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ARTICLE INFO ABSTRACT

Keywords: Thraustochytrids are marine protists with an excellent ability to produce health-beneficial docosahexaenoic acid
Thraustochytrids (DHA)-rich lipids. Since the demand for DHA sources for food and feed is increasing, a deeper understanding of
Aurantiochytrium the potential to enhance the DHA-production in thraustochytrids is important for a sustainable DHA supply. In
E;;iz:::f:;aenmc acid most thraustochytrids, including the strains used in this work, DHA is synthesized by a polyketide synthase-like

pathway (PKS), and not through the common fatty acid synthetase (FAS) pathway. Both pathways use the same
precursors. The aim of this study was to determine if inhibiting the production of fatty acids (FA) through the
FAS pathway under nitrogen starvation would result in higher net DHA production rates measured as DHA
content, and if the channeling of the synthesized fatty acids to different lipids species is similar in two different
thraustochytrid strains. We found that the DHA production rates in Aurantiochytrium limacinum SR21 and Aur-
antiochytrium sp. T66 were not affected when treated with the FAS-inhibitor cerulenin, despite a reduction of
FAS-derived FAs. This indicates that precursor availability is less likely to be the limiting factor for DHA syn-
thesis. Still, cerulenin-treatment in the lipid accumulation phase resulted in higher concentrations of the tri-
acylglycerol (TAG) TG(22:6/22:6/22:6) than in the untreated cells after three hours, demonstrating that FAS
inhibition is a possible strategy to enhance the content of DHA-rich lipids. Moreover, the relatively high
abundance of the diacylglycerol DG(22:6/22:6) suggests the presence of an obstacle for using DG(22:6/22:6) as
substrate to synthesize DHA-rich TAGs, a step that potentially can be improved by metabolic engineering.

Fatty acids
FAS inhibitor

synthase-like (PKS) pathway in most studied thraustochytrids [5,6],
although a Parietichytrium sp. recently were shown to use the desaturase-

1. Introduction

Docosahexaenoic acid (DHA) is an essential ®3 polyunsaturated fatty
acid (PUFA), and since the demand for DHA for food and feed is
increasing, sustainable DHA sources are becoming increasingly more
important with a high potential for market growth [1]. Thraustochytrids
are marine protists that can produce and store DHA-rich lipids and are
already used for commercial DHA production [2-4]. Still, in order to be
economically competitive for low-cost products like fish feed, there is a
need to improve the production of DHA by thraustochytrids.

Thraustochytrids store triacylglycerols when a carbon source is
available and their growth is stalled by limited supply of another
essential nutrient, typically nitrogen. In thraustochytrids, saturated fatty
acids (FAs) are synthesized by the fatty acid synthase (FAS), while two
pathways synthesize unsaturated FAs. The desaturase-elongase pathway
synthesizes monounsaturated FAs (MUFAs) and some PUFAs, while
DHA and DPA (docosapentaenoic acid) are synthesized by a polyketide

elongation pathway [7].

One strategy to enhance the production of a targeted pathway is to
reduce or remove the flux of competing pathways [8]. Since both PKS
and FAS pathways use the same precursors, acetyl-CoA and NADPH,
inhibiting FAS could potentially channel more of these precursors to-
wards the PKS pathway. One way to test this assumption, would be to
inhibit the reactions catalyzed by FAS and measure if this enhances the
DHA production rate. Several inhibitors can inhibit the FAS pathway,
such as cerulenin, isoniazid and taxifolin [6,9,10]. It has been shown
that in short-time labelling experiments, cerulenin inhibited FAS more
efficiently than the PUFA synthase in both Schizochytrium sp. and
Thraustochytrium sp. 26,185 [6,11]. Similarly, cerulenin treatment
increased the proportion of DHA in total FA in Aurantiochytrium man-
grovei BL10 and Schizochytrium sp. S056 when added during fermenta-
tions [12,13]. In all these studies, cells were treated with cerulenin in the
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exponential growth phase, when phospholipid (PL) is the main lipid
class produced [14]. It is not known how the DHA production is affected
by inhibiting FAS during the N-depletion phase, when triacylglycerols
(TAG)s are the dominating lipid class produced. An enrichment of DHA
in the lipids could be advantageous, even without increased pro-
ductivities, as the costs of separation and purification in the following
downstream process for producing high-DHA content lipid products in
industry would be reduced [15]. Still, whether FAS inhibition can be
applied to facilitate the production of DHA-rich lipid species remains to
be explored.

