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Abstract Fatty acid desaturases (FADs) catalyze the introduction of a double bond into acyl
chains. Two FAD groups have been identified in plants: acyl-acyl carrier proteins (ACPs) and
acyl-lipid or membrane-bound FAD. The former catalyze the conversion of 18:0 to 18:1 and to
date have only been identified in plants. The latter are found in eukaryotes and bacteria and are
responsible for multiple desaturations. In this study, we identified 82 desaturase gene and
protein sequences from 10 grass species deposited in GenBank that were analyzed using
bioinformatic approaches. Subcellular localization predictions of desaturase family revealed
their localization in plasma membranes, chloroplasts, endoplasmic reticula, and mitochondria.
The in silico mapping showed multiple chromosomal locations in most species. Furthermore,
the presence of the characteristic histidine domains, the predicted motifs, and the finding of
transmembrane regions strongly support the protein functionality. The identification of puta-
tive regulatory sites in the promotor and the expression profiles revealed the wide range of
pathways in which fatty acid desaturases are involved. This study is an updated survey on
desaturases of grasses that provides a comprehensive insight into diversity and evolution. This
characterization is a necessary first step before considering these genes as candidates for new
biotechnological approaches.
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Introduction

Polyunsaturated fatty acids (PUFAs) are important components of plant cell membranes,
particularly chloroplast and endoplasmic reticulum (ER) membranes. Variations in their
composition affect cellular and physiological processes such as cold adaptation, ion channel
modifications, pathogen defense, pollen formation, and chloroplast development [1].
Desaturases are the key enzymes in the synthesis of PUFA. Their main role is the activation
of the oxygen destined to subsequent modifications of C—H bonds in saturated or monoun-
saturated carbons. Desaturases are classified as delta or omega according to whether the
position of the double bond is numbered relative to the carboxyl or methyl ends, respectively.

Two main fatty acid desaturase (FAD) groups have been described in plants. The first group is
represented by soluble acyl—acyl carrier protein (acyl-ACP) desaturases found so far only in plants
[2]. Acyl-ACP desaturases introduce the first double bond into the saturated acyl chain; they
localize exclusively in plastids where they introduce the double bond into fatty acids that are linked
to an acyl carrier protein. In this reaction, the NADPH/ferredoxin system acts as the electron donor.
Members of this class are specific for a particular substrate chain length and for specific carbon
atoms of the target fatty acid. As an example, delta 9 stearoyl-ACP specifically adds a double bond
between carbons 9 and 10 of the stearic acid-ACP form to yield oleic acid. Solubility properties of
this class of desaturases have allowed the access to their crystal structure [3]. The second and larger
group of plant desaturases, acyl-lipid desaturases, comprises membrane-bound proteins. Most acyl-
lipid desaturases consist of 300—-350 amino acid residues, being hydrophobic proteins that appear to
span membranes four times [4]. No crystal structure is currently available. Membrane-bound FADs
are present in the chloroplast and in the ER. In chloroplasts, the formation of the double bond uses
the NADPH/ferredoxin system as electron donor, whereas in the ER, this role is accomplished by
the NADH/cytochrome bs system. The acyl-lipid group includes the omega desaturase subfamily
that introduces a double bond between an existing one and the methyl end. For instance, omega-3
FAD creates the double bond between the third and fourth carbon from the methyl end of the oleic
acid to form linoleic acid. A second subfamily, front-end desaturases (FEDs), is present in the ER
and introduces double bonds between a pre-existing double bond and the carboxyl end of
unsaturated fatty acids. FEDs predominantly contain an N-terminal cytochrome bs fused to the
main desaturation domain [5]. A third subfamily is constituted by sphingolipid desaturases that also
use cytochrome bs hemoprotein as the electron donor [6].

Fatty acid desaturation is an important step in oil biochemistry and therefore determinant of the
quality of vegetable oils [ 7], thus explaining why the focus of most desaturase studies has long been
on oleaginous species such as olive [8] and sunflower [9]. However, changes of the agricultural
frontiers together with an increasing demand of crop varieties with enhanced tolerance to environ-
mental stresses have brought renewed interest in desaturases and their role in stress tolerance [10,
11]. Tt is known that cell membranes are a primary site for cold-induced injury and that cold
acclimation includes the activation of mechanisms that protect membrane fluidity. The ability to
adjust membrane lipid fluidity by changing the levels of unsaturated fatty acids is a feature of cold-
responsive species, and is mainly provided by the regulated activity of FADs [12].

