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Abstract 

Background  Tigernut (Cyperus esculentus L.), an oil-rich tuber plant of the Cyperaceae family, is typical for the natu-
rally high content of oleic acid. However, to date, genes contributing to oil composition have not been well 
characterized.

Results  In this study, the first genome-wide analysis of tigernut genes encoding membrane-bound fatty acid desatu-
rases (FADs), the key contributors to oil composition, is presented. According to phylogenetic analysis, ten members 
identified from the tigernut genome were assigned into seven out of eight evolutionary groups as defined in Arabi-
dopsis thaliana, i.e., FAD2 (3), FAD6 (1), FAD3 (1), FAD7 (1), FAD4 (1), DES (1), and SLD (2). In contrast to the absence 
of an FAD5 homolog, FAD2 and SLD in tigernut were shown to have expanded via tandem and dispersed duplica-
tions, respectively. Comparison of 285 members from 29 representative plant species resulted in 11 orthogroups, 
where FAD2a, FAD6, FAD7, FAD3, FAD4, FAD5, DES, and SLD1 were shown to have already appeared in the ancestor 
of seed plants. Significantly, orthologous and syntenic analyses revealed that loss of FAD5 and expansion of SLD 
in tigernut are lineage-specific, occurred sometime before the radiation of core monocots, in contrast to species-
specific expansion of FAD2. Moreover, though no syntenic relationship was observed between CeFAD genes, our 
comparative genomics analyses indicated that FAD3 and -7 are more likely to arise from segmental duplication. 
Structural variation and expression divergence of CeFAD genes were also observed. Gain of introns in CeFAD4, CeSLD1, 
and CeSLD2 was shown to be lineage-specific, occurred sometime before Cyperaceae-Juncaceae split. Tissue-specific 
expression analysis revealed that CeFAD2-1, CeFAD6, and CeFAD7 were constitutively expressed, whereas others were 
tissue-specific. Among five paralogs identified, CeFAD2-1 and CeSLD1 have evolved to be two dominant members. 
Putative roles of CeFAD2-1 in oil accumulation are supported by 1) exhibited an expression pattern positively associ-
ated with oil accumulation during tuber development; 2) were expressed more in tubers than their orthologs in C. 
rotundus. Additionally, in contrast to high expression of CrFAD3, transcript levels of CeFAD3 in tubers were fairly low, 
which may explain the distinct α-linolenic acid content between these two close species.
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Conclusions  Our findings provide a global view of CeFAD genes, which not only highlights lineage-specific evolu-
tion of the family, but also provides valuable information for further functional analysis and genetic improvement 
in tigernut.

Keywords  Cyperus esculentus, Vegetative tissue, Underground tuber, FAD, Phylogenomics, Orthologous analysis, 
Syntenic analysis

Background
Fatty acids (FAs) are key cell components that are 
involved in various plant physiological processes. 
According to the presence or absence of double bonds, 
FAs are classified into saturated and unsaturated FAs, 
where the latter could be further divided into mono-
unsaturated FAs (MUFAs) and polyunsaturated FAs 
(PUFAs) [1]. The desaturation reaction of FAs is cata-
lyzed by a class of enzymes known as FA desaturases 
(FADs), which could insert double bonds into the fatty 
acyl chain. There are two main categories of FADs pre-
sent in plants, i.e., soluble and membrane-bound, which 
share no significant sequence similarity [2]. Soluble FADs 
are located in the stroma of plastids and could introduce 
a double-bond at the Δ9 position of FA bounded to acyl 
carrier protein (ACP), which possess two main types 
with substrate selectivity toward stearic acid (SA, 18:0) 
and palmitic acid (PA, 16:0), i.e., stearoyl-ACP desaturase 
(SAD) and palmitoyl-ACP desaturase (PAD), respectively 
[3]. In contrast to the conservation of soluble FADs, 
membrane-bound FADs are highly diverse, including 
FAD2, FAD6, FAD3, FAD7/8, FAD4, acyl-coenzyme A 
(CoA) desaturase-like (ADS)/FAD5, sphingolipid delta8-
desaturase (SLD), and sphingolipid delta4-desaturase 
(DES), which exist in the endoplasmic reticulum (ER) or 
plastid membranes [2]. Microsomal FAD2s and plastidial 
FAD6s are Δ12 FADs that convert oleic acid (OA, 18:1) 
into linoleic acid (LA, 18:2), whereas FAD3 (microsomal) 
and FAD7/8 (plastidial) are Δ15 FADs that catalyze LA 
into α-linolenic acid (LA, 18:3) in the ER and chloro-
plasts, respectively. Whereas FAD5 and its homologs in 
Arabidopsis (Arabidopsis thaliana) convert C16:0 into 
palmitoleic acid (C16:1) in both the ER and chloroplast 
[4, 5], FAD4 introduces a Δ3 trans double bond at pal-
mitate at the sn-2 position of phosphatidylglycerol in the 
chloroplast [6]. SLD and DES introduce double bonds in 
sphingolipids, resulting in 8 (Z/E)-C18-phytosphinge-
nine and sphinga-4,8-dienine, respectively [7, 8]. Besides 
Arabidopsis, membrane-bound FADs have also been 
characterized in several other plant species, e.g., rapeseed 
(Brassica napus), grapevine (Vitis vinifera), cotton (Gos-
sypium hirsutum), poplar (Populus trichocarpa), sun-
flower (Helianthus annuus), oil tea (Camellia oleifera), 
olive (Olea europaea), rice (Oryza sativa), and barley 
(Hordeum vulgare) [9–17]. Nevertheless, no information 

