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Abstract
Fatty acids are the major components of membrane molecules. The fact that unsaturated fatty
acids play multiple important roles, physically and biologically, means that the ratio of unsaturated
to saturated fatty acids in the membrane needs to be strictly regulated to maintain cellular homeostasis. The most ubiquitous and widespread modification to fatty acids, which results in a great
diversity of different structures, is the insertion of double bonds. Fatty acid desaturases directly
introduce regioselective double bonds into fatty acids. A phylogenetic analysis of desaturases suggests that the sequences of these proteins include a highly conserved domain, which determines the
differences in specificity and regioselectivity found in these enzymes. In this study, we performed
a systematic analysis of fatty acid desaturases found in the genomic data of 397 organisms. We
obtained a set of desaturases clustered by regioselectivity using a hierarchal clustering analysis.
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1

Introduction

Membrane lipid molecules are composed of hydrophobic and hydrophilic parts, the latter of which is
generally used for lipid classification. However, the hydrophobic part, whose major component is fatty
acids, also have a great diversity [9]. Most of the natural fatty acids include more than sixteen carbon
atoms, which can be modified with methyl, hydroxyethyl, and other functional groups. However, the
most ubiquitous and widespread modification to fatty acids is the insertion of double bonds, which
dramatically increase the membrane fluidity due to the decrease in electrostatic interactions between
lipid molecules. Recent reports proposed models that can control the ratio of unsaturated/saturated
fatty acids in response to temperature signals [15, 25]. In addition to their biophysical characteristics,
unsaturated fatty acids have crucial roles in many biological systems. For example, monounsaturated
fatty acid (MUFA), which contains one double-bond in an acyl-chain, plays a significant role in the
control of metabolism and can serve as a mediator in signal transduction [7, 14]. In mammals,
metabolites of polyunsaturated fatty acids (PUFA) are also used as signaling molecules. Arachidonic
acid (Figure 1) is abundantly stored within the cell membrane and is required as a substrate for
eicosanoid synthesis [30]. Eicosapentanoic acid (20:5, see the nomenclature in Figure 1) is the precursor
of prostaglandins, while docosahexaenoic acid (22:6) is essential for nervous system maintenance and
development [16]. Because of these multiple roles of unsaturated fatty acids, the ratio of unsaturated
fatty acids to saturated fatty acids is strictly regulated to maintain cellular homeostasis in each
organism or tissue.
To date, two different pathways of unsaturated fatty acid biosynthesis are known. The first one,
used in many bacteria, is to leave double bonds generated during the biosynthesis of the fatty acid.
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The second, found in almost all eukaryotes and some bacteria, uses desaturase enzymes to directly
introduce regioselective double bonds into fatty acids taken up through the diet or produced during
de novo synthesis. Fatty acid desaturases can be classified into two phylogenetically unrelated groups:
soluble desaturases and membrane-bound desaturases. The former is the acyl-acyl carrier protein
(ACP) desaturase found so far only in plants, which contains two D/EXXH motifs [27]. The latter is
ubiquitous in eukaryotes and bacteria, characterized by three histidine box motifs that contain eight
histidine residues. A phylogenetic analysis of desaturases suggests that the sequences in each group
are conserved, and reflect the differences in specificity and regioselectivity between the groups [29].
In this study, we focus on the repertoire of desaturases, which controls the possible fatty acid
variation in eukaryotes and some bacteria. For example, three desaturases, ∆9, ∆5 and ∆6, are
present in the Homo sapiens genome [19]. On the other hand, no desaturases are found that can
introduce double bonds in the positions between the 9th carbon and the methyl end. H. sapiens thus
synthesizes an arachidonic acid through fatty acids received in the diet. The repertoire of desaturases
is known not only in H. sapiens but also in other model organisms such as Mus musculus, Rattus
norvegicus, and Caenorhabditis elegans [10, 18]. Using desaturase sequences from these organisms
as queries for a PSI-BLAST search and clustering analysis, we have comprehensively explored the
desaturase-like proteins in the KEGG GENES database [12], which contains only complete and high
quality draft genome sequences. To divide this set of genes by regioselectivity, we applied hierarchical
clustering to the desaturase-like sequences. Furthermore, the set of desaturases in each organism
is mapped onto the metabolic pathways of essential PUFAs as the first step to elucidate fatty acid
variations.

Figure 1: An example of the structure and nomenclature of unsaturated fatty acids [6]. The number
before the colon denotes the number of carbon atoms and the number following refers to the number of
double bonds. The delta (∆) nomenclature is used to assign the position of an individual double bond
counting from the carboxyl group carbon. In this case, arachidonic acid has twenty carbon atoms and
four double bonds at the 5th, 8th, 11th and 14th carbons, so one simplified nomenclature is 20:4 ∆5,
8, 11, 14. The ω designation is also used to describe the position of a double bond from the methyl
end.

