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Abstract

Background: Polyunsaturated fatty acid (PUFA) synthase is a multi-domain mega-enzyme that effectively synthe-
sizes a series of PUFAs in marine microorganisms. The dehydratase (DH) domain of a PUFA synthase plays a crucial role
in double bond positioning in fatty acids. Sequencing results of the coccolithophore Emiliania huxleyi (E. huxleyi, Eh)
indicated that this species contains a PUFA synthase with multiple DH domains. Therefore, the current study, sought
to define the functions of these DH domains (EhDHs), by cloning and overexpressing the genes encoding FabA-like
EhDHs in Escherichia coli (E. coli) and Arabidopsis thaliana (A. thaliana).

Results: A complementation test showed that the two FabA-like DH domains could restore DH function in a
temperature-sensitive (7s) mutant. Meanwhile, overexpression of FabA-like EhDH, and EhDH, domains increased the
production of unsaturated fatty acids (UFAs) in recombinant E. coli by 43.5-32.9%, respectively. Site-directed mutagen-
esis analysis confirmed the authenticity of active-site residues in these domains. Moreover, the expression of tandem
EhDH,-DH, in A. thaliana altered the fatty acids content, seed weight, and germination rate.

Conclusions: The two FabA-like DH domains in the E. huxleyi PUFA synthase function as 3-hydroxyacyl-acyl carrier
protein dehydratase in £. coli. The expression of these domains in £. coli and A. thaliana can alter the fatty acid profile
in E. coli and increase the seed lipid content and germination rate in A. thaliana. Hence, introduction of DH domains
controlling the dehydration process of fatty acid biosynthesis in plants might offer a new strategy to increase oil
production in oilseed plants.

Keywords: Polyunsaturated fatty acid synthase, Dehydratase domain, Emiliania huxleyi, Escherichia coli, Arabidopsis
thaliana, Recombinant, Overexpression, Complementation, Site-directed mutagenesis

Background

Very long-chain polyunsaturated fatty acids (VLCPU-
FAs), such as arachidonic acid (ARA, 20: 4, n-6), eicosa-
pentaenoic acid (EPA, 20:5, n-3), and docosahexaenoic
acid (DHA, 22:6, n-3), contain more than 18 carbon

*Correspondence: xixie31@hotmail.com atoms and more than two double bonds. VLCPUFAs play
2 College of Light Industry and Food, Zhongkai University of Agriculture critical roles in protecting human health by maintain-
and Engineering, Guangzhou, China ing the structure and function of cell membrane lipids,
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improving neuron development by modulating endocan-
nabinoids in the synaptic system, promoting growth and
development of rod and cone cells, and regulating physio-
logical activities by functioning as precursors of bioactive
compounds [1, 2]. These VLCPUFAs can be synthesized
through both aerobic and anaerobic reaction pathways
in living organisms. In the aerobic pathway common in
eukaryotes VLCPUFA synthesis is catalyzed by two types
of enzymes. The double bonds of PUFAs are synthesized
by an oxygenic desaturation process catalyzed by differ-
ent substrate-specific desaturases, and their fatty acid
chains are elongated by elongases [3-5]. In the anaerobic
pathway, which only occurs in prokaryotic and eukary-
otic microbes [6, 7], PUFAs are synthesized by a mega-
enzyme PUFA synthase [8—15].

PUFA synthase is a polyketide synthase (PKS)-like
mega-enzyme that synthesizes VLCPUFAs from acetate
de novo through iterative cyclic reactions [4, 16, 17].
Genome sequencing has shown that microbial PUFA
synthases comprise one or more subunits, which contain
more than one catalytic domain, such as ketoacyl car-
rier protein synthase (KS) [18], ketoacyl carrier protein
reductase (KR) [19], desaturase (DH) [20], enoyl carrier
protein reductase (ER) [21], malonyl-CoA: carrier protein
transacylase (MAT) [22], and acyl carrier protein (ACP)
[2]. In particular, two types of DH domains participate
in the dehydration process for double bond introduc-
tion. The PKS-like DH domain primarily functions in the
synthesis of 2-trans-enoyl-ACP, which is subsequently
reduced by the ER domain to a saturated acyl-ACP,
whereas the consecutive FabA-like DH domains catalyze
the dehydration reaction for producing a 3-cis-enoyl-
ACP, in which the 3-cis double bond is retained through
subsequent condensation, catalyzed by the KS domain for
VLCPUFA biosynthesis [20, 23]. However, the substrate
specificity and functions of the FabA-like DH domains
from distinct species remain unclear.

Emiliania huxleyi is one of the most abundant and
widely distributed marine microalgae. This phytoplank-
ton can accumulate several omega-3 VLCPUFAs, includ-
ing docosapentaenoic acid (DPA, 22:5, n-3), EPA, and
DHA, which are health-promoting nutraceutical com-
pounds [24-27]. Recently, several elongases and desatu-
rases of aerobic pathway from E. huxleyi were identified
and characterized, revealing that E. huxleyi can synthe-
size VLCPUFAs through the aerobic pathway. However,
certain desaturases for the biosynthesis of some PUFAs
in aerobic pathway were missing inferring that an alter-
native pathway might participate in synthesizing these
fatty acids [25, 28-30]. Genome sequencing showed that
E. huxleyi comprises a PUFA synthase-like gene cluster
with a complete component of the standard PUFA syn-
thase, and this enzyme might involve in synthesizing
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PUFAs in anaerobic pathway. However, the functions
of its domains have not yet been determined. This
PUFA synthase-like enzyme contains two FabA-like DH
domains that may process dehydratase activity for VLCP-
UFA biosynthesis [18, 31].

The current study sought to functionally characterize
the two FabA-like DH domains from the PUFA synthase-
like enzyme of E. huxleyi. To this work, the domains were
identified by multiple sequence alignments and homol-
ogy modeling. They were subsequently described in E.
coli for their functional analysis through complementa-
tion test, site-directed mutagenesis, and overexpression.
In addition, the consecutive DH domains were expressed
as a heterologous enzyme in A. thaliana to assess the
ability of the DH domains to regulate seed weight, fatty
acid composition, lipid production, and germination rate.
Collectively, the findings of this study provide insights
regarding the functions of the E. huxleyi FabA-like DH
domains and highlight their potential for enhanced lipid
production in oilseed plants.

Results

Sequence analysis of the two PUFA synthase FabA-like DH
domains from E. huxleyi

The genome sequencing (GenBank: XP_005774327.1)
results showed that the PUFA synthase-like mega-
enzyme from E. huxleyi comprises multiple catalytic
domains (Fig. 1), including one PKS-like DH and two
tandem FabA-like DH domains (E#DH,; and EADH,) at
the C-terminus of the mega-enzyme [24]. As the FabA-
like DH domains of Thraustochytrium sp. 26,185 PUFA
synthase (named 7¢cDH domains) have been character-
ized in our previous studies [32, 36], the TcDH domains
were used as the reference domains for functional anal-
ysis of DH domains of PUFA synthase from E. huxleyi.
The multiple sequence alignment further revealed that
the two FabA-like EADH domains shared amino acid
identities of 24.0-25.7% with the E. coli FabA domains
and 44.0-36.9% with the FabA-like DH domains from
the Thraustochytrium sp. 26,185 PUFA synthase, respec-
tively. To obtain additional structural information, we
employed PyMOL software (https://pymol.org/2/) to
construct three-dimensional (3D) models of the two
domains. As a result, the tandem EADH,-DH, domain
was found to be similar to 3-hydroxydecanoyl-ACP dehy-
dratase (FabA), particularly that of E. coli, Pseudomonas
aeruginosa, Vibrio cholerae, and Yersinia pestis. FabA
(PDB ID: 951,844) was then applied as a template to build
the E4DH,-DH, domains. The sequence identity of the
model was 34.53%. According to the Ramachandran plot,
approximately 90% of amino acids were within the most
favored regions, while no amino acids were in the disal-
lowed region, confirming that the model was reasonable
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Fig. 1 Structure of polyunsaturated fatty acid synthases from Emiliania huxleyi and Thraustochytrium sp. ACP acyl carrier protein, KS 3-ketoacy!
ACP synthase, MAT malonyl-CoA: ACP transacylase, KR 3-ketoacyl-ACP reductase DH 3-hydroxyacyl-ACP dehydratase, CLF chain length factor, AT

and suitable for follow-up studies. The Errata overall
quality factor score of the model was 87.41. Theoreti-
cally, a score greater than 85 is considered good, indicat-
ing that the model meets the desired requirements. The
Verify 3 D results showed that 94.86% of the residues
had averaged 3 D-1 D scores >0.2, with more than 80%
of qualified lines indicating good model reliability. The
homology modeling of E#DH,; and EADH, domains
revealed the presence of a long pseudo-domain sequence
and a core FabA-like DH domain [32]. Two predicted
active-site residues, histidine (H) and aspartic acid/glu-
tamic acid (D/E), were found in the middle of each core
domain [18] (Fig. 2a). The structure analysis revealed
that the pseudo-domain and core domain had similar
“hot-dog” structures with a core helix surrounded by two
[-sheets. These domains were connected forming a dou-
ble “hot-dog” structure (Fig. 2b). For the core domain, the
conserved catalytic H residue was within the loop region
in the initial region of the central hot-dog helix, while the
conserved D/E residue resided in the hot-dog helix [33].
However, the upstream long pseudo-domain lacked one
active-site residue (D) in the sequence, with the remain-
ing active-site residues reacted with the those of the core
DH domain to form a “D-H-H” catalytic triad. There-
fore, the predicted active-site residue H was identified
at positions 369 and 908 of EZDH,-DH,, while another
active-site residue from the pseudo-domain was identi-
fied at position 383 of the domain (Fig. 2c).