Lipid accumulation characteristics can be different among thraus-
tochytrid species and strains. Aurantiochytrium sp. T66 (hereafter called
T66) has a desaturase that generates a more diverse FA profile with two
additional MUFAs (C16:1 and C18:1) not produced by Aurantiochytrium
limacinum SR21 (hereafter called SR21) [16-18]. In this study, we
characterized the lipid accumulation in T66 and SR21 after N-depletion.
Both strains were treated with cerulenin as they entered the N-starvation
phase, to examine the effect of FAS inhibition on DHA production rates.
Moreover, in a previous work, we have characterized the lipid compo-
sition of T66 and the changes during fermentation by high-resolution MS
[19]. Here we use the same methods to compare the lipid composition of
the two strains, and to study how the FA composition of the lipid species
is affected by the available FAs after cerulenin treatment.

2. Materials and methods
2.1. Cultivation conditions

For tests of the effects of the inhibitors, Aurantiochytrium limacinum
SR21 (ATCC MYA-1381) and Aurantiochytrium sp. T66 (ATCC PRA-276)
were cultivated in bioreactors. It should be noted that a phylogenetic
study placed T66 in the novel genus Hondea [14]. A minimal medium
with 70 g/1 glucose as carbon source and NH4Cl (2.0 g/1) as nitrogen
source was applied [19]. The inoculation medium and all conditions
were as described by Bartosova et al. [19] with the cultivation starting
with 4 % v/v inoculum culture. The aeration rate was 0.3 vvm. The
temperature was 25°C. The COy-production rate was measured by a
mass spectrometer (Balzers Omnistar GSD 300 02, Pfeiffer Vacuum
GmbH, Germany), calculated based on the fermentation start volume.
When nitrogen was exhausted in the cultures, as indicated by a drop in
the COy-production rate (approx. 7 g/l dw), the cultures were trans-
ferred either to microbioreactors or shake flasks. For the micro-
bioreactors, the cultures from the bioreactors were transferred to 48-
well microplates (BioLector®, m2p-labs GmbH, Germany), 1 ml per
well, prefilled with concentration series of the inhibitors, and incubated
for 15 h at 800 rpm, with pH-control and logging of dissolved oxygen
and the increase in biomass. The inhibitors were dissolved in ethanol
(cerulenin), DMSO (taxifolin) or water (isoniazid). For the final growth
experiment, the cultures from the bioreactors were transferred to 250 ml
conical baffle flasks, 50 ml per flask, prefilled with concentration series
of cerulenin (no cerulenin (= 0), 1, 5 and 25 pM), and incubated for 12 h
at 170 rpm.

2.2. Fatty acid and glucose analysis

FA concentrations were determined by LC/MS/MS (QQQ) after hy-
drolyzing lipids directly from the culture samples to free FAs as previ-
ously described [20]. For measuring glucose concentration in culture
medium, 1.5 ml culture was centrifuged at 4500 xg (4 °C) for one
minute. The supernatant was stored at —20 °C for later analysis. Just
before analysis, samples were diluted five times by water and filtered
(0.2 pm). The concentrations of glucose were then determined by HPLC
[21].
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2.3. Lipid extraction and total lipid content determination

1.5 ml of the culture was centrifuged at 4500 g for 1 min, followed by
washing the cells with 3 ml mineral medium and then by 3 ml milli-Q
water. Liquid nitrogen was used to snap-freeze the cell pellet for about
10 s before it was stored at —20 °C for later extraction.