2

Method

2.1

Genomic Data

We have used amino acid sequences from one of the following sources:
1. The complete genomic ORF sequences of 17 eukaryotes, 307 bacteria, 27 archaea, and draftquality whole genomic ORF sequences of 38 eukaryotes were derived from KEGG GENES and
DGENES [12].
2. The Ensembl ver38 (April 2006 version) database [5], which stores genomic sequences of 19
eukaryotes.
3. The six eukaryotic draft genomes and the gene prediction model of the rice genome (Table 1).
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Table 1: The list of additional draft genomes.

2.2

Organism
Giardia lamblia
Gibberella zeae PH-1 11875
(Fusarium graminearum)
Medicago truncatula

Source
WGS(Genbank)
WGS(Genbank)

data version
20030326
20040213

TIGR

Oryza sativa japonica

TIGR

Plasmodium berghei
Plasmodium chabaudi
Ustilago maydis

PlasmoDB
PlasmoDB
WGS(Genbank)

20060209
Rice Annotation Release 4
(January 12, 2006)
v4.4
v4.4
20040402

Analyzed Enzyme Family

We searched for homologs of 59 fatty acid desaturase protein sequences. 54 of them are sequences
from M. musculus, Arabidopsis thaliana, Saccharomyces cerevisiae, Bacillus subtilis, Synechocystis
sp. PCC6803, Thermosynechococcus elongatus, Gloeobacter violaceus, and Anabaena sp. PCC7120 [1,
17] derived from the KEGG GENES database Release 38.0. Five of them, which are desaturases
newly detected from non-complete genomes, are AF139720, AY278558, AY332747, AF489589, and
AY493438 [31, 32] derived from Genbank database Release 153 [4] in GenomeNet.

2.3

Searching for Homologs – PSI-BLAST Search

The homologs were extracted using a similar method to that described in reference [33]. First, we
collected desaturase-related (similar) proteins in the genomic dataset with PSI-BLAST [2], then discarded false-positive hits by hierarchical clustering analysis using the Smith-Waterman scores between
sequences. The initial PSI-BLAST search (blastp2.2.10) against the genomic dataset was performed
using the sequences as queries mentioned above.
By combining all the PSI-BLAST results whose E-values were below 0.01 into one file and removing
duplicate hits, the initial data set was obtained. Then, the sequence similarity for each pair of sequences
of the whole proteins in the initial dataset was examined with the SSEARCH 3.4t06 program [22],
which is an implementation of the Smith-Waterman algorithm [28].

2.4

Searching for Homologs – Hierarchical Clustering Analysis

Hierarchical cluster analysis of these sequences was performed using the SSEARCH raw similarity
scores with the complete linkage method. This allowed the removal the false positive hits from the
initial data set and to classify the working data set. False positive clusters were defined as those
clusters containing one or more proteins annotated as non-desaturases and no proteins annotated as
desaturases. We defined the distance between the sequences as (distance)=1000/(Smith-Waterman
score). The clustering analysis was performed with the R program package for statistical computing
ver.1.7.1 [24, 36] and with the BioRuby library ver.1.0 [34].
The clustering results were confirmed manually using review articles [10, 19, 20] and the annotations
for the sequence entries. We determined “putative desaturase” clusters as those that either contained
(a) one or more sequences defined as known desaturases, or (b) no known non-desaturases (i.e. all
sequences were functionally unannotated).
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Figure 2: Clustering result of desaturase related proteins.
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Figure 3: Neighbor-Joining tree of representative sequences in G6 using the programs MAFFT
ver.5.6 [13] and Tree View [21]. Names of sequences are the species codes and entry names in KEGG
GENES.

2.5

Pfam Motif Search

The Pfam profiles PF00487 and PF07238 [3] were used for the genomic dataset searches using the
HMMER package ver.2.3.2 [35] with default parameters.