is available in Cyperaceae plants, which comprise the sec-
ond largest family within the Poales order [18].

Tigernut (Cyperus esculentus L. var. sativus Baeck.) is a 
novel oilcrop that belongs to the Cyperaceae family [19–
21]. Unlike traditional oilcrops producing oil in seeds 
or fruits, tigernut accumulates up to 35% of oil in its 
underground tubers [22–24]. Interestingly, the composi-
tion of tigernut oil is highly similar to oil tea and olive, 
possessing 62.3–74.6% 18:1, 12.2–16.2% 16:0, 8.8–18.0% 
18:2, 1.1–4.9% 18:0, and 0.2–2.4% 18:3 [25–28]. How-
ever, thus far, genes contributing to oil accumulation and 
FA composition have not been well studied in this spe-
cies, though six genes encoding soluble FADs have been 
described [29, 30]. In this study, we took advantage of the 
recently available genome [31] to identify the complete 
set of genes encoding membrane-bound FADs in tiger-
nut. In contrast to the absence of an FAD5 homolog, phy-
logenetic and orthologous analyses revealed species or 
lineage-specific expansion of FAD2 and SLD in tigernut, 
which were contributed by tandem and dispersed dupli-
cations, respectively. Moreover, our comparative genom-
ics analysis indicated that FAD3 and −7 are more likely to 
arise from segmental duplication, where CeFAD7 appears 
to play a more important role in tigernut. Expression 
analyses also uncovered species-specific enhancement 
of certain CeFAD genes, which may explain the distinct 
FA composition between tigernut and its close relative 
purple nutsedge (C. rotundus). Herein, we report our 
findings.

Results
Identification, phylogeny, chromosomal localization, 
and duplication event analysis of ten FAD genes in tigernut
Homologue search of the tigernut genome using AtFADs 
resulted in ten genes that encode membrane-bound 
FADs, which were named following their counterparts 
in Arabidopsis, i.e., CeFAD2-1–3, CeFAD6, CeFAD3, 
CeFAD7, CeFAD4, CeDES1, and CeSLD1–2. An unrooted 
evolutionary tree with 18 AtFADs is shown in Fig.  1a. 
Notably, despite the presence of nine ADSs in Arabi-
dopsis (since their homologs identified in other spe-
cies are most close to AtFAD5, this group was named 
FAD5 for convenience), no counterpart was detected in 
tigernut. By contrast, 1:1, 1:3, 2:1, and 2:2 orthologous 
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relationships were observed for other members between 
Arabidopsis and tigernut, implying species or lineage-
specific expansion and contraction (Fig. 1a).