This study presents a complete survey of the information about FAD in grasses available in
the GenBank database. Bioinformatic tools were used to characterize sequences and structures
of the different FAD groups and to predict expression patterns.
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Materials and Methods
Sequence Sources

Genomic and complementary DNA (cDNA) sequences and the corresponding deduced protein
of desaturases were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/genbank/) using
“desaturase” as keyword in all databases available at this site. The resulting proteins were used
as queries in a second round of BLAST search in order to identify additional complete
sequences that might have been overlooked in the first search (e-value <e—80).

Moreover, Gramene database (http://www.gramene.org/) was interrogated since grass
genomes deposited in this platform could provide additional putative desaturases.

In Silico Mapping

Desaturase genes from Oryza sativa, Setaria italica, Bachypodium distachyon, Oryza
brachyanta, Zea mays, Hordeum vulgare, and Sorghum bicolor were in silico mapped using
the comparative grass genome database available in Gramene (http://ensembl.gramene.
org/genome_browser/index.html). Sequences from Triticum aestivum (genomes A, B, and
D) were mapped using the Unité de Recherche Génomique Info (URGI) (https://urgi.
versailles.inra.fi/blast/blast.php). Sequences from Triticum urartu and Aegilops tauschii were
also mapped using URGI considering the ancestry homology with the corresponding A and D
genomes of 7. aestivum, respectively [13, 14].

Searching for Cis-Regulatory Elements in the 7. aestivurn Genome

When available, the 1500-bp sequence upstream of the transcription start site of desaturase
genes was obtained from the International Wheat Genome Sequencing Consortium (IWGSC)
database. In total, seven 5’ regions were retrieved using the cDNA sequences corresponding to
ADV59911.1 and ADN59912.1 from T. aestivum and ACG41542.1, NP_001149122.1,
XP_008652067.1, NP_001266540.1, and XP_008665998.1 from Z. mays as queries (e-value
<3e—93) (Supplementary Table 1). These upstream regions were analyzed using the web-based
PlantPAN system (http:/plantpan.mbc.nctu.edu.tw) that identifies transcription factor (TF)
binding sites.

Transcript Profiles

The wheat expression database http://wheat.pw.usda.gov/WheatExp/ allowed us to compare
desaturase transcript profiles across a range of tissue samples. This database compiles publicly
available RNA-Seq datasets, namely, developmental time course in five tissues (spike, root,
leaf, grain, and stem) [15], senescing leaf time course at heading date, 12 and 22 days after
anthesis [16], and drought and heat stress (seedlings exposed to 40 °C and 20% PEG-6000
forl and 6 h) [17]. The WheatExp database was queried by BLAST using the three desaturase
sequences HQ589252.1, HQ589253.1, and D84678.1 from T. aestivum (Supplementary
Table 1). Matches with the highest identity scores were considered (e-value 0.0). All databases
available in WheatExp have been generated from hexaploid wheat (A, B, and D genomes),
except for the leaf senescence database that was generated from durum tetraploid wheat (A and
B genomes). In the case of the developmental time course data available for each of the five
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organs, a mean level of expression was calculated over the three progressive stages available.
An ad hoc scale was developed based on the number of plus (+) symbols to allow the rapid
visualization of differences in levels of expression among tissues and treatments. The expres-
sion level was arranged in four categories as follows: <10, 10-20, 20—60, and >100
FPKM/RPKM.

Protein Analyses and Domain Identification

Physicochemical data comprising number of amino acids, molecular weight, and isoelectric point
(pl) were obtained with the ProtParam tool (http://web.expasy.org/protparam/) [18]. Then, a
bounded set of sequences containing a relatively homogeneous number of proteins from the
different desaturase groups was defined. In this subset, protein domains and conserved motifs
were searched using Multiple Expectation Maximization for Motif Elicitation (MEME-Suite)
4.11.1 software (http://meme-suite.org) [19] with the following parameters: distribution of motifs:
0 or 1 per sequence, maximum number of motifs: 6, minimum number of sites: 2, minimum motif
width: 5, and maximum motif width: 50. The identified motifs were analyzed in their predicted
functionality using Pfam server (http://pfam.xfam.org). The transmembrane helix motifs in the acyl-
lipid desaturase sequences were predicted using two platforms: the TMHMM 2.0 server
(http://www.cbs.dtu.dk/servicess TMHMM) based on a hidden Markov model [20] and the
SOSUI system (http://harrier.nagahama-i-bio.ac.jp/sosui/) [21]. The subcellular localization of
desaturase proteins was estimated with CELLO v.2.5 (subCELIlular Localization predictor) server
http://cello.life.nctu.edu.tw/ [22].