Heterologous complementation of E. coli FabA mutant
with DH domains

FabA acts as the key enzyme for UFA biosynthesis in E.
coli by catalyzing the dehydration of 3-hydroxyacyl-ACP
to a cis-3-enoyl-ACP with a 10-carbon substrate [34].
The product cis-3-enoyl-ACP was further condensed
by a B-ketoacyl-acyl carrier protein synthase I (FabB),

resulting in the cis-double bond being retained on UFAs.
The lack of FabA function leads to loss of UFAs, and sub-
sequent dysregulation of normal cell membrane function
and inhibition of cell growth [35].

To perform functional characterization of the DH
domain, the DH domain complementation test was car-
ried out in a FabA (7s5) mutant with a temperature-sen-
sitive phenotype. FabA (75) normally contains mutations
in the FabA gene that enable the mutant to grow at lower
temperatures (30 °C), while inhibiting growth at non-
permissive temperatures (37 °C). As shown in Fig. 3a,
the mutants expressing two FabA-like EADH domains
from the PUFA synthase of E. huxleyi, tandem FabA-
like DH domains from the PUFA synthase of Thraus-
tochytrium sp. 26,185 (TcDH;-DH,), and wild-type FabA
were all capable of growing at both temperatures, while
the mutant containing an empty vector ceased growth
at 37 °C. These findings indicate that ExDH, and EADH,
domains can restore the 3-hydroxyacyl-ACP DH activity
in E. coli by synthesizing UFAs.

To further define the EADH domain functions, the
genes encoding EhDH,, EhnDH,, EhDH,-DH,, and TcDH; -
DH, were inserted into the plasmid vector pET32a. They
were overexpressed under a strong promoter in the wild-
type E. coli Rosetta strain. After inducible expression for
12 h, the total fatty acids of the recombinant strains with
different individual DH domains were extracted. The
production of five major fatty acids, namely, myristic acid
(C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1-9),
stearic acid (18:0), and oleic acid (C18:1-11), was ana-
lyzed. Overexpressions of all DH domains from the PUFA
synthase lead to markedly higher levels of total fatty acids
compared to the empty vector control (Fig. 3b). In par-
ticular, the recombinants comprising EADH,, EhDH,,
and EADH,-DH, produced significantly higher amounts
of saturated fatty acids (SFAs) and UFAs, such as C16:0,
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Fig. 2 Sequence and 3D structural analysis of two FabA-like dehydratase (DH) domains from Emiliania huxleyi (Eh). a Multiple sequence alignment
of the DH domains of PUFA synthases and FabA from Escherichia coli (Ec). b 3D structures of EhDH;-DH, domains. ¢ Two types of predicted
active-site residues on £hDH;-DH, domains. The putative active sites are highlighted by a red rectangle, and the consensus amino acids are shaded.
EcFabA, FabA from E.coli; EhPUFA-DH;, DH, domain of polyunsaturated fatty acid (PUFA) synthase from Emiliania huxleyi; EhPUFA-DH,, DH, domain
of PUFA synthase from Emiliania huxleyi; SchPUFA-DH,, DH, domain of PUFA synthase from Schizochytrium; SchPUFA-DH,, DH, domain of PUFA
synthase from Schizochytrium; ShePUFA-DH,, DH, domain of PUFA synthase from Shewanella; ShePUFA-DH,, DH, domain of PUFA synthase from
Shewanella; TcPUFA-DH;, DH, domain of PUFA synthase from Thraustochytrium; TcPUFA-DH,, DH, domain of PUFA synthase from Thraustochytrium
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C18:0, and C18:1, compared with the empty vector con-
trol. The recombinants containing E#DH,; and EADH,-
DH, domains accumulated similar levels of fatty acids,
but more SFAs, than the recombinants expressing
EhDH,. The total fatty acid production of the recom-
binants with two tandem DH domains was 181.90 mg/L,
showing an increase of approximately 43.50% over the
control. When the UFA/SFA ratios of these strains were
compared, all recombinants overexpressing DH domains
produced lower UFA/SFA ratios than the empty vector
control, which shared a similar result with the overex-
pression of the FabA gene in E. coli and overexpression of
the DH domain gene in Thraustochytrium sp. 28,165 (Tc)
(Additional file 1: Table S1) [36].

Site-directed mutagenesis analysis of the DH domains

According to the multiple amino acid sequence align-
ment, the conserved catalytic active-site residues of the
EnDH, and EhDH, domains were inactivated to con-
firm the authenticity of the functional DH domains.
Additionally, the active-site D or E residues were sub-
stituted by alanine (A) residues through site-directed

mutagenesis. The results of the sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting (WB) analyses confirmed the expres-
sion of all cloned EADH genes (Additional file 1: Fig. S1).
The mutated EADH,, EhDH,, and E4DH,-DH, domains
were expressed as stand-alone enzymes in the FabA
(Ts) mutant for the complementation analysis. Similar
to the empty vector control, the recombinant overex-
pressing mutated domains could grow at 30 °C but not
at 37 °C (Fig. 4a), revealing that the inserted mutated
EhDH fragments were non-functional in the mutants.
In contrast, the recombinants overexpressing wild-type
EhDH domains grew at both permissive and nonpermis-
sive temperatures. These experiments confirmed that the
putative catalytic active site was crucial for the domain
function.

In addition, these mutant domains were overex-
pressed in the wild-type E. coil Rosetta strain (Fig. 4b).
The recombinant overexpressing mutated DH domains
accumulated similar levels of fatty acids as the empty
vector control, while the recombinants overexpressing at
least one wild-type DH domain produced higher levels
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Fig. 3 Functional analysis of EhDH domains in Escherichia coli (E. coli). a Complementation plate assay of the dehydratase (DH) domains in E. coli
FabA Temperature-sensitive (7s) mutant. DH domains were individually inserted behind the inducing promoter pBAD. The transformants grown
on 0.02% L-arabinose selection plates were incubated overnight at 30 and 37 °C, respectively. FabA, E. coli wild type dehydratase; TcDH,-DH.,, the
mutant expresses tandem DH,;-DH, domains from Thraustochytrium; Mutant, E. coli FabA Ts mutant with an empty vector; EhDH;, the mutant
expresses the DH, domains from Emiliania huxleyi; EhDH,, the mutant expresses the EhDH, domains; EhDH,-DH,, the mutant expresses both
EhDH, and EhDH, b The amount of fatty acid production in E. coli expressing the DH domains. Fatty acid production in £. coli Rosetta strains
overexpressing DH domains. EV, E. coli Rosetta with an empty vector; EhDH;, E. coli Rosetta overexpressing EhDH; domain; EhDH,, E. coli Rosetta
overexpressing EhDH, domain; EhDH,-DH,, E. coli Rosetta overexpressing both EhDH, and EhDH,; TcDH,-DH,, E. coli Rosetta overexpressing both
TcDH, and TcDH, Fatty acid abbreviations are the following: 14:0, myristic acid; 16:0, palmitic acid; 16:1, palmitoleic acid; 18:0, octadecanoic acid;
18:1, cis-vaccenic acid; SFAs saturated fatty acids, UFAs unsaturated fatty acids, Total total fatty acids. Values are reported as the means + standard
deviation of three independent biological replicates. Means with the same letters do not differ significantly. Statistical analysis of the results was

of SFAs and UFAs. Moreover, the expression of the two
tandem EADH domains, with either mutated, revealed a
slightly stronger effect of the mutated E4DH; (EZDH,-M-
DH,) over the mutated E4DH, (DH,-DH,-M).

Generation of the recombinant construct expressing
tandem EhDH,-DH, domains in A. thaliana

Considering that the tandem DH domains could regu-
late fatty acid production in E. coli, these domains
were further functionally analyzed by strong promoter-
driven overexpression in the model oilseed plant A.
thaliana. The binary plasmid comprising three expres-
sion cassettes was constructed to express the tan-
dem EhDH domains in A. thaliana. The first cassette
was used to express the tandem EADH domains as a
stand-alone protein with a chloroplast transit peptide
from A. thaliana fused to the N-terminus under the
control of the 35S promoter. The second cassette was
used to express a kanamycin-resistance gene under the
control of a constitutive promoter for selecting trans-
genic plants. The third cassette was used to express

a modified green fluorescent protein (eGFP) from
Aequorea victoria under the 35S promoter for screen-
ing transgenic seeds (Additional file 1: Fig. S2).