3
3.1

Results
Clustering Desaturase Sequences into Annotated Relevant Groups

We collected a complete set of desaturase-related proteins based on amino acid sequence similarity
using a PSI-BLAST search and clustering analysis with a wide variety of known desaturases as queries.
The number of sequences obtained in our results is 710, and 652 of them contain fatty acid desaturase motifs contained in Pfam (PF00487 and PF07238). These desaturases are clustered into eight
annotated groups (G1-G4, G6-G9 in Figure 2), one complex group (G5), and four hypothetical groups
(G10). The groups from G1 to G3, listed in Figure 2, are desaturases required for the biosynthesis of
the PUFA, whilst the groups from G7 to G9 are required for the biosynthesis of MUFA. We checked
these results in detail, by comparing the clustering results with known experimental data, and found
that obviously unrelated sequences did not fall into the same group except for the case of G5. In
groups G2 and G6, two separate groups of enzymes (bacterial desaturases and ∆12 desaturases) form
a single cluster, these are mentioned below.
The largest cluster is the stearoyl-CoA desaturase group, which is separated into three groups by
the organisms in which they are found: those only found in bacteria (G7), only in eukaryote (G9),
and those found in both (G8). Almost all eukaryotes have proteins from G8 or G9, and many bacteria
have proteins in G7 or G8.
Other noteworthy groups are G2 and G6, where some bacterial proteins fall near the cluster of
known plant desaturases. Figure 3 shows the Neighbor-Joining (NJ) tree composed of all 17 bac-
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Table 2: Number of desaturase related proteins in eukaryotes.

terial sequences and nine representative sequences from plants, (after removing very closely related
sequences), found in G6. While plant sequences form a single clustered group, the bacterial sequences
spread out of the plant branch. In the case of G2, phylogenetic trees indicated a similar result.
On the other hand, it is very natural that ∆12 and ∆15 desaturases, which are involved in PUFA
synthesis in plants, cyanobacteria, nematodes, fungi, and protists, form a single cluster: G3. We
examined the G3 cluster and confirmed that ∆12 and ∆15 desaturases form separate clusters within
the group except for the nematode sequences which do cluster, but with a higher threshold. In the
same manner, ∆5 and ∆6 desaturases used in PUFA synthesis in vertebrates also cluster into the
same group: G1. These two proteins could not be separated using the sequence similarity measure.
Although the average number of bacterial desaturase-related proteins, whose function is still unknown, is smaller than the number of eukaryotic ones, they are found not only in G2 and G6, mentioned
above, but also in G5, G7, G8, and G10. No desaturase-related proteins of archaea were found in this
study.

3.2

The Repertoire of Fatty Acid Desaturases in Eukaryotes

By examination of the clustering results, the number of desaturases, along with their regioselectivity is
obtained for all eukaryotes (Table 2). Encephalitozoon cuniculi, which as a parasite strongly depends on
its host organism, is the only organism, outside the protists, that does not contain any desaturases. A
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Figure 4: The reference pathway of major PUFA synthesis: To designate an individual fatty acid
within a family of structurally related acids, the n- nomenclature is used [6]. Here, the position of
the first double bond from the methyl end is described e.g. 18:3 n-6 (GLA) indicates that the double
bond closest to the methyl end is 6 carbons from the methyl group and in the ∆12 position. The n-6
pathway and the n-6 family are composed of n-6 fatty acids. (a) Plants generally synthesize the LA
and GLA using ∆9, ∆12, and ∆15 (ω3) desaturases. (b) Animals generally synthesize AA, EPA, and
DHA with ∆5 and ∆6 desaturases starting from LA and ALA obtained from the diet. Dashed lines
indicate alternative pathways with ∆4 or ∆8 desaturases.
desaturase homolog was identified in Plasmodium falciparum, which is also an intracellular pathogen
exhibiting a high mutation rate, hence it is more likely that E. cuniculi possesses no desaturase
homologs rather than we failed to detected it. Stearoyl-CoA desaturases are also found in a wide
range of eukaryotic organisms, although many protists do not possess them. On the other hand, higher
plants and vertebrates dominate the acyl-ACP desaturases and ∆5 and ∆6 desaturases, respectively.
∆12 and ∆15 desaturases, for the insertion of second and third double bonds, belong to nematodes,
plants, fungi and three protists (Trypanosoma brucei, Trypanosoma cruzi, Leishmania major). These
protists are euglenozoa, whose repertoire of desaturases is similar to plants.