Further chromosomal localization showed that ten 
CeFAD genes are distributed over seven scaffolds 
(Scfs), i.e., Scf2, Scf6, Scf14, Scf27, Scf38, Scf46, and 
Scf54 (Fig. 1b). Whereas most scaffolds contain a single 
member, Scf14 and Scf2 harbor two (i.e., CeFAD7 and 
CeSLD2) and three (i.e., CeFAD2-1, −2, and −3), respec-
tively. Among them, CeFAD2-1, −2, and −3 are organized 
in tandem repeats, exhibiting 87.63–94.94% sequence 
similarities at the protein level, relatively higher than 
75.95–80.05% with AtFAD2 (Additional file 1), implying 

species or lineage-specific expansion. Notably, in contrast 
to AtFAD7/−8, AtADS1/−2, and AtSLD1/−2 that were 
characterized as whole-genome duplication (WGD, α) 
repeats (Additional file 2), no CeFAD genes were shown 
to locate within syntenic blocks (see below). Instead, 
CeFAD3/−7 and CeSLD1/−2, which share 69.59% and 
73.28% sequence similarities at the protein level, respec-
tively, were characterized as dispersed repeats (Fig.  1b). 
Among them, CeFAD7 was shown to exhibit 77.46% and 
77.06% sequence similarities with AtFAD7 and AtFAD8, 
respectively, which are relatively higher than 66.96% with 
AtFAD3. Interestingly, CeFAD7 and AtFAD3 was shown 
to locate within syntenic blocks (see below), implying 

Fig. 1  Phylogenetic, structural, and duplication event analyses of genes encoding membrane-bound FADs in tigernut. a Shown is an unrooted 
phylogenetic tree resulting from full-length Ce/AtFAD proteins with MEGA6 (maximum likelihood method and bootstrap of 1,000 replicates), 
where the distance scale denotes the number of amino acid substitutions per site. The name of each clade is indicated next to the corresponding 
group. b Shown are chromosomal localization and duplication events of CeFAD genes, where dispersed and tandem repeats are connected using 
purple and blue lines, respectively. The serial number of each scaffold is indicated at the top, whereas the scale is in Mb. c Shown are the exon–
intron structures. d Shown is the distribution of conserved motifs among Ce/AtFAD proteins, where different motifs are represented by different 
color blocks as indicated and the same color block in different proteins indicates a certain motif. (ADS acyl-coenzyme A desaturase-like, At A. 
thaliana, Ce C. esculentus, DES sphingolipid delta4-desaturase, FAD fatty acid desaturase, Mb megabase, SLD sphingolipid delta8-desaturase)
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that CeFAD7 and CeFAD3 may arise from WGD or seg-
mental duplication followed by species or lineage-specific 
chromosome rearrangement.

The physiochemical parameters of deduced CeFAD 
proteins are summarized in Table  1, where the pep-
tide length varies from 289 (CeFAD4) to 477 (CeSLD1) 
amino acids (AA) with the molecular weight (MW) of 
31.84–53.93 kilodalton (kDa). The values of theoretical 
isoelectric point (pI) are all greater than 7.0 (8.44–9.35), 
and the grand average of hydropathicity (GRAVY) val-
ues are less than 0 (from −0.022 to −0.237) with the 
exception of CeFAD4 and CeSLD1 (Table  1), implying 
the basic and hydrophilic features. The predicted trans-
membrane helices (TMH) vary from two to six. Except 
for CeFAD4, all other members include one FA_desatu-
rase (fatty acid desaturase, under the Pfam accession 
number of PF00487) domain. Moreover, CeFAD2-1–3, 
CeFAD3, and CeFAD7 contain one DUF3474 domain 
(domain of unknown function, PF11960); CeDES1 has 
one Lipid_DES domain (sphingolipid delta4-desatu-
rase, PF08557); and CeSLD1 and −2 possess one Cyt-
b5 domain (cytochrome b5-like heme/steroid binding 
domain, PF00173) that includes the highly conserved 
HPGG motif at the N-terminus. Instead, CeFAD4 har-
bors one TMEM189_B dmain (B domain of the trans-
membrane protein TMEM189, PF10520) or Lipid_desat 
domain (lipid desaturase) (Table 1 and Additional file 3). 
Though the overall sequence similarities are relatively low 
(see Additional file 1), all of them harbor three conserved 
histidine-boxes that could potentially coordinate a metal 
centre involved in catalysis, i.e., HxxxH, HxxxH, and 
HxxHH, in contrast to an xxHH variant observed at the 
first histidine-box of CeFAD4 (Additional file  3). Addi-
tionally, an ER retention signal F/YNNKF was observed 
at the N-terminus of three CeFAD2s (Additional file 3).