Expression of the EhDH,-DH, domain in wild-type A.
thaliana

To assess the effect of the ExDH,-DH, domain in fatty
acid biosynthesis and oil production in A. thaliana, the
construct expressing the EADH;-DH, domain under
the 35S promoter was introduced into wild-type A.
thaliana. Transgenic seeds were selected by the fluo-
rescence signal and propagated to the next generation.
To confirm the expression of the E4DH;-DH, domain,
total RNAs were isolated from the developing siliques
of three transgenic lines (OE-4, OE-5, OE-11) and
reverse-transcribed to cDNAs (Fig. 5b, a). Quantitative
PCR analysis of the cDNAs showed that the transcrip-
tion levels of the E#ADH,-DH, domain were highly var-
ied among the three overexpression (OE) lines, with the
highest levels observed in OE-4, followed by OE-5 and
OE-11 (Fig. 5b).
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Fig. 4 Functional validation of site-directed mutagenesis of EhDH domains. a Complementation plate assay of the dehydratase (DH) domains in
Escherichia coli (E. coli) FabA Temperature-sensitive (7s) mutant as conducted in Fig. 3. FabA, E. coli wild type dehydratase; Mutant, £. coli FabA Ts
mutant with an empty vector; EhDH,-M, the mutant expresses the mutated DH, domains from Emiliania huxleyi; EhDH,-M, the mutant expresses
the mutated £hDH, domains; EhDH,-M-DH,, the mutant expresses the mutated DH, along with DH,; EhDH,-DH,-M, the mutant expresses the
mutated DH, along with DH,. b Fatty acid production following DH overexpression in wild-type E. coli. EV, E. coli Rosetta with an empty vector;
EhDH,-M, E. coli Rosetta overexpressing the mutated EhDH, domain; EhDH,-M, E. coli Rosetta overexpressing the mutated EhDH, domain;
EhDH,-M-DH,, E. coli Rosetta overexpressing the mutated DH; along with DH,; EhDH,-DH,-M, £. coli Rosetta overexpressing the mutated DH,
along with DH;. Fatty acid abbreviations are the following: 14:0, myristic acid; 16:0, palmitic acid; 16:1, palmitoleic acid; 18:0, octadecanoic acid;
18:1, cis-vaccenic acid; SFAs saturated fatty acids, UFAs unsaturated fatty acids, Total total fatty acids. Values are reported as the means = standard
deviation of three independent biological replicates. Means with the same letters do not differ significantly. Statistical analysis of the results was
conducted using one-way analysis of variance (P<0.05)
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Fig.5 Transcriptional analysis of the EhDH,-DH, domain in developing siliques of overexpression lines. a Expression of the EhDH,-DH, domain and
AtActin 2 in the developing siliques of EhDH1-DH2/WT analyzed by semi-quantitative RT-PCR. b Expression of the EhDH,-DH, domain in developing
siliques of EhDH -DH/WT analyzed by quantitative RT-PCR. WT wild type, OF overexpression lines. Values are reported as the means—standard
deviation of three independent biological replicates. Means with the same letters do not differ significantly. Statistical analysis of the results was
conducted using one-way analysis of variance (P<0.05)

Expression and early seedling growth of the EhDH,-DH, the seed oil content and mass of these three transgenic
domain in OE lines of A. thaliana lines were measured. All transgenic lines accumulated
To examine the effect of the EsDH,-DH, domain in fatty = more oil relative to the wild-type control (Fig. 6). The
acid biosynthesis and oil accumulation in A. thaliana, —amount of oil per seed in OE-4, OE-5, OE-11 increased
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Fig. 6 Effect of the expression of tandem EhDH domains in Arabidopsis. a Amount of oil per seed in the T2 seeds of overexpression lines. b Seed oil
content of the transgenic lines. ¢ Seed weight of the transgenic lines. d Germination rates of wild-type and transgenic lines at 36 h of imbibition. WT
wild type, OF overexpression lines. Values are reported as the means =+ standard deviation of 10 independent biological replicates. Means with the
same letters do not differ significantly. Statistical analysis of the results was conducted using one-way analysis of variance (P < 0.05)

by 95.80%, 73.20%, and 62.70%, respectively, compared
with the control (Fig. 6a). In particular, the levels of
monounsaturated fatty acids, such as C18:1 and C20:1,
were significantly higher in these transgenic lines than
in the wild-type control [37]. Moreover, the transgenic
lines exhibited a decrease in total SFAs and increase in
total UFAs; however, their UFA/SFA ratios were 2.61,
2.50, and 2.50 times that of the negative control, respec-
tively (Table 1). The percentages of oil content in these
transgenic lines increased by 50.80%, 28.10% and 13.90%,
respectively, compared with the control (Fig. 6b). Moreo-
ver, the transgenic seeds were significantly heavier, repre-
senting 1.38-, 1.36-, and 1.14-fold increase, respectively,
relative to the wild-type seeds (Fig. 6¢). These results
indicated that expressing the tandem EAZDH domains can
significantly increase seed oil content and seed mass in A.
thaliana.

To examine the growth effects of the tandem EADH
domains, the growth phenotypes of the transgenic A.
thaliana plants were carefully observed during their
life cycle. The 36-h germination rate in OE-4, OE-5

and OE-11 increased by 130.50%, 121.50%, and 88.30%,
respectively, compared with the control (Fig. 6d). Hence,
expression of the tandem EADH;-DH, domains from
the PUFA synthase in A. thaliana could promote seed
germination.

Discussion

VLCPUFAs, such as EPA, DPA, and DHA, are found in
most living organisms and synthesized through aerobic
or anaerobic pathways. The aerobic pathway widely exists
in many species, synthesizing VLCPUFAs by the com-
bined action of elongases and desaturases. However, the
anaerobic pathway is an alternative pathway employed by
many marine microbes [38]. In the anaerobic pathway,
PUFA synthase is the key mega-enzyme that synthesizes
a number VLCPUFAs de novo [17]. Sequence analysis, in
the current study, showed that PUFA synthases comprise
one or more subunits with multiple catalytic domains
that cooperate to form VLCPUFAs with multiple double
bonds. Domain studies of PUFA synthases indicated that
two key domains, KS and DH, play a key role in double
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Table 1 Fatty acid composition (mol%) of transgenic seeds
overexpressing tandem FhDH domains

FA species WT DH-T2-4 DH-T2-5 DH-T2-11
16:0 12054083 766+£031¢ 7334027 8284031°
16:1-9 166+£020" 033+£003%° 05440155 03740018
18:0 1073+132" 4264028%  4594037% 43340.24°
18:1-9 1119420825 15674£049" 14464+030° 14640445
18:1-11 226+£023"  13+£008° 12440058 1334003°
182 20814074 24954044 25544035" 240140538
183 14194123 16784059® 1714£037° 18634046
20:1-11 14240548 209340.14" 2044047" 20544070
Others 12914112 8124015 884021 7924014
C16-18 72894077 70954022 70804063 71544073
SFA 32064+121" 15314065° 1584+£082% 1590+069°
UFA 679441738 8469+065" 84.164082" 84.10+069"
UFA/SFA 212 553 531 5.29

FA fatty acid, WT wild type, OF overexpression lines, SFA saturated fatty acid, UFA
unsaturated fatty acid, UFA/SFA ratio of unsaturated/saturated fatty acids.

Values are reported as the means + standard deviation of 10 independent
biological replicates. The means with the same letters are not statistically
significantly different. The statistical analysis of the results was conducted using
one-way analysis of variance (P <0.05)

bond positioning in VLCPUFAs: the KS domain cata-
lyzes the condensation of enoyl-ACP with malonyl-ACP
for double bond retention, while the DH domain cata-
lyzes the introduction of a double bond by removing a
water molecule from hydroxyl-ACP, forming a cis-enoyl-
ACP [39, 40]. Structural analysis of the DH domains of
the PUFA synthases revealed that they possess a double
“hot-dog” architecture, similar to the DH domain of the
fatty acid synthase. Based on their amino acid sequences,
DH domains were classified into two categories: PKS-like
and FabA-like DH domains. The PKS-like DH domain
catalyzes the dehydration of acyl-chain by introducing
a 2-trans double bond, whereas the two FabA-like DH
domains in a tandem arrangement that more closely
resembles the E. coli dehydratase (FabA), which can
introduce cis-double bonds [32, 41].