Molecular Modeling of Acyl-ACP-Desaturases from Wheat, Brachypodium
distachyon, and Maize

The protein structural modeling of three acyl-ACP desaturases from 7. aestivum
(ADVS59911.1), B. distachyon (XP_003573524.1), and maize (ACG49052.1) was performed
using the interface SwissModel (swissmodel.expasy.org/interactive) with the template (2xZ1.
A), a crystal form of Ricinus communis [3] deposited in Protein Data Bank (PDB).
Ramachandran plot analysis for the best predicted model was obtained by RAMPAGE
server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php) [23].

Phylogenetic Analysis of Grass Desaturase Proteins

A phylogenetic tree of 20 desaturase proteins was built from a p-distance matrix using the neighbor-
joining method available in software MEGA 6.0.6 [24]. The model was tested by the bootstrap
method (1000 replications). Positions with gaps or missing data were eliminated by selecting the
pairwise deletion option. A zeta-carotene desaturase (7. aestivum ACI04664.1) was included as an
outgroup sequence in the phylogenetic tree since it is involved in a different biosynthesis pathway
that converts zeta-carotene to lycopene through two consecutive desaturation steps.

Results

Eighty-two DNA FAD sequences of grasses were found in GenBank. They corresponded to
A. tauschii (2), B. distachyon (12), H. vulgare (7), Oryza brachyantha (5), O. sativa (7),
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S. italica (5), S. bicolor (10), T. aestivum (6), T. urartu (2), and Z. mays (26) (Supplementary
Table 1). Both soluble acyl-ACP and acyl-lipid desaturases were represented albeit most of
them belonged to the second group. In Gramene database, 121 FAD deduced from grass
genomes were available. Both groups of desaturases were represented in the following species:
A. tauschii (15), B. distachyon (4), H. vulgare (5), O. brachyantha (6), O. barthii (4),
0. glaberrima (3), O. glumaepatula (3), O. nivara (3), O. punctata (2), O. sativa Indica (8),
O. sativa Japonica (20), S. italica (4), S. bicolor (3), T. aestivum (9), T. urartu (20), and
Z. mays (12).

Further analyses were performed using only those sequences from GenBank for which
either messenger RNA (mRNA) or cDNA were available. Therefore, sequences automatically
deduced from genomic DNA were excluded, excepting seven desaturases that can be distin-
guished by an ID number that begins with an XP_ format (Supplementary Table 1).

Some incomplete sequences were detected. As an example, maize FAD8 (BAA22440)
lacked the first 49 amino acids, and was hence excluded from the analysis. Duplicated DNA or
protein sequences bearing different accession numbers were also detected, as was the case of
maize delta-12 FAD (BAE93382.1) and FAD2 (ABF50053.1). Similarly, rice FAD8 accession
numbers AAW32557.1 and BAE79784.1 corresponded to the same gene sequence that was,
respectively, induced by cold or repressed after pathogen infection. In the analysis that
followed, duplicated sequences were included only once.

Mapping of Desaturase Genes

In silico mapping of desaturase sequences identified multiple chromosomal sites in ten grass
species (Supplementary Table 1). When more than one locus was found in a species, they were
spread in several different linkage groups. For instance, corn desaturases mapped in all ten
chromosomes of its haploid complement.

In polyploid wheat, desaturase homologous genes could be assigned to specific A, B, or D
genomes only when the alignment between the query and the corresponding contig hit was
complete (four out of six cases; Supplementary Table 1).

Analysis of Regulatory Gene Regions

The 5' regulatory region of seven desaturase genes from T, aestivum was analyzed with
PlantPAN. In total, 34 different TF binding motifs were detected. The most represented TF
families were TCP, AP2, NF-YB, B3, AT-Hook, bZIP, GATA, and MYB. Twelve (35%) of
these TF families were found to be involved in abiotic stress response (Plant TFDB;
http://planttfdb.cbi.pku.edu.cn) [25] (Supplementary Fig. 1).

Results of PlantPAN scanning analyzed by enzymes showed that bHLH was the most
abundant stress-inducible TF binding site in acyl-ACP NP_001151082.1 and acyl-lipid ome-
ga-3 desaturases, whereas AP2/ERF was the most abundant one in acyl-ACP ADV59911.0
and ADV59912.1 (stearoyl), and acyl-lipid omega-6 desaturases.