Frozen cell pellets were lyophilized overnight. Zirconium oxide
beads (0.5 + 0.01 g, @ 1.4 mm) were mixed with five milligrams of dried
cell pellets in 2 ml vials, including a blank control without cells, before
adding 1 ml of a cold mixture of chloroform:methanol (1:2, v/v). The
mixtures were homogenized by a Precellys®24 bead homogenizer with
a Cryolys temperature controller (all Bertin Technologies SAS,
Montigny-le-Bretonneux, France) at 6500 rpm for 30 s plus 15 s inter-
mediate pause, repeated three times. The homogenized cells were then
mixed with 333 pl cold chloroform, followed by vortexing for 20 s,
before addition of 333 pl of water and vortexing for 20 s to induce phase
separation before the samples were centrifuged at 14000 rpm for 5 min
at 15 °C. The lower chloroform layer containing the lipids was collected.
Cell debris was cleared by a syringe filter with PTFE membrane, 0.2 pm,
@ 13 mm (VWR, USA). The extracts were flushed with a stream of ni-
trogen. The samples were stored at —80 °C in dark glass vials for total
lipid content analysis and lipid species determination.

For measuring total lipid content, 300 pl of lipid extract was trans-
ferred to a pre-weighed glass vial, left in fume hood for evaporation and
weighed after two days. The lipid content was then calculated by
knowing that the chloroform phase was 666.3 pl.

2.4. Lipid classes and species analysis

Lipid extracts were analyzed by a nontarget semiquantitative lip-
idomics method based on ultrahigh performance supercritical fluid
chromatography (UHPSFC)-mass spectrometry (MS) for determining
lipid classes and species, as previously described [21]. Lipid species
were tentatively identified based on mass accuracy (<5 ppm), the
retention time of relevant lipid class, isotopic pattern and fragmentation
pattern (if available) without distinguishing the specific sn positions of
each fatty acyl group on the corresponding head groups. TG(52:6), TG
(46:0), TG(58:12), TG(49:6), TG(44:0) and PC(40:7) were interpreted as
TG(14:0/16:0/22:6), TG(14:0/16:0/16:0), TG(14:0/22:6/22:6), TG
(14:0/14:0/22:6), TG(14:0/14:0/16:0) and PC(22:6/18:1) respectively,
based on the result of FA composition analysis. The abundance was
normalized by the default method in Progenesis QI software. The
abundance of individual lipids was then multiplied by the estimated
biomass (T66: 8 g/l at 3 h and 10 g/1 at 12 h; SR21:8.1 g/I at 3 h and
12.5 g/1 at 12 h) to be interpreted as relative concentrations. The dif-
ferences in ionization efficiency of each lipid class were corrected by
response factors, which were estimated experimentally as previously
described [21].

2.5. Statistical analyses

For the quantitative analyses, three biological samples were used.
Standard  deviation = was calculated using the formula

STDEV=, /3" (x — X)* /(n B
Graphpad (www.graphpad.com).

1) Unpaired t-tests were calculated using

3. Results

3.1. Exploring the effect of different FAS inhibitors on the FA composition
of cells

Firstly, three different FAS inhibitors were tested to identify a com-
pound that inhibits FAS in both Aurantiochytrium species and does not
inhibit the PUFA synthase to the same degree. Cerulenin can inhibit FAS


http://www.graphpad.com
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by binding the p-ketoacyl-ACP synthase (KS) domain of FAS [6]. Isoni-
azid can suppress FAS by inhibiting the enoyl reductase function of FAS
[9]. Taxifolin is a flavonoid that can inhibit FAS by competing with
acetyl-CoA for the same active site of FAS [10].