Analyzing gene structure revealed that the intron 
amounts of CeFAD genes vary from zero to nine. The 
exon–intron structures are highly conserved in several 
evolutionary groups, i.e., FAD2, DES, FAD5, FAD3/7, 
and FAD6, which feature zero, one, four, seven, and nine 
introns, respectively. By contrast, compared with Arabi-
dopsis, more introns were found for other groups in 
tigernut, i.e., FAD4 (0 vs 1) and SLD (0 vs 1/2) (Fig. 1c). 
Interestingly, the exon–intron structures were shown 
to be highly conserved in all Cyperaceae and Juncaceae 
plants examined in this study (Additional file  4), imply-
ing lineage-specific gain. Moreover, conserved motifs 
are conserved within a group but usually differ between 
evolutionary groups. Among 20 motifs identified in 
this study, Motifs 3, 4, 6, and 7 are widely distributed, 
whereas others are group-specific. All members in FAD3 
and FAD7 possess Motifs 7, 3, 9, 6, 4, and 13, where 
Motifs 9 and 13 are placed by Motifs 8 and 16 in FAD2, 

respectively. By contrast, FAD6 features Motifs 3, 14, and 
4, where Motif 14 is group-specific. Besides Motif 4, all 
SLDs possess five group-specific motifs, i.e., 12, 19, 17, 5, 
and 15. FAD5 features Motifs 10, 1, and 2, DES features 
Motifs 20 and 11, and FAD4 possesses Motif18, all of 
which are group-specific (Fig. 1d). Among them, Motifs 
3, 8, 9, 6, 11, 14, 4, 5, and 17 belong to the FA_desatu-
rase domain, whereas Motifs 7, 12, and 20 were charac-
terized as the DUF3474, Cyt-b5 and Lipid_DES domain, 
respectively. Additionally, the chloroplast transit peptide 
present in the N-terminal of FAD4s, FAD6s, and FAD7s 
was not identified by our MEME analysis, mainly due to 
sequence diversification and only 20 motifs identified in 
this study.

Characterization of FAD genes from representative plant 
species and insights into lineage‑specific family evolution 
in Cyperaceae
Above phylogenetic analysis suggests that early diver-
gence of FAD genes into eight groups (i.e., FAD2, FAD6, 
FAD3, FAD7, FAD4, FAD5, DES, and SLD) may occur 
sometime before monocot-eudicot split. However, there 
are four issues that still need to be resolved: 1) the loss of 
FAD5 in tigernut is species or lineage-specific; 2) expan-
sion of FAD2 in tigernut is species or lineage-specific; 3) 
the exact origin of FAD3 and −7; 4) the exact origin of 
CeSLD1 and −2. For the purposes, homologs were fur-
ther identified from representative plant species, which 
include Chlamydomonas reinhardtii (a single celled green 
alga in Chlamydomonadales), moss (Physcomitrium pat-
ens, an early coloned nonvascular land plant in Funari-
ales), spikemoss (Selaginella moellendorffii, an ancient 
vascular plant in Selaginellales), Western redcedar (Thuja 
plicata, a gymnosperm plant in Cupressales), Amborella 
trichopoda (the basal angiosperm in Amborellales), and 
three early diverged monocots that didn’t experience the 
so-called τ WGD, i.e., Acorus gramineus (an Acoraceae 
plant in Acorales), eelgrass (Zostera marina, a Zoster-
aceae plant in Alismatales), and duckweed (Spirodela 
polyrhiza, an Araceae plant in Alismatales) [32–35]. As 
shown in Additional file  4, seven members identified 
in C. reinhardtii belong to FAD2, FAD6, FAD7, FAD4, 
FAD5, and SLD, supporting early divergence of these six 
groups. DES seems to first appear in moss, and a FAD3 
homolog was first detected in gymnosperm (T. pli-
cata), where TpFAD3 shares 63.45% sequence similarity 
with TpFAD7, relatively smaller than 70.39% observed 
between AtrFAD3 and AtrFAD7. Notably, despite early 
origin of FAD5, it was shown to be absent from T. pli-
cata, A. trichopoda, and all core monocots examined in 
this study. Since A. gramineus, eelgrass, and duckweed 
all contain one FAD5, its loss in core monocots is more 
likely to be lineage-specific, occurred sometime before 
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monocot radiation. On the contrary, SLD seems to have 
expanded along with the monocot radiation, usually pre-
sent in two subgroups (i.e., SLD1 and −2) as observed in 
tigernut, though SLD2 is absent from three Juncaceae 
species examined in this study, i.e., Juncus effusus, J. 
inflexus, and Luzula sylvatica (Additional file 4).