Transcription Analysis
Table 1 summarizes the expression levels of three desaturase genes from common wheat

resulting from BLAST against the WheatExp pipeline built on RNA-Seq experiments of
T aestivum and T. turgidum. Acyl-ACP desaturases HQ589252.1 (SAD1) and HQ589253.1
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(SAD?2) expressed rather evenly in different plant tissues, whereas acyl-lipid omega-3 present-
ed a low expression level in grain samples. Regarding stress conditions, drought and heat
treatments did not increase the level of desaturase transcripts but rather kept constant or
diminished after stress. Moreover, transcriptional profiles of flag leaf desaturases were not
modified during senescence after anthesis. All the homologous copies of HQ589252.1,
HQ589253.1, and D84678.1 genes showed similar levels of expression among the A, B,
and D genomes, except for the HQ589253.1 gene at genome B that presented a relatively low
level of expression in all of the RNA-Seq experiments available in WheatExp.

Sequence Analysis and Subcellular Localization

Amino acid sequences deduced from mRNA sequences of 23 desaturases from 7. aestivum,
Z. mays, O. sativa, and S. bicolor were obtained. The predicted molecular weight of acyl-ACP
desaturases varied between 42.25 and 45.39 kDa (both from Z. mays), while that of acyl-lipid
desaturases ranged from 43.68 kDa (T aestivum) to 51.37 kDa (O. sativa) (Table 2). Nineteen
out of 23 theoretical pl values were above 8, suggesting a general basic character for grass
desaturases; four relatively acid proteins presented pl values below 7 (Table 2).

Cello prediction tool showed that all acyl-ACP desaturases were localized in the chloroplast,
even though SAD1 (ADV59911.1) was also located in mitochondria, with a reliability predictor
value of 1.867 (Table 2). Acyl-lipid desaturases were mostly found in the ER, except for FAD7
(BAA22441.1) from Z. mays and FAD7 (BAE79783.1) and FADS (AAW32557.1) from O. sativa
that were localized in chloroplasts, and cytochrome bs desaturases, whose predicted localization
was in plasma membranes (Table 2). In our study, all desaturases with predicted ER localization
contained the motif responsible for retrieving these proteins from other compartments to the ER at
the carboxi termini [26], with the exception of ACG28208.1 from Z. mays (Table 2).

Transmembrane Domains in Acyl-Lipid Desaturases

Sequences from a set of the omega desaturase subfamily (16 in total) presented the expected
transmembrane domains, although differences in the predicted number were observed depend-
ing on the program that was used. Thus, the number of transmembrane domains varied
between 1 and 5 with the TMHMM method and between 3 and 6 with the SOSUI method
(Supplementary Fig. 2a, b). Most of the proteins presented three transmembrane domains with
TMHMM and four to five helices with SOUSI. In total, TMHMM predicted 46 transmem-
brane helices while SOSUI predicted 66.

Motif Analysis

Six conserved motifs were detected in 18 desaturase protein sequences (e-value <1.1e—095; Fig. 1)
using de novo motif discovery of MEME-Suite tools. Motifs 1, 2, and 5 were common for all the
desaturases analyzed. In acyl-lipid desaturases (Supplementary Table 1), these domains
corresponded to the three histidine boxes known to form part of the active site [4] (Fig. 2). The first
histidine domain was included in motif'5, the second in motif2, and the third in motif 1. In the omega-
3 group, the first, second, and third histidine boxes were HDCGH, HGWRYSHRTHH, and
HVIHH, respectively. In the omega-6/delta-12 group, the first, second, and third histidine boxes
were HECGH, HRRHH, and HVXHH, respectively. Finally, in the FED group, the first, second, and
third histidine boxes were HDSGH, HNTHH, and QYEHH, respectively.
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Table 2 Physicochemical-biochemical properties and subcellular localization of desaturases

Protein Subcellular No. of Molecular Theoretical
localization amino weight pl
acids (kDa)

Triticum aestivum
SADI (ADV59911.1) M/Ch 392 44.45 8.15
SAD2 (ADV59912.1) Ch 392 44.65 6.05
Omega-3 FAD (BAA28358.1) ER 383 43.68 6.96