When using defined media, the fatty acid and lipid accumulation
rates in T66 [19,20] and SR21 (unpublished) are high and constant the
first 15-20 h after N-exhaustion, before they start to decrease. Thus,
both strains were cultivated in bioreactors until reaching N-starvation,
as indicated by no further increase in the CO,-production rate, followed
by transfer of the biomass to microbioreactors for treatment with taxi-
folin, isoniazid and cerulenin for 15 h. This allowed us to compare the
effect of the inhibitors on otherwise identical cultures. A pre-study had
been run to identify suitable concentrations of each inhibitor. This study
suggested that T66 was more resistant to these inhibitors than SR21,
hence different concentrations were used for the two strains. The
cerulenin-treated cells showed lower concentrations of the FAS
pathway-derived FA (FAS-FAs) than the control without inhibitors,
while PKS-derived FA (PKS-FAs) or DHA remained at similar concen-
trations in both T66 and SR21 (Fig. 1a and d). The result is consistent
with previous reports [12,13], showing that cerulenin can potentially
inhibit FAS-FAs production in T66 and SR21 without affecting the level
of PKS-FAs or DHA significantly under N-starvation. In both strains,
addition of isoniazid had a similar effect on both FAS and DHA (Fig. 1b,
e). Taxifolin seemed to slightly increase the production of FAS and DHA
in SR21, while a small reduction of FAS was observed for T66 (Fig. 1c
and f).

3.2. Fatty acid production rates and the effects of cerulenin during N-
starvation

Based on these preliminary results, an experiment was set up to
measure and compare the production of different FAs and lipids in the
two strains and how they responded to cerulenin treatment. As before,
T66 and SR21 were cultivated in bioreactors until reaching nitrogen
starvation. The cultures were then aliquoted to shake flasks since the
larger volumes would allow for sampling as a function of time. Different
amounts of cerulenin, no (denoted 0 uM), 2, 5, and 25 pM, were added at
time zero, this would allow us to observe any effect of increasing dos-
ages. The cells were collected for analyses after 0, 3, 6, 9 and 12 h. The
cell mass concentrations were approx. 7 g/1 at transfer from bioreactors
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to shake flasks, and had reached 10 and 12.5 g/1, respectively for T66
and SR21 after 12 h.

The concentrations of the different FAs at the five time points were
measured for each culture (Supplementary Fig. S1). From 0 to 12 h, the
concentration of all the detected FAs increased. The cerulenin-treated
SR21 had lower FAS-FA levels than the untreated cells after 3 h. SR21
accumulated almost no FAS-FA from 0 to 3 h when treated with 25 pM
cerulenin, but after the first three hours, FAS-FA concentration increased
at a similar rate regardless of the concentration of cerulenin (Fig. 2a and
Table 1). For T66, the concentration change caused by cerulenin was
smaller. Although not significant based on the standard deviations and t-
test, an apparent trend indicating some inhibition of FAS was observed.
In contrast, no effects of cerulenin were found on PKS-FAs or DHA
accumulation rates in any of the two strains. The results showed that
although FAS inhibition increased the proportion of DHA of total FA
(Table 1, Supplementary Table S1 and Fig. S2), the concentration of
DHA did not increase. The glucose consumption rates (Fig. 3a and b)
correlated with the FA production rates, with a FA yield on glucose of
approx. 22-25 % (Fig. 3c).

3.3. The production of total lipid of T66 and SR21 and how it was
affected by cerulenin during N-starvation

Samples from 3 h and 12 h were selected for analysis of total lipid
content and high-resolution lipid profiling. The 25 pM cerulenin-treated
T66 and SR21 contained lower amounts of lipids than the untreated cells
after 3 h (Fig. 4a). However, after the first three hours the lipids
increased at a similar rate regardless of the concentration of cerulenin
(Fig. 4b), showing that the effect of cerulenin did not persist for a long
period.

3.4. The triacylglycerol species of T66 and SR21 and how they were
affected by cerulenin during N-starvation

Thraustochytrids store lipids as neutral lipid triacylglycerol (TAG),
and already after 3 h, TAG accounted for >70 % of the total lipids in
both strains (Fig. 5a and b). Diacylglycerol (DAG) was the second most
abundant lipid class on average of the two strains and the two time
points, while phosphatidylcholine (PC) was the most abundant phos-
pholipid class.
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=5 —~5 g5