To learn more about lineage-specific evolution of FAD 
genes, orthologous genes among different species were 
identified using Orthofinder, which resulted in 11 ortho-
groups (Fig. 2). Whereas a single member was found for 
FAD3, FAD6, FAD7, FAD4, FAD5, and DES in tigernut, 
two and three were identified for SLD and FAD2, respec-
tively. Notably, all three CeFAD2 genes belong to FAD2a, 
implying species-specific expansion. Correspondingly, 
only one FAD2 was identified from the tuber transcrip-
tome assembly of purple nutsedge (Additional file  4), a 
species standing very close to tigernut [36–38]. By con-
trast, FAD2 genes in C. breviculmis, C. littledalei, and C. 
scoparia belong to FAD2a, FAD2b, and FAD2c, where 
FAD2b was also shown to be present in R. breviuscula 
and R. tenuis, implying its early divergence before the 
Rhynchospora-Carex split. Notably, despite the presence 
of four FAD2 genes in both C. littledalei and C. scoparia, 
1:1 and 2:2 orthologous relationships were observed, 
implying their different origins. In C. littledalei, ClFAD2-
1, −2, and −3 are organized as tandem repeats, whereas 
ClFAD2-4 was characterized as a dispersed repeat of 

ClFAD2-1. By contrast, CsFAD2-2 and −4 in C. scoparia 
were characterized as dispersed repeat of CsFAD2-1, 
while CsFAD2-2 and −3 are organized as tandem repeats, 
implying species-specific expansion. Interestingly, like 
high sequence identity of 99.10% observed between 
ClFAD2-1 and −2, CsFAD2-2 exhibited 97.00% identity 
with ClFAD2-1, considerably higher than 71.70% with 
CsFAD2-3, supporting recent origin of ClFAD2-1 and 
CsFAD2-1. Among two SLDs identified in this study, 
SLD1 was shown to be widely distributed, whereas SLD2 
is limited to core monocots but not three early diverged 
monocots, i.e., A. gramineus, eelgrass, and duckweed, 
implying its birth along with the τ WGD shared by core 
monocots [39]. This means that the last common ances-
tor of core monocots contains eight orthogroups, i.e., 
FAD2, FAD6, FAD3, FAD7, FAD4, DES, SLD1, and SLD2. 
Since SLD1 members in other species feature no intron, 
gain of the intron in Juncaceae and Cyperaceae plants 
may occur sometime after their split with other families 
in Poales. By contrast, two models could be speculated 
for SLD2, which feature two introns in all tested Cyper-
aceae plants: 1) gain of these two introns occurred in the 
last common ancestor of Juncaceae and Cyperaceae, fol-
lowed by Juncaceae-specific loss of SLD2; 2) the event is 
Cyperaceae-specific, occurred sometime after the split 
with Juncaceae, whereas Juncaceae experienced lineage-
specific loss of SLD2.

Fig. 2  Species-specific distribution of 11 orthogroups in 29 representative plant species. The species tree is referred to NCBI Taxonomy (https://​
www.​ncbi.​nlm.​nih.​gov/​taxon​omy) and well-established recent whole-genome duplications are marked. Names of tested plant families are 
indicated next to the corresponding branches. (ADS acyl-coenzyme A desaturase-like, DES sphingolipid delta4-desaturase, FAD fatty acid desaturase, 
SLD sphingolipid delta8-desaturase)