Zea mays
Acyl-desaturase (ACG49052.1) Ch 380 42.45 6.58
Acyl-desaturase (ACG38263.1) Ch 368 42.25 5.85
Acyl-desaturase (ACG41759.1) Ch 408 45.39 6.1
Omega-3 FAD (ACG37273.1) ER 384 44.07 8.69
Omega-6 FAD (ACG34271.1) ER 392 44.13 8.57
Omega-3 FAD (ACG28208.1) ER/Ch 408 45.90 8.87
FAD2 (ABV44669.1) ER 390 43.74 8.16
FAD2 (ABF50053.1)/(BAE93382.1) ER 387 43.97 8.39
FAD7 (BAA22441.1) Ch 443 49.43 9.3
Desaturase/cytochrome bs PM 463 51.25 8.23
(ACG40941)
Desaturase/cytochrome bs PM 462 51.33 8.48
(ACG36537)

Oryza sativa
FADS (AAW32557.1)/(BAE79784.1) Ch 413 47.01 8.81
FAD7(BAE79783.1) Ch 459 51.37 9.66
Delta-12 FAD2 (ACN87220.1) ER 388 44.35 8.17

Sorghum bicolor
DES2 (ABN49520.1) ER 385 442 8.59
DES3 (ABN49521.1) ER 389 44.77 8.83
DESI1 (ABN49519.1) ER 388 44.66 8.66
FAD (ACA28704.1) ER 387 44.37 8.38

M mitochondria, Ch chloroplast, ER endoplasmic reticulum, PM plasma membrane

Motifs 3 and 6 were only present in the acyl-lipid omega subfamily, whereas motif4 was exclusive
to acyl-ACP desaturases. This last motif contained the box sequence EENRH reported as part of the
active site of acyl-ACP desaturases [27]. The other motif previously described for acyl-ACP
desaturases with consensus D/EEX,H [27] was not detected by MEME, but it could be recognized
by visual inspection and consisted in DEKRH residues in all of the grass acyl-ACP desaturases
analyzed. Motif 4 included the EEX,H sequence reported as part of the active site of acyl-ACP.

When motifs 1 and 2 were submitted to the Pfam database, hits with PF00487 were found,
whereas motif 4 matched with PF03405, conserved domains associated with FAD-1 and 2,
respectively. Motif 6 corresponded to adomain with unknown function (DUF). No Pfam-A matches
were found formotifs 3 and 5. The acyl-lipid group information obtained with MEME motifanalysis
and TMHMM transmembrane domains was integrated. The resulting protein topology
corresponded to a Cy,-Nj, structure (Fig. 3).

Homology Modeling
The molecularmodel of the three acyl-ACP desaturases from 7. aestivum, B. distachyon, and Z. mays
consisted equally of a domain of 11 «-helices (Fig. 4). In model validation, the Ramachandran plot

analysis by using the RAMPAGE server revealed that >90% were in favored regions, indicating that
the models were in fairly good quality.
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B Moif 1 [ Motif 2] Motif 3l Motif 4[] Motif 5[ Motif 6

Name p-value Motif Location

S. italica delta(8) FAD2 (XP_004956618.1) 2.46e-55 A —
Z. mays desaturase/cytochrome b5 (ACG36537.1)  7.31e-56 e —
Z.mays desaturase/cytochrome b5 (ACG40941.1)  2.51e-56 e —
0. brachyantha delta(8) FAD2 (XP_006660549.1)  4.44e-54 A —
T. aestivum omega-3 FAD (BAA28358.1) 1.15e-137 | [ —

0. sativa OsFAD8 (BAE79784.1) 7.66e-138 L | ] —
Z.mays FAD7 (BAA22441.1) 1.21e-138 == [0 —

0. sativa delta-12 FAD (ACN87220.1) 6.20e-130 — A= 0 —

Z. mays omega-6 FAD (ACG34271.1) 1.68e-123 /e [ —

Z. mays delta-12 FAD (NP_001130234.1) 3.62e-130 — A== [ —

S. bicolor DES1 (ABN49519.1) 1.07e-141 | /= ) —

S. bicolor DES2 (ABN49520.1) 1.29e-128 A [ —

S. bicolor DES3 (ABN49521.1) 2.01e-143 == ] —

Z.mays omega-3 FAD (ACG37273.1) 1.11e-144 I 7] —

T. aestivum stearoyl-ACP DES (ADV59911.1) 3.51e-103 0] S [T —

T. aestivum stearoyl-ACP DES (ADV59912.1) 1.78e-111 = [ —

B. distachyon acyl-ACP DES (XP_003579596.1)  6.34e-112 = [ —

Z.mays acyl-DES (ACG38263.1) 1.03e-108 [ e— T —

Fig. 1 Motif analysis performed with MEME server in acyl-lipid and acyl-ACP desaturases according to
Supplementary Table 1