To define the functions of these PUFA synthase FabA-
like DH domains, many researchers have attempted to
dissect the DH domain from the PUFA synthase and
investigate their activity in different expression sys-
tems. For instance, Oyola-Roble cloned two FabA-like
DH domains derived from the Photobacterium profun-
dum PUFA synthase and overexpressed them in E. coli.
They found that DH domain overexpression led to accu-
mulation of over five times the total fatty acid content
compared with the wild-type control, indicating that
the heterologous DH domain could regulate fatty acid
production in E. coli [41]. Moreover, Xiao Qiu’s team
analyzed the two distinct FabA-like DH domains of the
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PUFAs synthase of Thraustochytrium sp. ATCC 26,185 in
E. coli. The complementation assay results showed that
both FabA-like DH domains functioned as 3-hydroxy-
acyl-ACP dehydratases for the biosynthesis of UFAs in
E. coli. Overexpression of the DH; domain led to accu-
mulation of more total fatty acids, while that of the DH2
domain yielded more UFAs; their co-expression pro-
duced high levels of total fatty acids. Subsequently, these
two DH domains from the PUFAs synthase of Thraus-
tochytrium sp. ATCC 26,185 were studied as a whole by
domain swapping, domain complementation, and over-
expression. The domain complementation test demon-
strated that the DH; domain could complement the DH
domain defect of the fatty acid synthase in Saccharomy-
ces cerevisiae. Overexpression of the DH,-mutated PUFA
synthase failed to produce DHA in E. coli, while overex-
pression of a PUFA synthase with a mutated DH, domain
effectively produced DHA. In addition, Hayashi com-
pared the substrate specificities of two purified FabA-like
DH domains from PUFA synthases that could produce
-3 and w-6 VLCPUFAs and found that the biosynthe-
sis of »-3 and w-6 VLCPUFAs is defined in the carbon
length in the dehydration reaction of 3-hydroxyacyl-ACP
substrates [42]. Therefore, characterizing the activity and
substrate specificity of different FabA-like DH domains
could elucidate the potential functions of PUFA syn-
thases and reveal the mechanism of double bonds posi-
tioning in VLCPUFAs.

Emiliania huxleyi, is a coccolithophorid microalgal
species that can synthesize a number of VLCPUFAs as
storage lipids [27]. Genome sequencing revealed that this
species might utilize two pathways for VLCPUFAs bio-
synthesis. For example, A 4, 5, 8, and 15-desaturases, as
well as A 5, 9-elongases have been identified and charac-
terized in the biosynthesis of a number of VLCPUFAs,
including ALA, eicosatetraenoic acid (SDA, 18:4n-3), and
DHA [26, 29]. Interestingly, genome sequencing revealed
the presence of a PUFA synthase-like gene cluster con-
taining all elements of a standard PUFA synthase in this
species [43, 44]. This enzyme contains multiple catalytic
domains, including the KS, DH, KR, AT, and ER domains,
which may participate in VLCPUFA biosynthesis. To
date, many research teams have endeavored to function-
ally characterize this PUFA synthase-like gene. However,
owing to its large size encoding more than 10,000 amino
acids cloning and expressing this gene has proven dif-
ficult, thus, preventing its characterization in a model
expression system. Alternatively, the potential func-
tion of this enzyme could be partially characterized via
analysis of its catalytic domains. In the current study,
the key FabA-like DH domain was analyzed by subject-
ing the PUFA synthase-like protein of E. huxleyi (EhP-
UFA) to sequence analysis. Two FabA-like DH domains
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were identified from EAPUFA. The EZDH domains share
about 40% sequence similarity and conserved catalytic
sites with DH domain of Thraustochytrium sp. 26,185
PUFA synthase (Fig. 2a). The 3D-modeling of the struc-
ture of these domains revealed that each FabA-like EADH
domain possesses a double “hot-dog” structure with
putative active sites, indicating that these domains might
catalyze the dehydration of acyl-ACPs during VLCPUFA
biosynthesis.

Given that we previously successfully characterized
the dissected DH domains from a functional Thraus-
tochytrium sp. 26,185 PUFA synthase via complementa-
tion testing, and overexpression in E. coli, the putative
function of DH domains from E. huxleyi were charac-
terized, herein, in a similar way. In this study, the genes
encoding the FabA-like E#/DH domains were cloned and
expressed as stand-alone enzymes in E. coli and A. thali-
ana to investigate their catalytic activity; the DH domain
gene of Thraustochytrium sp. 26,185 PUFA synthase
was used as a reference. Based on the method from the
previous study, the FabA Ts mutant with low DH activ-
ity was used for the plate complementation test. This
mutant cannot grow at nonpermissive temperatures due
to the mutated FabA being unable to form the appropri-
ate dimer structure for synthesizing UFAs [35, 45]. In
contrast, the mutant can grow normally when it contains
a functionally similar dehydratase. In the complemen-
tation test, ExDH, and EhDH, exhibited relatively low
sequence similarity to E. coli FabA, however, both were
functionally complementary to the FabA Ts mutants. It
was speculated that these domains could restore FabA
activity in E. coli for the biosynthesis of UFAs, indicating
that the FabA-like DH domains of E. huxleyi were func-
tionally similar to FabA, with analogous structures. In
addition, overexpression of these domains in wild-type E.
coli altered fatty acid production (Fig. 3). Similar to the
results obtain via overexpressing the DH domain of the
Thraustochytrium (TcDH) PUFA synthase [36], express-
ing EhDH,, EhDH,, and EhDH,-DH, led to higher accu-
mulation of UFAs and SFAs and a lower UFA/SFA ratio
relative to the control (Additional file 1: Table S1). This
result suggested that either tandem or individual DH
domains are functionally (not only structurally) more
similar to the FabA-like DH domain. Subsequently,
site-directed mutagenesis was performed to examine
the authenticity of the putative catalytic site from the
FabA-like EADH domains. The D or E residues at the
predicted active sites of these domains are highly con-
served in dehydratases [46, 47]. After substituting the D
or E residue to A, all substitutions failed to complement
the defective FubA Ts mutant phenotype, confirming that
the function of this amino acid, which was defined by
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multiple sequence alignment, is essential to the catalytic
DH domains.

In plants, the biosynthesis of long-chain fatty acids
occurs in plastids and is catalyzed by a type II fatty acid
synthase complex with several discrete enzymes [48—50].
Similar to E. coli, discrete DHs participate in catalyzing
the dehydration reaction and introducing a double bond
in acyl-ACP for fatty acid production. As the sequential
reactions are regulated by distinct enzymes, they can be
impacted by the heterologous enzymes from other spe-
cies [51]. Indeed, the expression of heterologous genes
involved in fatty acid biosynthesis can, reportedly, alter
the fatty acid levels in plants [18, 52]. In the present
study, to further examine the impact of the DH domains
in fatty acid biosynthesis and oil accumulation in A.
thaliana, we overexpressed the tandem EhiDH,-DH,
domains in wild-type A. thaliana. The three transgenic
lines expressing the FabA-like DH domains from E. hux-
leyi accumulated more fatty acids in their seeds, which
had a higher weight, UFA content, and germination rate
compared with wild-type seeds. However, the cause of
the difference between the OE and control lines remains
unclear. The tandem DH domains from the PUFA syn-
thase might simply possess a higher dehydration activ-
ity. In addition, expression of the tandem DH domains of
the microbial PUFA synthase in a plant might minimize
possible feedback inhibition over endogenous expres-
sion [18]. Nevertheless, the UFAs to SFAs ratio differed
between E. coli and A. thaliana overexpressing EhDH]1-
DH2 domains. This phenomenon might be influenced by
the different mechanism of UFAs biosynthesis between
these two species. That is, in E. coli, the UFAs are syn-
thesized from acetate through the iterative reactions of
fatty acid synthase, the double bonds are introduced by
the FabA or the FabA-like protein giving enoyl-ACPs,
and the double bonds are retained by a FabB for UFA bio-
synthesis. The high DH expression can lead to accumula-
tion of enoyl-ACPs, however, the FabB level is insufficient
to retain all double bonds, therefore, the enoyl-ACP
would be sequentially reduced by Fabl and produce SFAs,
resulting in a reduced UFA ratio. This phenomenon also
occurs in E. coli overexpressing FabA [53]. Meanwhile,
in plants, UFAs are synthesized from a long-chain fatty
acid and the double bonds are introduced by desaturases.
The overexpression of EhDH1-DH2 domains can lead
to accumulation of more fatty acids; the SFAs can then
serve as substrates for desaturases in UFA biosynthesis.
Therefore, the overexpression of fatty acid synthase gene
components in plants not only increases the level of total
fatty acids but also the UFA ratio [54].