= = =

34 24 f B

23 P, &3 £ 3 7

£o Al = = 2 g

s WP & / s & Bl wom 7

3Rl al 1l o1 g 11l E A W

Sy Al (A (A A 8 0 8 0 ‘/j A C Z/l
FAS PKS DHA TFA FAS PKS DHA TFA FAS PKS DHA TFA

022 m5m25 0 20.25 =05 02 =8 =15 =0 210 =100

d SR21 cerulenin e SR21 isoniazid f SR21 taxifolin

12 Q12 T2

210 210 219 |

s 8 ' s 8 Al S 8 ’

g6 A Esl | A E of ’

€ 4 ] u € 4 ) Vi = 4 | 4 M

210 ol ole Bl 2210 oAl 2 1A vl om B

e 21 Al el v € 2 ol s 21 Wl W 4

S o / /| | 9 % (S @ U Y O 9 A ol | 9! 7

FAS PKS DHA TFA

Om1m2m25 0 @01

FAS PKS DHA TFA
025 =05

10 m2 m5 =10

Fig. 1. Concentrations (g/1, y-axes) of fatty acids in T66 and SR21 after being treated with cerulenin (a, d), isoniazid (b, e) and taxifolin (c, f) for 15 h after N-
starvation. Inhibitor concentrations (uM) are shown in the legends. FAS, the sum of C14:0, C16:0, C16:1 and C18:1; PKS, the sum of DHA and DPA; TFA, total

fatty acids.
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Fig. 2. Time-course profile for fatty acid concentra-
tions in SR21 (a, ¢ and e) and T66 (b, d and f) treated
with cerulenin. Cerulenin concentrations (pM) are
shown in the legends. FAS, the sum of C14:0, C16:0,
C16:1 and C18:1. PKS, the sum of DHA and DPA; All
data are expressed as the mean of three independent
cultures, except data from O h, originating from one
culture; Error bars represent the standard deviation.

:I:[ Data with “*’, p < 0.05 by unpaired t-test vs. the value
without cerulenin treatment at the same time point.
Data without “*’, p > 0.05 by unpaired t-test vs. the
value without cerulenin treatment at the same time
point.
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We then identified the top ten abundant TAG species in the two
strains during the 9 h sampling period and compared the concentration
of these (Supplementary Fig. S3). The TAG species were grouped into
either zero, one, two or three DHA-containing TAGs, designated TG(N/
N/N), TG(N/N/22:6), TG(N/22:6/22:6) or TG(22:6/22:6/22:6),
respectively, where N denotes any FA but DHA. From 3 to 12 h, the
concentration of all groups increased in both T66 and SR21, except TG
(22:6/22:6/22:6) in T66 (Fig. 5¢ and d).

The changes in the concentrations of TAG species in cerulenin-
treated T66 had trends similar to those of SR21, but less significant
(Fig. 5¢ and d). These results were in agreement with data obtained from
the FA analyses. When considering the effect of FAS inhibition by cer-
ulenin on the accumulation of DHA-containing TAGs, SR21 had higher

Tmou-
o
©

TG(22:6/22:6/22:6) and TG(N/22:6/22:6), but lower TG(N/N/22:6)
and TG(N/N/N) concentrations than the untreated cells after 3 h. From 3
to 12 h, TG(22:6/22:6/22:6) decreased more (T66) and increased less
(SR21) in cerulenin-treated cells than the untreated cells, while TG(N/
N/N) increased more in T66 (Fig. 5e and f). The result indicated that
although the cerulenin-treated cells produced more DHA-rich TAG and
fewer FAS-FA-rich TAGs in the first three hours, the different trends
caused by cerulenin became less prominent after a longer cultivation
period.
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Table 1
Fatty acid production rate (g/1/h) of SR21 and T66 treated with cerulenin. FAS,
the sum of C14:0, C16:0, C16:1 and C18:1; PKS, the sum of DHA and DPA. All
data are expressed as mean + the standard deviation of three independent
cultures.