Phylogenetic Analysis

To evaluate the relationships among FAD proteins in different grass species, a phylogenetic
tree was constructed according to the alignments of 20 full-length protein sequences belonging
to acyl-ACP and acyl-lipid desaturases of seven grass species (Supplementary Fig. 3).
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Fig. 2 Logo representation of four desaturase motifs based on 18 protein sequences. Motif 1 includes the third
histidine box, motif 2 corresponds to the second histidine box, and motif 5 includes the first histidine box, all of
them reported for acyl-lipid desaturases. Motif 4 is present exclusively in acyl-ACP desaturases
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Fig. 3 Schematic representation of the secondary structure of the acyl-lipid omega-3 DES3
(ABN49521.1—S. bicolor). Numbers correspond to motifs in Figs. 1 and 2

According to the tree diagram, four main groups (I-1V) with high bootstrap values, mostly
100, could be recognized. The first, second, and third main groups contained acyl-lipid
desaturases and the fourth group included acyl-ACP desaturases. Group I included subgroups
Ia and Ib, corresponding to omega-3 and omega-6/delta-12 desaturases, respectively. Group II
included the sphingolipid class, and group III was composed of FEDs. Zeta-carotene
desaturase was external and close to the acyl-ACP group.

Discussion

GenBank interrogation retrieved information on desaturases from a total of ten species
belonging to the grass family Poaceae. Of these, Z. mays was the most represented species,
most likely because of the importance of corn as an oleaginous crop. More recent large-scale
genome sequencing has provided new information about many proteins and is available in
another public database, Gramene.

The description of their structural conformation and the mechanisms by which gene
expression is controlled constitute necessary information to hypothesize about potential roles
and functions. All known desaturases are characterized by the presence of histidine domains

-NH2

EENRH box

DEKRH box

Fig. 4 Homology modeling of 7. aestivum stearoyl-ACP desaturase (ADV59911.1) using the template of
Ricinus communis performed with the SwissModel server. Sequence boxes associated with the active site, the
amino, and carboxi termini are indicated
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localized at highly conserved positions that are believed to be responsible for di-iron binding at
the catalytic center [5, 27].

The conserved occurrence of histidine domains in grass desaturases plays an essential role
in enzyme functionality. The results obtained with MEME confirmed the presence of three
histidine domains in acyl-lipid desaturases [2, 4] in motifs 1, 2, and 5. In the FED group in
particular, the third consensus histidine domain has been defined as H/QX,_ ;HH [28]. In all of
the FEDs analyzed in this study, the first residue was a glutamine Q instead of H, which is
crucial for enzyme activity. In relation to the acyl-ACP group, we found two consensus-
binding boxes differing from those found in acyl-lipid desaturases that have been associated to
the active site [27]. Although motifs 1, 2, and 5 were detected by MEME in both acyl-lipid and
acyl-ACP desaturases, the latter lacked the typical histidine clusters, suggesting that one
domain detected by MEME across a group of structurally heterogeneous proteins could even
contain important differences in sequences. Thus, the equivalence of motifs should be
considered with caution.

Fatty acids in plants are synthesized in plastids and desaturated in plastids or in the ER, with acyl-
ACP proteins associated to the chloroplast and acyl-lipid desaturases associated to both ER [29] and
chloroplasts [30]. Our results are in line with these previous studies, although additional locations
were predicted for one acyl-ACP desaturase in mitochondria and two acyl-lipid FEDs in plasma
membranes. Although the presence of desaturases in mitochondria has been suggested in animal
cells [31], to our knowledge, there is no previous report about plant desaturases in the mitochondrial
compartment. Meanwhile, some acyl-lipid desaturases have been found associated to plasma
membranes in addition to their typical localization in the reticulum [32].

Acyl-lipid desaturases from reticulum present characteristic sequence motifs at their carboxi termini
which are involved in the retrieval of the escaped membrane proteins back to the ER [33] (Table 3). Two
different types of motifs have been described, one rich in aromatic amino acids with a general
FWYNN/S/KKF structure and a more variable motif with two conserved lysines described as dilysine
ER targeting signals [26]. Within the set of desaturases localized in the ER, we found that the enzymes
responsible for adding a double bond at the C4-C5 site relative to the methyl end (i.e., omega-6) had the
former motif, whereas those involved in C5-Cy site desaturation (i.e., omega-3) possessed the dilysine
motif. One exception was ACG28208.1 from Z. mays, an omega-3 for which Cello predictions
included both ER and chloroplast compartments although they lacked the typical ER retrieval motif.
This feature could be some evidence that the chloroplast was the most likely location for ACG28208.1.