https://www.ncbi.nlm.nih.gov/taxonomy
https://www.ncbi.nlm.nih.gov/taxonomy
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To gain insights into the origin of FAD genes, spe-
cies-specific duplication events and interspecific syn-
tenic analyses were further investigated. Whereas no 
syntenic relationship was detected between FAD genes 
in all Cyperaceae and Juncaceae plants, one to six pairs 
of WGD repeats were identified in Arabidopsis, A. 
gramineus, Dioscorea alata, oil palm (Elaeis guineensis), 
pineapple (Ananas comosus), Sparganium stoloniferum, 
Joinvillea ascendens, and Pharus latifolius (Additional 
file  4). Late origin of FAD3 in gymnosperm and loca-
tion of EgFAD3/7-1/7-2, AcFAD3/−7, JaFAD3/−7, and 
PlFAD7-1/3-1/3-2 implied segmental duplication-deri-
vation of FAD3 from FAD7. Correspondingly, interspe-
cific syntenic analyses revealed that CeFAD7 exhibited 
1:2, 1:3, or 1:4 syntenic relationships with FAD7 and 
FAD3 members in a high number of species examined in 
this study, e.g., C. littledalei, Rhynchospora breviuscula 
(Fig. 3a), J. effusus, pineapple, S. stoloniferum (Fig. 3b), J. 
ascendens, P. latifolius, and oil palm (Fig. 3c). Moreover, 
EgSLD1, -2a, and -2b were also shown to locate within 
syntenic blocks (Fig.  3c), providing direct evidence of 
SLD2 from SLD1 via the τ WGD followed by lineage-spe-
cific expansion of EgSLD2b from -2a via the Arecaceae-
specific p WGD. Interestingly, except for CeFAD2-1 and 
CeFAD2-2, all other CeFAD genes were shown to have 
syntelogs in at least one out of 27 species examined in 
this study. In contrast to only CeFAD7 and CeFAD4 that 
have syntelogs in Arabidopsis, i.e., AtFAD3 and AtFAD4, 
respectively (Fig.  3d), nearly 1:1 syntenic relationships 
were observed between tigernut and other Cyperaceae 
species, i.e., C. littledalei, C. scoparia, and R. breviuscula 
(Fig. 3a), reflecting their close biological relationships and 
implying functional conservation of related genes. Com-
pared with Arabidopsis, besides CeFAD7/-4, CeFAD2-
3 and CeDES1 were also shown to have syntelogs in 
both A. gramineus and A. trichopoda, though FAD2 has 
expanded via WGD in A. gramineus (Fig. 3d).

Tissue‑specific transcriptome profiling revealed distinct 
expression patterns of CeFAD genes
To provide a global view of expression profiles of CeFAD 
genes, seven main tissues or developmental stages, i.e., 
shoot apex, young leaf, mature leaf, sheath, root, rhi-
zome, and tuber, were first investigated using RNA-
seq data. As shown in Fig. 4a, despite the expression of 
all ten CeFAD genes identified in this study, distinct 
expression patterns were observed. Whereas CeFAD2-1, 
CeFAD6, and CeFAD7 were shown to be constitutively 
expressed, others seem to be tissue-specific. CeFAD2-1 
was expressed mostly in tubers, reflecting high oil accu-
mulation in this tissue [40]. By contrast, its two paralogs 
CeFAD2-2 and CeFAD2-3 were lowly expressed in most 
tissues examined in this study, though the latter exhibited 

a tissue-specific expression pattern in shoot apex and rhi-
zome. The transcripts of CeFAD6 were most abundant 
in leaves and sheaths, followed by roots, rhizomes, and 
shoot apexes, and least in tubers, whereas CeFAD7 tran-
scripts were mostly found in shoot apexes, followed by 
rhizomes, tubers, roots, and leaves, and least in sheaths. 
CeDES1 was expressed in most tested tissues, but barely 
in mature leaf. Whereas CeFAD3 was preferentially 
expressed in roots, rhizomes, and shoot apexes, CeFAD4 
was predominantly expressed in young leaves, mature 
leaves, and sheaths. CeSLD1 was expressed mostly in 
tubers, followed by young leaf, sheath, roots, and shoot 
apexes, but rarely in rhizomes and mature leaves. Com-
pared with CeSLD1, the transcript levels of CeSLD2 
were relatively less in most tissues with the exception of 
mature leaf, implying their divergence.

According to the transcript abundance, several key 
members were identified in a certain tissue. Among 
them, CeFAD7 represented the most expressed member 
in all tested tissues with the exception of the oil-bearing 
tuber, where CeFAD2-1 was most abundant. Whereas 
CeFAD7 occupied 86.11% of total CeFAD transcripts 
in shoot apexes, CeFAD7 and CeFAD2-1 contributed 
to 92.22%, 91.37%, and 80.15% of those in rhizomes, 
tubers, and roots, respectively. In young leaves, 88.66% 
of total CeFAD transcripts were contributed by CeFAD7, 
CeFAD2-1, and CeFAD6, whereas 92.45% of those in 
mature leaves were contributed by CeFAD7, −4, and −6. 
In sheaths, 90.19% of total CeFAD transcripts were con-
tributed by CeFAD7, CeFAD2-1, CeFAD6, and CeSLD1 
(Fig. 4a).