Genetic modification strategies are widely used in
transgenic microorganisms and plants to enhance the
production of certain products through overexpression
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or mutation of genes involved in synthetic pathways
and through knocking out genes involved in competing
pathways. Currently, the most convenient way to verify
enzyme function is to perform complementation experi-
ments. In the current study, E. coli was selected as the
model organism due to its enzyme-deficient nature and
ability to synthesize double bonds. We first verified that
the two FabA-like DH genes derived from E. huxleyi
improved the PUFA-producing ability of E. coli. Subse-
quently, the impact of tandem EADH domains was tested
in the oilseed plant A. thaliana, which is a typical self-
pollinating model plant that is readily manipulated to
exhibit defective forms of various metabolic functions
[55-58]. The results showed that the EADH domains
were functional in A. thaliana, as indicated by their abil-
ity to enhance seed weight, oil content, and germination
rate. Furthermore, this study provides evidence that over-
expression of the EADH domains of a microbial PUFA
synthase has the potential to enhance seed oil content in
plants.

Conclusions

The DH domains of a PUFA synthase play key roles in
double bond positioning in VLCPUFAs. Herein, the func-
tion of FabA-like DH domains derived from E. huxleyi
were characterized by cloning and expressing them as
individual proteins in a 7s mutant and wild-type E. coli.
Successful complementation and functional expression of
these PUFA synthase DH domains embedded in E. coli
effectively elucidated the potential molecular mechanism
of VLCPUFA biosynthesis in this species. Moreover, the
expression of the tandem DH domains from E. huxleyi
in A. thaliana positively impacted seed lipid accumula-
tion, weight, and germination rate. Thus, our results pro-
vide a novel strategy to enhance oil and UFA production
through the heterologous expression of a PUFA synthase
domain in oilseed plants.

Materials and methods

Strains, plasmids, and media

Emiliania huxleyi was purchased from Shanghai
Guangyu Biological Technology Co., Ltd. (Shanghai,
China). The E. coli strains Trans5a Chemically Compe-
tent Cells, E. coli strain BL21 Star (DE3) cells were pur-
chased from TransGen Biotech (Beijing, China), E. coli
strain Rosetta (DE3) cells were purchased from Thermo
Fisher Scientific (Waltham, MA, USA), and grown in
Luria—Bertani (LB) medium (1% peptone, 0.5% yeast
extract, and 1% sodium chloride). The temperature-sen-
sitive mutant FabA (7s) (IH131) was ordered from the
National BioResource Project (NBRP, Japan). Expression
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vectors pBAD and pET32a were purchased from Invitro-
gen Co. (Carlsbad, CA, USA).

Reagents

The TIANperp Mini Plasmid Kit (DP103-02), Protein-
Find Anti-His Mouse Monoclonal Antibody, and Pro-
teinFind Goat Anti-Mouse IgG(H+L) HRP Conjugate
were purchased from Tiangen Biotech Co., Ltd. (Beijing,
China). The Phanta Super-Fidelity DNA Polymerase and
2*Taq Master Mix (pl111/p112) were purchased from
Vazyme Biotech Co., Ltd (Nanjing, China). CutSmart
EcoRI-HE (R3104V), CutSmart Hind III-HF (R3104V),
and Q5 High-Fidelity DNA Polymerase (M0491S) were
purchased from New England Biolabs Inc (Ipswich, MA,
USA). The DNA purification and plasmid extraction kits
were purchased from Tianyi Huiyuan Biotech Co., Ltd.
(Beijing, China). The ClonExpress One-Step Cloning
Kit (c112) was purchased from Vazyme. The Tks Gflex "
DNA Polymerase was purchased from TaKaRa (Otsu,
Japan). The SuperScript " III Reverse Transcriptase was
purchased from Invitrogen, and the PowerUp " SYBR"™
Green Master Mix from Thermo Fisher Scientific
(Waltham, MA, USA). Goldview (10,000*DMSO) and
1 kb plus DNA Marker (100-10,000 bp) were purchased
from Biosharp (Beijing, China). GC-grade solvents, such
as ethanol, methanol, chloroform, acetic acid, and hex-
ane, were purchased from Biosharp. Fatty acids, includ-
ing nonadecanoic acid (19:0, CAS:646-30-0), heptanoic
acid (17:0), and their fatty acid methyl ester (FAME)
standard mix were purchased from Rayzbio Technol-
ogy Co., Ltd (Shanghai, China). All other chemicals were
purchased from domestic chemical suppliers. The E. coli
media were purchased from Biobasic Inc (ON, Canada).

Sequence analysis of the two FabA-like DH domains

of PUFA synthase from E. huxleyi

Sequence analysis of the PUFA synthase-like mega-
enzyme from E. huxleyi was performed using the
National Center for Biotechnology Information (NCBI)
database (https://www.ncbinlm.nih.gov/). Simultane-
ously, the NCBI database was searched to identify genes
similar to EADH, such as E. coli FabA, Schizochytrium
PUFA-DH,, Schizochytrium PUFA-DH,, Shewanella
fidelis PUFA-DH,, Shewanella fidelis PUFA-DH,, etc.
Subsequently, a multiple sequence alignment was per-
formed using the software package MegAlign (https://
www.dnastar.com/workflows/multiple-sequence-align
ment/) to identify putative domains and active sites,
which were confirmed by online homology modeling
tools such as SWISS-MODEL(https://swissmodel.expasy.
org/), SAVES v6.0 (https://www.saves.mbi.ucla.edu/), and
Phyre2 (https://www.sbg.bio.ic.ac.uk/phyre2). The 3D
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models of the two FabA-type DH genes were constructed
with the software PyMOL to obtain more relevant struc-
tural information.

Cloning and expression of EhDH domains in E. coli

To clone and express the EADH,; and E#ZDH, in E. coli, the
RNA was isolated from E. huxleyi, then reversed tran-
scribed to cDNA. Six primers with a stop codon at the
C-terminus were designed to amplify sequences from the
open reading frame (ORF) of E. huxleyi. The DH; domain
was amplified using the primers F DH; and R DH;; the
DH, domain was targeted by the primers F DH, and R
DH;; the tandem DH,-DH, domain was amplified with
the primers F DH; and R DH,; the FabA gene from E.
coli was amplified with the primers F-FabA and R-FabA
(Additional file 1: Table S3). Amplicons with the expected
size were first cloned into an intermediate pET32a vector
to preserve the gene of interest [36].

For expression plasmid construction, the DH sequences
from E. huxleyi, and FabA sequences from the pGEM-
T vector, were sub-cloned into a His-tagged vector
pBAD for complementation testing, and plasmid vector
pET32a for the overexpression assay. The purified EZDH
and FabA DNA, and expression vectors were digested
with restriction enzymes EcoRI and HindIII and ligated
according to the standard procedure. The recombinant
expression vectors were transformed into competent E.
coli Trans5a cells for propagation. The recombinant plas-
mids were characterized by restriction enzyme digestion
and sequencing.

Site-direct mutagenesis of the DH domains

The multiple amino acid sequence alignment led to iden-
tification of specific EADH catalytic active-site residues.
EhDH,, EhDH,, and EhDH,-DH, genes cloned in plas-
mid vectors were used as templates; the primers listed
in Additional file 1: Table S4 were used for PCR-based
site-directed mutagenesis, by which the active-site resi-
dues D or E were substituted with A. Two overlapping
sequences with the mutated site and complementary
region were amplified separately by PCR using muta-
genic and flanking primers, respectively. Subsequently,
two overlapping fragments were fused with flanking
primers through overlapping PCR [59]. The DH,-M-UP
domain from the ORF was amplified with primers F DH,
and DH;-M-UP-R, while the DH;-M-DOWN domain
was targeted by primers R DH; and DH,;-M-DOWN-E.
The DH,-M-UP domain from the ORF was ampli-
fied with primers F DH, and DH,-M-UP-R, while the
DH,-M-DOWN domain was targeted by primers R DH,
and DH,-M-DOWN-F. The DH;-M-DH,-UP domain
from the ORF was amplified with primers F DH; and
DH,-M-UP-R while the DH,-M-DH,-DOWN domain
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was targeted by primers R DH, and DH;-M-DOWN-E.
The DH,DH,-M-UP domain from the ORF was ampli-
fied with primers F DH; and DH,-M-UP-R, while the
DH,DH,-M-DOWN domain was targeted by primers R
DH, and DH,-M-DOWN-E. (Table S4). After the cloned
mutant gene fragments were recovered from the gel, the
respective upstream and downstream genes were used as
templates to obtain the complete target fragment over-
lapping PCR. The target fragment was purified by homol-
ogous recombination, ligated, transformed into Trans5a
E. coli cells, and incubated at 37 °C for 12 h. The recom-
binant plasmids were confirmed by restriction digestion
and DNA sequencing. The confirmed plasmids were
transformed into the E. coli strain Rosetta for functional
analysis.