The in silico mapping of grass desaturase genes showed a number of hit sites in chromo-
somes ranging from one in Aegilops tauchii to ten in Z. mays, but it should be noted that this
range in site numbers is directly affected by the number of sequences we were able to retrieve
from NCBI for each species. Our results are in accordance with those observed in diploid
Gossypium raimondii, where the loci of 19 acyl-lipid desaturases spread to 11 of their 13
chromosomes in the haploid complement [34].

The localization of FAD2 (BAE93382.1) from Z. mays was analyzed in more detail because the
outcome of BLAST against Gramene consisted in two positions on chromosome 5 (77,169 bp apart)
and an additional position on chromosome 4, all three with high and confident alignment scores and
identity percentage. The two contiguous positions in chromosome 5 were interpreted as the products
of known mechanisms operating in genome evolution such as tandem direct duplications often
mediated by transposons [35]. On the other hand, more than one copy of a given gene map in
different chromosomes has been frequently reported for Z. mays [36] and attributed to an ancient
duplication polyploidy event with subsequent evolution during which the extra copies of each gene
were unevenly retained or lost.
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Table 3 C-terminal amino acid sequences from desaturases located in the endoplasmic reticulum

Species (accession) C-terminal sequence
O. sativa (ACN87220.1) (1) FWYNNKF

Z. mays (ACG34271.1) (1) FWYNSKF

Z. mays (ABV44669.1) (1) FWYNSKF

S. bicolor (ABN49520.1) (1) FWYNKF

Z. mays (ABF50053.1) (1) FWYNKKF

Z. mays (BAE93382.1) (1) FWYNKKF

S. bicolor (ACA28704.1) (1) FWYNKKF

Z. mays (ACG28208.1)" (2) TISCSGPFT

T aestivum (BAA28358.1) (2) WTGTDKQK

Z. mays (ACG37273.1) (2) NQNHHKQK

S. bicolor (ABN49519.1) (2) HHLNDTTKQK

S. bicolor (ABN49521.1) (2) HHLNDTTTDDAHKQK

 Assigned to endoplasmic reticulum and chloroplast. (1) omega-6/delta-12 desaturase and (2) omega-3
desaturase

Regarding the protein secondary structure, the availability of helix predictors takes on special
relevance in proteins associated with membranes, since their crystal structure is less frequently
available due to technical difficulties to obtain large quantities of purified proteins. We observed that
the number of predicted transmembrane helices varied depending on the method considered [20,
21], with a tendency to detect more helices with SOSUI than with TMHMM (Supplementary
Material Fig. 2). This difference may be due to the fact that SOSUI predicts transmembrane helices
assuming the presence of hydrophobic primary transmembrane helices and hydrophilic secondary
ones, whereas TMHMM also considers the alternation of cytoplasmic and non-cytoplasmic loops.
Although the number of transmembrane helices based on hydrophobicity in each residue is variable
[37], the most frequent topology assumes that the enzyme spans the membrane four times [3].

In silico analysis of expression using RNA-Seq data revealed differences among desaturase
genes and tissue or treatment (Table 1). For instance, when the two acyl-ACP desaturases are
compared, HQ58952.1 gene maintained a higher level of transcription than HQ58953.1 under
stress conditions and during leaf senescence. Further, the expression of the former was
relatively stable across a wide range of organs and growing conditions, reflecting a constitutive
mode of gene expression. We detected some differences among homologous copies, in
particular, a lower expression of HQ589253.1 located in genome B relative to those in
genomes A and D. In contrast, D84678.1 showed a similar level of expression in all the three
homologous copies. The relative expression levels of homologous genes in polyploid wheat
frequently differ, causing genome-specific transcription profiles [38]. This differential gene
regulation has been associated with mechanisms of dosage compensation operating in the
allopolyploid species and with intergenomic interactions [39].

Most desaturase transcripts obtained from the WheatExp database did not show induction
under drought and heat stress conditions. Contrarily, a decreased expression was observed in
four out of nine cases when comparing stress treatments with the control (Table 1), in
agreement with the observed decrease in unsaturation activity in plants at elevated tempera-
tures [12]. It is worth mentioning that translational regulation can also operate to modulate
enzyme accumulation during the response to temperature changes [40].