According to the expression patterns, ten CeFAD genes 
were clustered into three main groups. Group I includes 
CeFAD7 and CeFAD2-1 that were constitutively and 
highly expressed in all tested tissues. Group II contains 
two subgroups: whereas Group IIa includes CeFAD3 that 
exhibited a tissue-specific expression pattern in roots, 
rhizomes, and shoot apexes, Group IIb contains CeFAD2-
2 and CeFAD2-3 that were lowly expressed in most tis-
sues. Group III includes three subgroups: Group IIIa 
includes CeFAD4 that exhibited a tissue-specific expres-
sion pattern in in leaves and sheaths; Group IIIb includes 
CeFAD6 that was constitutively expressed; Group IIIc 
includes CeSLD1, CeDES1, and CeSLD2 (Fig. 4a).

Comparative analysis revealed expression divergence 
of FAD genes between tigernut and purple nutsedge
Unlike tigernut, purple nutsedge tubers are poor in oil 
accumulation, which also exhibits distinct FA compo-
sition [25, 28]. To uncover the underlying mechanism, 
expression profiles of Ce/ClFAD genes were compared 
across three swelling stages of tuber development, i.e., 
20, 50, and 90 days after tuber initiation (DAI). Since no 
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counterparts for CeFAD2-2, CeFAD2-3, and CeFAD4 
were identified from the purple nutsedge transcriptome, 
their coding sequences were employed for read mapping. 
As expected, no mapping reads were detected for these 
three genes, implying that they may not exist in the pur-
ple nutsedge genome or only express in specific tissues 

beyond the tuber or certain stages of organ development. 
Moreover, apparent expression divergence was observed 
between tigernut and purple nutsedge orthologs. As 
shown in Fig. 4b, compared with their orthologs in tiger-
nut, CrFAD2, CrFAD6, and CrSLD1 were expressed con-
siderably less at nearly all three tested stages, whereas 

Fig. 3  Synteny analyses within and between tigernut and representative plant species. a Synteny analysis within and between tigernut, C. 
littledalei, C. scoparia, and R. breviuscula. b Synteny analysis within and between tigernut, J. effusus, A. comosus, and S. stoloniferum. c Synteny analysis 
within and between tigernut, J. ascendens, P. latifolius, and E. guineensis. d Synteny analysis within and between tigernut, A. gramineus, A. thaliana, 
and A. trichopoda. Shown are FAD gene-encoding chromosomes/scaffolds and only syntenic blocks containing FAD genes are marked, where red 
and purple lines indicate intra- and inter-species, respectively. The scale is in Mb. (Ac A. comosus, ADS acyl-coenzyme A desaturase-like, Ag A. 
gramineus, At A. thaliana, Atr A. trichopoda, Ce C. esculentus, Cl C. littledalei, Cs C. scoparia, DES sphingolipid delta4-desaturase, Eg E. guineensis, FAD 
fatty acid desaturase, Ja J. ascendens, Je J. effuses, Mb megabase, Pl P. latifolius, Rb R. breviuscula, SLD sphingolipid delta8-desaturase, Ss S. stoloniferum)
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CrFAD3, CrFAD7, CrDES1, and CrSLD2 exhibited an 
opposite trend. Interestingly, according to the cluster 
analysis, CeFAD2-1, CeSLD1, CrFAD7, and CrFAD2 
appeared in Group I that were highly abundant in tubers, 
in striking contrast to rare expression of CeFAD2-2, 
CeFAD2-3, CeFAD3, and CeFAD4 in Group II. Group 
III includes CeFAD7, CrFAD3, CrSLD1, CrSLD2, and 
CrDES1, whereas Group IV includes CeFAD6, CrFAD6, 
CeDES1, and CeSLD2 that exhibited moderate expression 
(Fig. 4b).

Expression profiles of CeFAD2‑1, CeFAD6, and CeFAD7 
during tuber development
To learn more about expression profiles of CeFAD genes 
during tuber development, three key members (i.e. 
CeFAD2-1, CeFAD6, and CeFAD7) that may contrib-
ute oil accumulation and FA composition were further 
checked using qRT-PCR. Five stages examined in this 
study are as previously described, which represent tuber 
initiation (1 DAI), early swelling (10 DAI), middle swell-
ing (20 DAI), late swelling (25 DAI), and maturation (35 
DAI), respectively [40, 41]. It’s worth noting that the 
whole growth period of Reyan3 observed in this study 
(Hainan) was about 85 d, relatively shorter than approxi-
mately 150 d as described in other regions such as Bei-
jing and Jilin [25, 26, 40]. As shown in Fig. 4c, CeFAD2-1 
transcripts gradually increased along with tuber devel-
opment, peaking at 35 DAI, whereas CeFAD6 tran-
scripts initially decreased at 10 DAI followed by gradual 
enhancement during latter development, also peaking 
at 35 DAI (Fig. 4b). Their expression patterns are largely 
in accordance with transcriptome profiling (Fig.  4b). By 