Time Cerulenin T66 SR21
interval = (uM) FAS  DHA  PKS FAS  DHA  PKS
Oh—-3h 0 98 + 46 + 83 + 213 108 152
5 16 25 + 37 + 36 + 49
1 95 + 52 + 96 + 134 100 144
2 11 19 + 26 + 25 + 32
5 86 + 71 + 121 68 + 110 160
41 68 + 94 19 + 34 + 45
25 74 £ 56 + 100 23 + 115 171
19 28 + 35 21 + 35 + 49
3h-6h 0 156 94 + 145 224 129 169
+105 86 + 120 + 48 + 31 + 47
1 143 67 + 105 257 177 240
+ 38 28 + 41 + 42 + 23 + 35
5 101 51 + 84 + 233 171 226
+ 89 49 75 + 37 +17 + 23
25 105 63 + 107 219 129 180
+73 49 + 79 +9 + 16 + 24
6h—9h 0 140 28 + 50 + 313 192 261
+ 47 60 80 + 90 + 50 + 70
1 116 11 + 19 £ 209 151 195
+ 36 15 24 + 44 + 14 + 17
5 119 -14 -11 + 234 179 241
+ 26 + 32 43 + 43 + 40 + 55
25 124 -30 -37 249 223 301
+ 21 + 22 + 33 + 27 + 57 + 82
9h—12 0 188 16 + 32 + 270 215 284
h +9 6 7 + 27 + 24 + 40
1 239 66 + 113 276 198 264
+19 23 + 29 + 74 + 52 + 69
5 148 26 + 47 + 286 196 263
+ 83 21 36 + 68 + 45 + 70
25 156 48 + 75 + 225 154 219
+108 62 91 + 73 + 71 + 91
Oh—12 0 121 34 + 57 + 202 134 178
h + 24 8 13 + 16 + 12 + 17
1 125 36 + 59 + 186 131 175
+ 21 14 19 + 18 + 16 + 23
5 92 + 16 + 30 + 188 136 182
30 4 7 + 34 + 25 + 36
25 96 + 20 + 36 + 173 127 175
43 22 35 + 26 + 29 + 38

3.5. The diacylglycerol and monoacylglycerol species of T66 and SR21
and how they were affected by cerulenin during N-starvation

Diacylglycerol (DAG) was the second most abundant lipid class in the
two strains (Fig. 5a) and is one of the precursors for synthesizing other
lipids, like TAG and phospholipids [22]. DG(16:1/22:6) and DG(18:1/
22:6) were present in T66 (Fig. 6a). SR21 cannot produce C16:1 and
C18:1 (Supplementary Fig. S1) [18], explaining their absence in this
strain. DG(22:6/22:6), DG(16:0/16:0), DG(16:0/22:6), DG(14:0/22:6)
are the possible DAG precursors to synthesize the top five abundant TAG
species, TG(16:0/16:0/22:6), TG(16:0/22:6/22:6), TG(16:0/16:0/
16:0), TG(14:0/16:0/22:6) and TG(22:6/22:6/22:6) (Supplementary
Fig. S3). Interestingly, DG(22:6/22:6) was far more abundant than the
other three in both strains (Fig. 6a). This was unexpected given that the
concentration of DHA never was more than two times different to that of
C16:0 (Supplementary Fig. S1).

The accumulation patterns for DAG and MAG were different for T66
and SR21. T66 contained a significantly higher proportion of DAG than
SR21 after 3 h (Fig. 5a). From 3 to 12 h, the concentration of the most
abundant species, DG(22:6/22:6) decreased in T66 but remained un-
changed in SR21 (Fig. 6a). In the same period, the concentration of one
DHA-containing DG species, designated DG(22:6/N), increased in T66
but remained unchanged in SR21 (Supplementary Fig. S4). From 3 to 12
h, MG(22:6) decreased in T66 but remained fairly constant in SR21
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Fig. 5. The distribution between neutral lipid (TAG, DAG, MAG, CER and SE) and polar lipid (PC, LPC and PE) (a), and among lipid classes (b); Abundance of the top
ten abundant TAG species (c); The abundance of TAG species grouped according to DHA content after being treated with cerulenin for 3 and 12 h in T66 (c) and SR21
(d), and the abundance difference from 3 to 12 h in T66 (c) and SR21 (f); In the legends, 3 h and 12 h show time, while 0, 1, 5 and 25 show cerulenin concentrations
(pM). All data are expressed as the mean of three independent cultures; Error bars represent the standard deviation. TAG/TG, triacylglycerols; DAG, diacylglycerols;
PC, phosphatidylcholines; MAG/MG, monoacylglycerols; LPC, lysophosphatidylcholines; PE, phosphatidylethanolamines; SE, steryl esters; CER, ceramides. All data
are expressed as the mean of three independent cultures; Error bars represent the standard deviation. Data with ‘*’, p < 0.05 by unpaired t-test vs. the value of the
same lipid species without cerulenin treatment. Data without “*’, p > 0.05 by unpaired t-test vs. the value of the same lipid species without cerulenin treatment.
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(Fig. 6b).