Overexpression of the DH domains in wild-type E. coli
Overexpression analysis was performed in the wild-type
E. coli strain Rosetta. The expression plasmids and con-
trol vector pET32a were transformed into competent
cells and selected on LB agar plates containing 100 pg/
mL ampicillin. Ten colonies of the positive transformants
harboring the expression plasmids were grown overnight
in 500 pL of LB medium with 100 pg/mL ampicillin at
37 °C. The recombinant strains were confirmed by PCR.
A 500 pL aliquot of the overnight culture was inoculated
into 50 mL of fresh LB medium containing ampicillin and
incubated aerobically at 37 °C until an ODg, of 0.4—0.6
was reached. Subsequently, 0.2 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to the cul-
tured cells and incubated at 15 °C to induce expression.
The fatty acid profiles of E. coli Rosetta transformants
expressing different DH domains were analyzed by gas
chromatography (GC) [32].

Complementation of E. coli mutants defective

in dehydratase-isomerase activity with the DH domains
Temperature-sensitive mutants of E. coli strain FabA
(FabA Ts) exhibited temperature-sensitive UFA aux-
otrophy and were derived from the lysogenic E.
coli strain K-12, and mutagenized by N-methyl-N'-
nitrosoguanidine (NTG) [55]. This mutant grew at 37 °C,
however, did not survive at 30 °C. The competent cells of
the FubA Ts mutant were prepared according to the pro-
tocol described by Chung et al. [60]. Recombinant plas-
mids pBAD-EhDH,;, pBAD-EKDH,, pBAD-EADH1DH,,
pBAD-EhKDH;-M, pBAD-EhDH,-M, pBAD-EhDH,-M-
DH,, pBAD-EiDH,-DH,-M, pBAD-TcDH,DH,, and
control vector pBAD were transformed into FabA Ts
mutant competent cells as described above; the trans-
formants were spread on plates containing 100 pg/mL
ampicillin and grown at 30 °C overnight. Transformant
colonies were screened by PCR with a vector-specific
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forward primer (F-pBAD) and a gene-specific reverse
primer. Positive colonies were inoculated into 2 mL of
liquid LB medium with 100 pg/mL ampicillin and incu-
bated at 30 °C overnight. For the complementation plate
assay, 2 pL of cell cultures were dropped on LB agar
plates containing 100 pg/mL ampicillin and 0.02% ara-
binose in duplicate. One plate was incubated at 30 °C,
while the other was grown at 37 °C.

Fatty acid analysis of E. coli

The fatty acid profiles of the cell cultures were analyzed
through GC. Following inducible expression, the cells
were harvested by centrifugation at 3000 x g for 15 min
and washed twice with one-tenth volume of binding
buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 0.1 mM
EDTA, and 5 mM imidazole). An equal cell biomass
(ODgyy=5) was used for fatty acid analysis with an inter-
nal standard of 10 pL of 10 pg/mL nonadecanoic acid
(19:0) in GC-grade hexane for quantification. Total fatty
acids in E. coli samples were converted to FAMEs by add-
ing 2 mL of 1% sulfuric methanol to the dry sample and
mixing thoroughly with a pipette. The sample was vor-
texed, transferred to a 10-mL glass tube with a screw cap,
and heated at 80 °C for 1 h. After transmethylation, 1 mL
of 0.9% NaCl and 2 mL of GC-grade hexane were added
to the sample and mixed by vortexing before centrifuging
at 1000 rpm for 5 min for phase separation at 25 °C. The
upper hexane phase was transferred to a new glass tube.
Extraction was carried out once more with 2 mL of GC-
grade hexane, followed by centrifugation similar to the
previous steps. Both extracted samples were combined
and dried under N, gas in the fume hood. Subsequently,
300 pL of GC-grade hexane was added to resolubilize
the sample, which was transferred to a GC vial with an
insert. The sample was subjected to the GC analysis using
an Agilent 7890A system installed with a DB-5 column.
The content of C14:0, C16:0, C16:1-9, C18:0, and C18:1—
11 was recorded and used to calculate their specific con-
centrations according to the internal standard.

Plant materials and growth conditions

Wild-type A. thaliana seeds were surface-sterilized
and kept in the dark for 3 days at 4 °C. Seeds were ger-
minated on a half-strength MS medium, and the plates
were placed in a growth chamber set to 22 °C under a
16-h-night (120 uEm™2 s7!)/8-h-dark photoperiod. The
germination rate of A. thaliana was documented.

Construction of plant expression vectors

To express the DH domain in A. thaliana, a recombi-
nant construct was generated using selection and screen-
ing marker genes. The binary plasmid comprising three
expression cassettes was constructed to express the
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tandem E/ZDH domains in A. thaliana. For the functional
analysis of the domain effects on fatty acid biosynthesis
and oil production in A. thaliana, the construct express-
ing this domain under the 35S promoter was introduced
into wild-type A. thaliana. The plastidial overexpression
construct contained a tandem EZDH domain from the
PUFA-like synthase (Accession: XP_005774327.1) fused
with a functional chloroplast transit peptide (CTP) at
the N-terminus and an eGFP from A. victoria encoding
a modified GFP, each under the control of a seed-specific
napin promoter for screening transgenic seeds, as well as
an antibiotic kanamycin-resistance gene under the con-
trol of a constitutive NOS promoter.

Transcriptional expression analysis

The seeds of three transgenic lines (OE-4, OE-5, OE-11)
and wild-type A. thaliana were collected and frozen in
liquid N,. RNA was extracted using the Qiagen RNeasy
Mini Kit and treated with DNase I for 30 min to digest
contaminating DNA. Biosynthesis of complementary
DNA was carried out using the SuperScript" III Reverse
Transcriptase, and quantitative RT-PCR was performed
using PowerUp " SYBR™ Green Master Mix. The PCR
conditions were as follows: 50 °C for 2 min, 95 °C for
2 min, 40 cycles of 95 °C for 5 s, 60 °C for 1 min, and
one cycle of 95 °C for 15 s, 60 °C for 1 min, and 95 °C
for 15 s for the melting curve stage. The expression of the
housekeeping gene AtActin-2 (AT3G18780) was used as
an internal reference. The expression of the E#DH;-DH,
domain and AtActin-2 in the developing siliques of the
EhDH,-DH,/WT A. thaliana plants was analyzed by
semi-quantitative RT-PCR. The expression of the ExDH; -
DH, domain in the developing siliques of the EADH1-
DH2/W'T plants was analyzed by quantitative RT-PCR.

Fatty acid composition and oil content analysis

The fatty acid profiles of the seeds were analyzed via GC
analysis. A single seed was used for fatty acid analysis
with an internal standard of 5 pL of 10 pg/mL heptanoic
acid (17:0) for quantification. The samples were con-
verted to FAME samples by adding 2 mL of 1% sulphuric
acid in methanol to the dry sample. The FAME samples
were vortexed and transferred to a 10 mL glass tube with
a screw cap and heated at 80 °C for 1 h. After transmeth-
ylation, the sample was mixed with 2 mL of hexane and
1 mL of 0.9% NaCl and vortexed before centrifuging at
1000 rpm for 5 min for phase separation at room temper-
ature. The upper hexane phase was transferred to a new
glass tube. The extraction process was carried out once
more with 2 mL of hexane and centrifuged similar to the
previous steps. Both extracted samples were combined
and dried under N, gas in a fume hood. Subsequently,
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300 pL of GC-grade hexane was added to resolubilize the
sample and transferred to a GC vial with an insert. The
samples were subjected to GC analysis using an Agilent
7890A system installed with a DB-5 column.
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Additional file 1: Table S1. Production of SFAs and UFAs in wild type
Escherichia coli Rosetta overexpressing EhDH domains. Table S2. Produc-
tion of SFAs and UFAs in wild-type Escherichia coli Rosetta overexpress-
ing the mutated EhDH domains. Table S3. Primers used for DH domain
amplifications. Table S4. Primers used for site-directed mutagenesis of
DH domains. Table S5. Primers used for plant experiment. Figure S1.
Expression of recombinant proteins when induced with 0.2 mM IPTG in
Escherichia coli (E. coli). a SDS-PAGE and WB analysis of the extracellular
secretion from E. coli Rosetta strains overexpressing EnDH domains. b WB
analysis of the extracellular secretion from E. coli Rosetta strains expressing
site-directed mutagenized EnDH domains. SDS-PAGE, the sodium dodecy!
sulphate-polyacrylamide gel electrophoresis; WB, western blotting. The
marker used in this experiment is 180 kDa Prestained Protein Marker (180,
130, 100, 70, 55, 40, 35, 25, 15 kDa); 1, pET32a-EhDH;; 2, pET32a-EhDH, -

M; 3, pET32a-EhDH,; 4, pET32a-EhDH,-M; 5, pET32a-£hDH;-DH,; 6,
pET32a-£hDH,-M-DH,; 7, pET32a-EhDH;-DH,-M; 8 pET32a-TcDH,-DH,; 9
pET32a (negative control). Figure S2. Schematic representation of the
T-DNA region of the binary plasmid vector expressing tandem EhDH
domains.

