Q N N N N
W416 | Trp % \ F F M
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Table S2. Comparison of xylose reductase of Debaryomyces nepalensis (Dn|akr2), Scheffersomyces stipitis (Ss|akr2), the putative XR of

C. sorokiniana (Cs|9620) and the putative XR of A. protothecoides (Ap|1177-Nter and Ap|1177-Cter). Amino acids defined for the

catalytic tetrad, the NADPH and xylose bindings are presented (see Fig. 5b and main text for details).

Function One letter code | Three letter code | DnAKR2 SSAKR2 CtXR Cs9620 Ap1177-Nter Ap1177-Cter
Catalytic tetrad D42 Asp D D D D D D
Y47 Tyr Y Y Y Y Y Y
K76 Lys K K K K K K
H109 His H H H H H H
NADPH S164 S S S S S S A
specificity N165 Asn N N N N N N
Q186 Gln Q Q Q Q Q Q
S213 S S S S A S S
F215 Phe F F F L L L
Q218 Gln Q Q Q P P P
S219 Ser S S S D D D
F235 F F F F M L L
A252 Ala A A A G G A
K269 Lys K K K K K K
N271 Asn N N N T T T
R275 Arg R R R R R R
Q278 Gln Q E Q G G Q
N279 Asn N N N N N N
Xylose binding W19 Trp W W W W W W
D46 Asp D D D \Y \Y \Y
W78 Trp W W W W W W
H109 His H H H H H H
F110 Phe F F F W W W
F127 Phe F F F / / /
F220 Phe F F F S S S
L224 Leu L L M F F L
N305 Asn N N N Vv Vv Vv
W310 Trp W W W W W W
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