When FAS was inhibited by cerulenin, SR21, and to a mild extent,
T66, had higher DG(22:6/22:6) concentrations than the untreated cells
after 3 h. After 12 h, the difference in DG(22:6/22:6) concentrations
between the cerulenin-treated and the untreated cells became insignif-
icant (Supplementary Fig. S4). The result again indicated that the dif-
ference caused by cerulenin did not persist after a long period of N-
starvation.

3.6. The phospholipid species of T66 and SR21 and how they were
affected by cerulenin during N-starvation

Phosphatidylcholine (PC) was the most abundant phospholipid in
both strains (Fig. 5a). PC can be the downstream product of DAG and the
precursor of TAG [11,23]. When the accumulation of PC species in the
two strains was compared, there were strain differences (Fig. 6¢). PC
(22:6/18:1) was present in T66, but not SR21, since SR21 cannot syn-
thesize C18:1. PC species containing one DHA were grouped and
designated PC(22:6/N). From 3 to 12 h, the PC(22:6/N) concentration
remained unchanged in both strains, while PC(22:6,/22:6) concentration
increased in T66 but remained unchanged in SR21. DHA-containing
lysophosphatidylcholine, LPC (22:6), can be generated from PC(22:6/
22:6) [24]. From 3 to 12 h, LPC(22:6) concentration decreased in T66
but remained unchanged in SR21.

Cerulenin-treated SR21 and T66 had accumulated a similar level of
different PC species to the untreated cells after 3 h. However, from 3 to
12h, PC(22:6/22:6) decreased more in cerulenin-treated SR21 cells than
in the untreated cells. This did, however, not occur in T66 (Supple-
mentary Fig. S4).

LPC(22:6)

4. Discussion

A main question in this study was whether a reduction of the con-
sumption of the common precursors for PKS and FAS, such as acetyl-CoA
and NADPH, by the FAS pathway, would enhance the production of the
fatty acids produced by the PKS pathway. Earlier, thraustochytrid cells
have been treated with cerulenin from the start of the fermentations,
resulting in a higher proportion of DHA in the total FAs compared to
untreated cells [12,13]. Growing (multiplying) cells contain phospho-
lipids as the major lipid class [25]. In the present study, the aim was to
study the TAG accumulation phase. The cells were therefore treated with
cerulenin after N-exhaustion. Any result might be strain specific, and we
chose to cultivate two different strains in parallel. Our results showed
that cerulenin inhibited the FAS pathway in SR21, and in lesser extent,
in T66, as the cerulenin-treated cells had a higher proportion of DHA of
the total FAs than the untreated cells. However, there was no increase in
the production rates of DHA. Furthermore, we recently demonstrated
that in T66, the amount of lipid synthesis precursors, acetyl-CoA and
NADPH increased after N-exhaustion, while the amount of long-chain
fatty acyl-CoAs and lipid head group glycerol 3-P decreased [19].
Taken together, these results imply that for both strains the supplement
of acetyl-CoA and NADPH is not limiting DHA synthesis, and that the
rate-limiting step for DHA-synthesis must lay further down the pathway.
The rate limiting step could for instance be the amount of the proteins
comprising the DHA synthase complex or the acyl CoA synthetases that
accept DHA as a substrate.