Acknowledgements
We thank National BioResource Project (NBRP E. coli, Microbial Genetics Labo-
ratory, National Institute of Genetics, Japan) for providing E. coli mutant strains.

Author contributions

XX conceived and designed the experiments; XX and BHC performed most

of the experiments; HFL, DJL, FW, and LKM provided technical assistance; GSX
and QW analyzed the data; XX and BHC wrote the article. All authors have read
and approved the final manuscript.

Funding

This research was supported by National Natural Science Foundation of
China (42106130); Guangdong Basic, and Applied Basic Research Foundation
(2020A1515110237); and Research Foundation of Education Bureau of Guang-
dong Province, China (2020KQNCX033).

Availability of data and materials
All data generated or analyzed during this study are included in this article
and its additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Author details

!'Guangdong Provincial Key Laboratory of Lingnan Specialty Food Sci-

ence and Technology, Zhongkai University of Agriculture and Engineering,
Guangzhou, China. *College of Light Industry and Food, Zhongkai University
of Agriculture and Engineering, Guangzhou, China.

Page 13 of 14

Received: 25 September 2022 Accepted: 4 November 2022
Published online: 15 November 2022

References

1. Qi B, Beaudoin F, Fraser T, Stobart AK, Napier JA, Lazarus CM. Identifica-
tion of a cDNA encoding a novel C18-Delta(9) polyunsaturated fatty
acid-specific elongating activity from the docosahexaenoic acid (DHA)-
producing microalga Isochrysis galbana. FEBS Lett. 2002;510(3):159-65.

2. Hayashis, SatohY, Ujihara T, Takata Y, Dairi T. Enhanced production of
polyunsaturated fatty acids by enzyme engineering of tandem acyl car-
rier proteins. Sci Rep. 2016;6(1):35441-51.

3. Cock JM, Sterck L, Rouzé P, Scornet D, Allen AE, Amoutzias G, Anthouard
V, Artiguenave F, Aury J, Badger JH, et al. The Ectocarpus genome and
the independent evolution of multicellularity in brown algae. Nature.
2010;465(7298):617-21.

4. Kaulmann U, Hertweck C. Biosynthesis of polyunsaturated fatty acids by
polyketide synthases. Angew Chem Int Ed Engl. 2002;41(11):1866-9.

5. Uttaro A. Biosynthesis of polyunsaturated fatty acids in lower eukaryotes.
IUBMB Life. 2006;58(10):563-71.

6. Khozin-Goldberg |, Iskandarov U, Cohen Z. LC-PUFA from photosynthetic
microalgae: occurrence, biosynthesis, and prospects in biotechnology.
Appl Microbiol Biot. 2011;91(4):905-15.

7. Gemperlein K, Zaburannyi N, Garcia R, La Clair J, Mller R. Metabolic and
biosynthetic diversity in marine myxobacteria. Mar Drugs. 2018;16(9):314.

8. Okuyama H, Orikasa Y, Nishida T, Watanabe K, Morita N. Bacterial genes
responsible for the biosynthesis of eicosapentaenoic and docosahex-
aenoic acids and their heterologous expression. Appl Environ Microb.
2007,73(3):665-70.

9. Orikasa Y, Nishida T, Yamada A, Yu R, Watanabe K, Hase A, Morita N,
Okuyama H. Recombinant production of docosahexaenoic acid in
a polyketide biosynthesis mode in Escherichia coli. Biotechnol Lett.
2006;28(22):1841-7.

10. Ujihara T, Nagano M, Wada H, Mitsuhashi S. Identification of a novel
type of polyunsaturated fatty acid synthase involved in arachidonic acid
biosynthesis. FEBS Lett. 2014;588(21):4032-6.

11. Shulse CN, Allen EE. Widespread occurrence of secondary lipid biosyn-
thesis potential in microbial lineages. PLoS ONE. 2011;6(5):20146.

12. Meesapyodsuk D, Qiu X. Biosynthetic mechanism of very long chain
polyunsaturated fatty acids in Thraustochytrium sp. 26185. J Lipid Res.
2016;57(10):1854-64.

13. Lippmeier JC, Crawford KS, Owen CB, Rivas AA, Metz JG, Apt KE. Charac-
terization of both polyunsaturated fatty acid biosynthetic pathways in
Schizochytrium sp.. Lipids. 2009;44(7):621-30.

14. Allen EE, Bartlett DH. Structure and regulation of the omega-3 polyun-
saturated fatty acid synthase genes from the deep-sea bacterium Photo-
bacterium profundum strain SS9. Microbiology. 2002;148(6):1903-13.

15. Liu Z, Zang X, Cao X, Wang Z, Liu C, Sun D, Guo Y, Zhang F, Yang Q, Hou P,
et al. Cloning of the pks3 gene of Aurantiochytrium limacinum and func-
tional study of the 3-ketoacyl-ACP reductase and dehydratase enzyme
domains. PLoS ONE. 2018;13(12):e0208853.

16. Metz JG, Roessler P, Facciotti D, Levering C, Dittrich F, Lassner M, Valentine
R, Lardizabal K, Domergue F, Yamada A, et al. Production of polyun-
saturated fatty acids by polyketide synthases in both prokaryotes and
eukaryotes. Science. 2001;293(5528):290-3.

17. Metz JG, Kuner J, Rosenzweig B, Lippmeier JC, Roessler P, Zirkle R.
Biochemical characterization of polyunsaturated fatty acid synthesis in
Schizochytrium: release of the products as free fatty acids. Plant Physiol
Bioch. 2009;47(6):472-8.

18. Xie X, Meesapyodsuk D, Qiu X. Enhancing oil production in Arabidopsis
through expression of a ketoacyl-ACP synthase domain of the PUFA
synthase from Thraustochytrium. Biotechnol Biofuels. 2019;12(1):172-84.

19. Piasecki SK, Taylor CA, Detelich JF, Liu J, Zheng J, Komsoukaniants A,
Siegel DR, Keatinge-Clay AT. Employing modular polyketide synthase
ketoreductases as biocatalysts in the preparative chemoenzymatic syn-
theses of diketide chiral building blocks. Chem Biol. 2011;18(10):1331-40.

20. Leesong M, Henderson BS, Gillig JR, Schwab JM, Smith JL. Structure of a
dehydratase-isomerase from the bacterial pathway for biosynthesis of
unsaturated fatty acids: two catalytic activities in one active site. Struc-
ture. 1996;4(3):253-64.


https://doi.org/10.1186/s13068-022-02223-w
https://doi.org/10.1186/s13068-022-02223-w

Chen et al. Biotechnology for Biofuels and Bioproducts (2022) 15:123

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

Cacho RA, Thuss J, Xu W, Sanichar R, Gao Z, Nguyen A, Vederas JC, Tang Y.
Understanding programming of fungal iterative polyketide synthases: the
biochemical basis for regioselectivity by the methyltransferase domain in
the lovastatin megasynthase. J Am Chem Soc. 2015;137(50):15688-91.
LiZ, MengT, Ling X, LiJ, Zheng C, ShiY, Chen Z,Li Z, LiQ, Lu Y, et al.
Overexpression of Malonyl-CoA: ACP transacylase in Schizochytrium sp.
to improve polyunsaturated fatty acid production. J Agr Food Chem.
2018,66(21):5382-91.

LiY, Dodge GJ, Fiers WD, Fecik RA, Smith JL, Aldrich CC. Functional char-
acterization of a dehydratase domain from the pikromycin polyketide
synthase. J Am Chem Soc. 2015;137(22):7003-6.

Sasso S, Pohnert G, Lohr M, Mittag M, Hertweck C. Microalgae in the
postgenomic era: a blooming reservoir for new natural products. Fems
Microbiol Rev. 2012,36(4):761-85.

Boelen P, van Dijk R, Sinninghe DJ, Rijpstra WI, Buma AG. On the potential
application of polar and temperate marine microalgae for EPA and DHA
production. AMB Express. 2013;3(1):26.

Sayanova O, Haslam RP, Calerén MV, Lopez NR, Worthy C, Rooks P,

Allen MJ, Napier JA. Identification and functional characterisation of
genes encoding the omega-3 polyunsaturated fatty acid biosynthetic
pathway from the coccolithophore Emiliania huxleyi. Phytochemistry.
2011,72(7):594-600.

Bell MV, Pond D. Lipid composition during growth of motile and coc-
colith forms of Emiliania huxleyi. Phytochemistry. 1996;41(2):465-71.
Roitman S, Hornung E, Flores-Uribe J, Sharon |, Feussner |, Beja O.
Cyanophage-encoded lipid desaturases: oceanic distribution, diversity
and function. ISME J. 2018;12(2):343-55.

Kotajima T, Shiraiwa Y, Suzuki I. Functional screening of a novel A15 fatty
acid desaturase from the coccolithophorid Emiliania huxleyi. BBA-Molecu-
lar Cell Biology Lipids. 2014;1841(10):1451-8.