Although the expression patterns of desaturases did not change during leaf senescence,
differences were observed among enzyme genes. Within acyl-ACP desaturases, SAD1
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constantly expressed at high levels, whereas SAD2 showed a minimum expression. These
observations may reflect different roles of these two enzymes in the chloroplast stroma. Both
are constitutively involved in stearic acid desaturation to yield oleic acid, but some degree of
subfunctionality could be expected between SAD1 and SAD?2 based on differences in acidity
character and subcellular localization (Table 2). To our knowledge, the role of desaturases in
grass senescence has not been largely evaluated. In this sense, a delta 9 acyl-lipid desaturase of
rose flowers has been identified as a senescence-inducible gene [41].

Gene expression patterns can be predicted by finding specific motifs in promoters.
PlantPAN scanning of the desaturase 5' region in wheat genome detected binding sites for
diverse TF families, confirming that desaturases are able to respond to different environmental
and physiological factors. The most abundant binding sites corresponded to the TEOSINTE-
BRANCHED1/CYCLOIDEA/PCF (TCP) TF family, varying from 235 in wheat omega-6
desaturase homologous to NP_001149122.1 from Z. mays to 97 in wheat omega-3 desaturase
homologous to XP_008665998.1 from Z. mays. This TF family is exclusive to higher plants
and plays versatile functions in multiple aspects of plant growth and development [42].

It has been reported [43, 44] that when plants are exposed to low temperatures, there are
changes in desaturase expression that correlate with cold tolerance. In agreement with this, we
identified numerous TF binding sites at the desaturase 5 regions related with the response to
low temperatures, such as families MYB, NAC, and AP2/ERF [45-47]. Desaturase expression
is involved in several other forms of abiotic stress. Among the TF associated with abiotic stress
response, we found that bHLH, a group of regulatory proteins modulated by salt or drought,
was another well-represented family [48].

Motif analysis in promoter sequences suggested that desaturase gene expression could be
regulated under osmotic stress by at least 12 different TF families. Computational methods able to
detect TF binding sites at the regulatory regions of a gene have provided essential information to
functional analysis and to the building of models for transcriptional regulatory networks [49].

The evolutionary pathway of FADs could be inferred by combining the biochemical role
with the taxonomical position in species-wide samples [4, 37]. Based on the amino acid
sequences, we confirmed that acyl-ACP and acyl-lipid proteins constitute two groups of
unrelated desaturases despite some similarities regarding cofactor use and spatial arrangement
during hydrogen removal [27].

Within acyl-lipid or membrane proteins, a common ancestor has been suggested for omega-
3 and omega-6/delta-12 desaturases (Supplementary Fig. 3, group Ia and Ib) after analyzing
almost 400 desaturases from different eukaryotic species [39], a point that is also evidenced by
the tree topology of our study. Sphingolipid desaturases (group II) and FEDs (group III) appear
more distantly positioned despite the fact that all the enzymes included in groups I, II, and III
share the functional role of adding a double bond in a pre-existing unsaturated chain. FED
clustering can be explained by common characteristics, such as the presence of N-terminal
cytochrome bs, an intronless gene structure [6] and a glutamine as the first residue at the third
histidine box. All these shared features support a common origin of grass FEDs.

The wide availability of bioinformatic tools and public sequence databases open the
possibility to plan experiments and to make statistically supported predictions of the structure
and function of genes and proteins. However, it is essential to have an integrated insight
between the in silico predictions and the biological context as presented in this study. The
dynamic structure of the genomes could also be interpreted through the in silico mapping. The
identification of structural and functional patterns, as well as the variations, is an essential
starting point to identify targets for gene manipulation in future experiments.
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Conclusion

Currently, it is estimated that more than 10,000 grass species (Poaceae) exist, distributed in
700 genera grouped in 30 tribes. In this study, sequences of desaturase genes from eight
different genera representative of six tribes were included, compiled, and described. Protein
genes were assigned to specific functional groups that distinguish the enzymes according to the
position and number of double-bond insertions on the acyl chain and subcellular localization.
The patterns of expression of some wheat desaturases could be retrieved, and putative
regulatory TF binding sites were identified. Consensus motifs in the active site previously
obtained from a wide range of taxa could be specifically defined for grass genes. The
characterization of desaturases takes on relevance due to their role in the response to different
environmental conditions and in oil quality or nutritional level. This characterization is a
necessary first step before considering these genes as candidate for new biotechnological
approaches.
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