‘DHA enrichment’ in lipids during fermentation could reduce the
cost of separation and purification in the following downstream process
for producing high-DHA content lipid products in industry [15]. In this
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study, the cerulenin-treated cells had higher concentrations of DHA-rich
lipid species, TG(22:6/22:6/22:6), DG(22:6/22:6), and less FAS-rich
TAG than untreated cells at the same time points (Fig. 5c, d and 6a).
This is reasonable, due to a higher proportion of DHA in total FA, more
DHA is available for the TAG synthesizing enzymes. This indicates a
potential to enhance DHA-rich lipid production through strain engi-
neering with a similar flux redistribution strategy.

The effect of cerulenin on FA synthesis was only seen at the first
sampling point after three hours. The rates of FA synthesis were the same
regardless of the amount of added cerulenin for the later time points.
Similarly, the concentration differences of lipid species between the
treated and untreated cells at 3 h, were reduced over the following nine
hours, resulting in some of the differences becoming insignificant at 12
h. Earlier work has shown that organisms may inactivate cerulenin after
some time, and this seems to be the case for the studied strains [26]. In
addition, we have observed that T66 is more resistant to various anti-
biotics than SR21 (unpublished), and potentially to cerulenin as well,
providing less significant results of the inhibitor in this strain.

Flux differences of enzyme reactions, caused by the amount of
enzyme present and/or the enzyme properties, affect the accumulation
of specific lipid species. In this study, DG(22:6/22:6) accumulated dis-
proportionally higher in both T66 and SR21 during N-starvation
compared to the other DAGs that can be the precursors for DHA-rich
TAG. The result suggests that the conversion of DG(22:6/22:6) is a
rate-limiting step in the production of DHA-rich TAG in Aurantiochy-
trium and related genera. This could potentially be overcome by strain
engineering, such as identifying and overexpressing a DGAT or PDAT
(Fig. 7) that prefer DG(22:6/22:6) as substrate. We also observed that
the concentrations of some lipid species did not increase or decrease at
the same time in the two strains in the absence of cerulenin, as sum-
marized in Fig. 7. The DG(N/22:6) concentration increased in T66 but
remained unchanged in SR21, while the concentration of MG(22:6), DG
(22:6/22:6) and LPC(22:6) decreased in T66 but did not alter signifi-
cantly in SR21. Moreover, the accumulation trends of TAG and PC
species containing only DHA were different between the two strains, but
both patterns have been observed for other thraustochytrid strains. The
concentration of TG(22:6/22:6/22:6) increased but PC(22:6/22:6)

T66 SR21
T66 SR21 22:6/22:6
|2216| | | N/22:6
Glycerol [¢-=---1 MAG [«--=~--1 DAG
v MAG lipase Y DAG lipase -
FA FA

CDP-choline W

CcDP <-/y
PC

—» TG synthesis
- -» TG degradation
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remained unchanged in SR21, a similar pattern observed in Schizochy-
trium sp. A-2 before glucose exhaustion [27]. In contrast, TG(22:6/22:6/
22:6) concentration remained unchanged but PC(22:6/22:6) concen-
tration increased in T66, a trend that was observed in Schizochytrium sp.
S31 before the exhaustion of glycerol [23]. DG is a potential common
precursor of both TAG and PC (Fig. 7). Hence, the correlations suggest
that reducing the CPT activity or increasing the PDAT activity in the
lipid accumulation phase could be a way to enhance TG(22:6/22:6/
22:6) synthesis.

Overall, this study shows that FAS inhibition increased the DHA
proportion but not the DHA productivity in both strains, indicating that
precursor availability for the PKS pathway is less likely to be the rate-
limiting factor for DHA synthesis. FAS inhibition could also enrich
DHA-rich TAG TG(22:6/22:6/22:6) production. However, since FAS
synthesis is necessary for normal phospholipid membranes, one would
then need to engineer the strain in order to avoid the increased
expression of the FAS-encoding gene at the beginning of the lipid
accumulation phase [20] Moreover, the conversion of DG(22:6/22:6) to
TAGs is potentially a bottleneck for DHA-rich TAGs synthesis. These
findings provide insights in thraustochytrid lipid metabolism that pro-
vides application potential in developing strains with improved DHA
production.
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