4
4.1

Discussion
Biosynthetic Pathway of PUFA in Eukaryotes

The Acyl-ACP, ∆12, ∆15, ∆5, and ∆6 desaturases listed in Table 2 are required for the synthesis of major PUFAs, such as linoleic acids, arachidonic acids, docosahexaenoic acids. The range of
biosynthesis of fatty acids that each organism is capable of is different in each organism; hence, to
investigate the fatty acid variation in each organism, we constructed a reference pathway of fatty acid
biosynthesis, which is integrated over multiple species (Figure 4). In plants, acyl-ACP, ∆12, and ∆15
desaturases introduce double bonds into the 9th, the 12th, and the 15th carbon, respectively [20]. This
is followed by the synthesis of linoleic acids and α-linoleic acids (Figure 4 (a)). Similarly to previous
studies, our result supports both acyl-ACP and ∆12/∆15 desaturases being present in higher plants
(Table 2). In general, animals take linoleic acids and α-linoleic acids synthesized by plants in the
diet, and then ∆5/∆6 desaturases introduce double bonds into them to synthesize more multivalent
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unsaturated fatty acids. Almost all vertebrates used in this analysis, retain multiple homologous
proteins in the ∆5/∆6 desaturases category. Proteins in this group, such as hsa:9415 and hsa:3995
from H. sapiens, mmu:76267 and mmu:56473 from M. musculus, and rno:84575 and rno:83512 from
R. norvegicus are experimentally confirmed to work as ∆5 and ∆6 desaturases, respectively [10]. Only
one homolog dre:140615 from Danio rerio in the group is confirmed to show the activity of both ∆5 and
∆6 desaturases [10]. Our clustering result suggests that other vertebrates also have both desaturases.
Although all sequences in G1 belong to vertebrates, a few non-vertebrate organisms have been
reported to be able to synthesize EPA or DHA, because they possess an alternative pathway. For
example, Acanthamoeba castellanii uses ∆8 desaturase [26], and Thraustochytrium sp ATCC21685.
uses ∆4 desaturase to synthesize docosahexaenoic acids [23]. In our analysis, these proteins fall into
the complex group (G5), and do not make their own functional cluster. Hence, some proteins, which
have a similar function to these desaturases, may be included in this group. Although C. elegans
belongs to the animal kingdom, it can, like plants, synthesize linoleic acids and α-linoleic acids using
∆12 and ∆15 desaturases [18]. Additionally, it also has the ability to synthesize arachidonic acid with
∆5/∆6 desaturases, which unexpectedly fall into the complex G5 group, not G1, in our clustering
result. This suggests that the C. elegans ∆5 desaturase was developed later by gene duplication from
the original ∆6 desaturase. There is still not enough information to determine whether the ∆12
and ∆5 desaturases in nematodes are due to horizontal gene transfer or that other animals originally
contained these enzymes, but subsequently lost them.
Generally, while the repertoire of desaturases amongst organisms in each kingdom is similar to
each other, the number of paralogs is not identical even among closely-related organisms, such as
mammals. This may be due to differences in organism specific reactions. However, not enough data
are available to examine this hypothesis by sequence analysis at this time.
We have only discussed the clustering and pathway mapping of desaturases, however, the actual
biosynthetic pathways these enzymes are part of, includes elongases, which we did not examine in
this work. These enzymes have a specificity dependent on the acyl-chain length and the position of
pre-existing double bonds [11]. In the next step of the study of the fatty acid variation, elongases
should be mapped onto the pathway as well as desaturases.

4.2

Bacterial Fatty Acid Desaturases

Bacteria have an alternative pathway to produce PUFAs without desaturases and some recent reports
have clarified the functions and the regulations of the desaturases involved in MUFA synthesis. For
example, it experimentally verified that the desaturase from B. subtilis has regioselectivity of ∆5 [1].
Recently, a model of the regulatory pathway of involving a desaturase was proposed to adapt to
temperature shifts by inserting double bonds into membrane acyl-chains [15]. In our results, the G2
group, composed of desaturases from plants and cyanobacteria, contains this desaturase along with
other bacterial sequences, such as Thermus thermophilus, Sinorhizobium meliloti, and Rhodopseudomonas palustris. Despite the lack of experimental proof, the fact that these proteins show sequence
similarities to known proteins in the same group and have the histidine motif (Pfam: PF00487) suggests that they are desaturase homologs and desaturases are utilized in bacteria more extensively than
originally thought.
Another example is two desaturase-like proteins of Mycobacterium tuberculosis , which fall into
the acyl-ACP group (G6). These proteins have been suggested to be desaturases for the synthesis of
a complex fatty acid called mycolic acid, which forms the cell wall and guards against macrophage
attack. A recent study determined the 3D structures of these two proteins [8], and, while one of
them (desA2) could be folded, the other (desA1) could not. Hence, desA1 may not be functional.
We confirmed that almost all the sequences in G6, including desA1 and desA2, contain the domain
(Pfam: PF07238). In Figure 3, the desA2 group is separated from both the desA1 group and the plants
group, indicating that the proteins of Mycobacterium bovis, Mycobacterium avium paratuberculosis,
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Mycobacterium leprae, Mycobacterium tuberculosis CDC1551 in the desA2 group are good candidates
to be desaturases.
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