Velmurugan N, Deka D. Transformation techniques for metabolic engi-
neering of diatoms and haptophytes: current state and prospects. Appl
Microbiol Biotechnol. 2018;102(10):4255-67.

Hayashi S, Satoh Y, Ogasawara Y, Maruyama C, Hamano Y, Ujihara T, Dairi
T. Control mechanism for cis double-bond formation by polyunsaturated
fatty-acid synthases. Angew Chem Int Ed Engl. 2019;58(8):2326-30.

Xie X, Meesapyodsuk D, Qiu X. Functional analysis of the dehydratase
domains of a PUFA synthase from Thraustochytrium in Escherichia coli.
Appl Microbiol Biot. 2018;102(2):847-56.

Yoshida K, Hashimoto M, Hori R, Adachi T, Okuyama H, Orikasa Y, Nag-
amine T, Shimizu S, Ueno A, Morita N. Bacterial long-chain polyunsatu-
rated fatty acids: their biosynthetic genes, functions, and practical use.
Mar Drugs. 2016;14(5):94.

Zhang Y, Rock CO. Thematic review series: glycerolipids. acyltrans-
ferases in bacterial glycerophospholipid synthesis. J Lipid Res.
2008;49(9):1867-74.

Rock CO, Tsay JT, Heath R, Jackowski S. Increased unsaturated fatty acid
production associated with a suppressor of the fabA6(Ts) mutation in
Escherichia coli. ) Bacteriol. 1996;178(18):5382-7.

Xie X, Sun K, Meesapyodsuk D, Miao Y, Qiu X. Distinct functions of two
FabA-like dehydratase domains of polyunsaturated fatty acid synthase in
the biosynthesis of very long-chain polyunsaturated fatty acids. Environ
Microbiol. 2020;22(9):3772-83.

Lemieux B, Miquel M, Somerville C, Browse J. Mutants of Arabidopsis
with alterations in seed lipid fatty acid composition. Theor Appl Genet.
1990;80(2):234-40.

Dalsgaard J, St JM, Kattner G, Muller-Navarra D, Hagen W. Fatty acid
trophic markers in the pelagic marine environment. Adv Mar Biol.
2003;46:225-340.

Keatinge-Clay AT. The structures of type | polyketide synthases. Nat Prod
Rep. 2012;29(10):1050-73.

White SW, Zheng J, Zhang Y, Rock CO. The structural biology of type I
fatty acid biosynthesis. Annu Rev Biochem. 2005;74(1):791-831.
Oyola-Robles D, Rullan-Lind C, Carballeira NM, Baerga-Ortiz A. Expres-
sion of dehydratase domains from a polyunsaturated fatty acid synthase
increases the production of fatty acids in Escherichia coli. Enzyme Microb
Tech. 2014;55:133-9.

Hayashi S, Satoh Y, Ogasawara Y, Maruyama C, Hamano Y, Ujihara T, Dairi
T. Control mechanism for cis double-bond formation by polyunsaturated
fatty-acid synthases. Angew Chem Int Ed. 2019;58(8):2326-30.

Page 14 of 14

43. Tanaka M, Ueno A, Kawasaki K, Yumoto |, Ohgiya S, Hoshino T, Ishizaki
K, Okuyama H, Morita N. Isolation of clustered genes that are notably
homologous to the eicosapentaenoic acid biosynthesis gene cluster
from the docosahexaenoic acid-producing bacterium Vibrio marinus
strain MP-1. Biotechnol Lett. 1999;21(11):939-45.

44. Barclay W, Weaver C, Metz J, Hansen J. Development of a docosahex-
aenoic acid production technology using Schizochytrium historical
perspective and update. In: Cohen Z, Ratledge C, editors. Single cell oils.
Amsterdam: Elsevier; 2010. p. 75-96.

45. Cronan JE, Thomas J. Bacterial fatty acid synthesis and its relation-
ships with polyketide synthetic pathways. Methods Enzymol.
2009;459:395-433.

46. Rawsthorne S. Carbon flux and fatty acid synthesis in plants. Prog Lipid
Res. 2002;41:182-96.

47. LuY, Zhang Y, Rock CO. Product diversity and regulation of type Il fatty
acid synthases. Biochem Cell Biol. 2004;82(1):145-55.

48. Wu G, Xue H. Arabidopsis 3-Ketoacyl-[acyl carrier protein] synthase i is
crucial for fatty acid synthesis and plays a role in chloroplast division and
embryo development. Plant Cell. 2010;22(11):3726-44.

49. He M, Qin C,Wang X, Ding N. Plant unsaturated fatty acids: biosynthesis
and regulation. Front Plant Sci. 2020;11:390-403.

50. Gunstone FD, Harwood JL, Padley FB. The lipid handbook with CD-ROM.
Boca Raton: CRC Press; 2007. https://doi.org/10.1016/0020-711x(88)
90023-7.

51. Beaudoin F, Michaelson LV, Hey SJ, Lewis MJ, Shewry PR, Sayanova
O, Napier JA. Heterologous reconstitution in yeast of the polyun-
saturated fatty acid biosynthetic pathway. Proc Natl Acad Sci USA.
2000,97(12):6421-6.

52. CraigW, Lenzi P, Scotti N, De Palma M, Saggese P, Carbone V, Mcgrath
CN, Magee AM, Medgyesy P, Kavanagh TA, et al. Transplastomic tobacco
plants expressing a fatty acid desaturase gene exhibit altered fatty acid
profiles and improved cold tolerance. Transgenic Res. 2008;17(5):769-82.

53. CaoY,Yang J, Xian M, Xu X, Liu W. Increasing unsaturated fatty acid
contents in Escherichia coli by coexpression of three different genes. Appl
Microbiol Biot. 2010;87(1):271-80.

54. Branen JK, Chiou TJ, Engeseth NJ. Overexpression of acyl carrier protein-1
alters fatty acid composition of leaf tissue in Arabidopsis. Plant Physiol.
2001;127(1):222-9.

55. CuiG,MaZ LiuY,FengY, Sun Z, Cheng Y, Song X, Cui Q. Overexpression
of glucose-6-phosphate dehydrogenase enhanced the polyunsatu-
rated fatty acid composition of Aurantiochytrium sp. SD116. Algal Res.
2016;19:138-45.

56. Wang F, Bi Y, Diao J, Lv M, Cui J, Chen L, Zhang W. Metabolic engi-
neering to enhance biosynthesis of both docosahexaenoic acid and
odd-chain fatty acids in Schizochytrium sp. S31. Biotechnol Biofuels.
2019;12(1):141-55.

57. Ling X, Zhou H,Yang Q Yu S, Li J, Li Z, He N, Chen C, Lu Y. Functions
of enyolreductase (ER) domains of PKS cluster in lipid synthesis and
enhancement of PUFAs accumulation in Schizochytrium limacinum SR21
using triclosan as a regulator of ER. Microorganisms. 2020;8(2):300-17.

58. Wang S, Lan C,Wang Z, Wan W, Cui Q, Song X. PUFA-synthase-specific
PPTase enhanced the polyunsaturated fatty acid biosynthesis via the
polyketide synthase pathway in Aurantiochytrium. Biotechnol Biofuels.
2020;13:152-61.

59. Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR. Site-directed mutagen-
esis by overlap extension using the polymerase chain reaction. Gene.
1989;77(1):51-9.

60. Chung CT, Niemela SL, Miller RH. One-Step preparation of competent
Escherichia coli: transformation and storage of bacterial cells in the same
solution. Proc Natl Acad Sci USA. 1989;86(7):2172-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/0020-711x(88)90023-7
https://doi.org/10.1016/0020-711x(88)90023-7

	Functional analysis of the dehydratase domains of the PUFA synthase from Emiliania huxleyi in Escherichia coli and Arabidopsis thaliana
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Sequence analysis of the two PUFA synthase FabA-like DH domains from E. huxleyi
	Heterologous complementation of E. coli FabA mutant with DH domains
	Site-directed mutagenesis analysis of the DH domains
	Generation of the recombinant construct expressing tandem EhDH1-DH2 domains in A. thaliana
	Expression of the EhDH1-DH2 domain in wild-type A. thaliana
	Expression and early seedling growth of the EhDH1-DH2 domain in OE lines of A. thaliana

	Discussion
	Conclusions
	Materials and methods
	Strains, plasmids, and media
	Reagents
	Sequence analysis of the two FabA-like DH domains of PUFA synthase from E. huxleyi
	Cloning and expression of EhDH domains in E. coli
	Site-direct mutagenesis of the DH domains
	Overexpression of the DH domains in wild-type E. coli
	Complementation of E. coli mutants defective in dehydratase-isomerase activity with the DH domains
	Fatty acid analysis of E. coli
	Plant materials and growth conditions
	Construction of plant expression vectors
	Transcriptional expression analysis
	Fatty acid composition and oil content analysis

	Acknowledgements
	References