contrast, CeFAD7 transcripts were shown to peak at 1 
DAI, followed by gradual decrease during latter devel-
opment (Fig. 4c), which is something different from a U 
trend as observed by transcriptome profiling (Fig.  4b), 
possiblely due to different varieties and growing condi-
tions adopted [25, 39]. These results imply a more impor-
tant role of CeFAD2-1 than CeFAD6 and CeFAD7 in oil 
accumulation of tigernut tubers.

Discussion
The importance of membrane-bound FADs especially 
FAD2/−3 in determining FA composition [42–44] 
impelled us to conduct a comprehensive analysis of this 
special family in tigernut, a unique oil-rich tuber plant 
in the Cyperaceae family [22, 40]. Mining the tigernut 
genome resulted in ten members, and the family amounts 
are comparable to 10–12 reported in barley, rice, and 
grapevine, but considerably less than 18–68 described 
in Arabidopsis, poplar, oil tea, olive, cotton, sunflower, 
and rapeseed [9–17]. Phylogenetic analysis assigned ten 
CeFAD genes into seven out of eight evolutionary groups 
as defined in Arabidopsis, i.e., FAD2 (3), FAD6 (1), FAD3 
(1), FAD7 (1), FAD4 (1), DES (1), and SLD (2). In accord-
ance with those reported in barley and rice [10, 16], no 
FAD5 was identified in tigernut. By contrast, both FAD2 
and SLD have expanded in this species, which were 
shown to be contributed by tandem and dispersed dupli-
cations, respectively.

To learn more about the origin and evolution of CeFAD 
genes, a total of 285 homologs were further identified 
from 29 representative plant species, which belong to 18 
plant families, i.e., Chlamydomonadaceae (1), Funariaceae 

Fig. 4  Expression profiles of FAD genes in tigernut and purple nutsedge. a Tissue-specific expression profiles of ten CeFAD genes. b Expression 
profiles of Ce/CrFAD genes at three representative stages of tuber development. c Expression profiles of CeFAD2-1, CeFAD6, and CeFAD7 at different 
stages of tuber development. The heatmap was generated using the R package implemented with a row-based standardization. Color scale 
represents FPKM normalized log2 transformed counts, where blue indicates low expression and red indicates high expression. Bars indicate SD 
(N = 3) and uppercase letters indicate difference significance tested following Duncan’s one-way multiple-range post hoc ANOVA (P < 0.01). (ADS 
acyl-coenzyme A desaturase-like, Ce C. esculentus, Cr C. rotundus, DAI days after tuber initiation, DES sphingolipid delta4-desaturase, FAD fatty acid 
desaturase, FPKM Fragments per kilobase of exon per million fragments mapped, SLD sphingolipid delta8-desaturase)
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(1), Selaginellaceae (1), Cupressaceae (1), Amborellaceae 
(1), Acoraceae (1), Zosteraceae (1), Araceae (1), Aspara-
gaceae (1), Orchidaceae (1), Dioscoreaceae (1), Arecaceae 
(1), Bromeliaceae (2), Typhaceae (1), Cyperaceae (9), Jun-
caceae (3), Joinvilleaceae (1), and Poaceae (1). In contrast 
to the absence of any recent WGD in the basal angio-
sperm A. trichopoda [35], the model eudicot Arabidopsis 
was proven to have experienced three WGDs after mono-
cot-eudicot divergence, which are known as γ, β, and α in 
sequence [45]. Similarly, Poaceae plants represented by 
P. latifolius also underwent three WGDs (i.e., τ, σ, and ρ) 
after the split with the eudicot clade [39]. Whereas σ and 
ρ WGDs are specific to Poales and Poaceae, respectively, 
the τ WGD is shared by all core monocots but not three 
early diverged monocots examined in this study, i.e., A. 
gramineus in Acoraceae, Z. marina in Zosteraceae, and S. 
polyrhiza in Araceae, which experienced one or two lin-
eage-specific WGDs [32–34]. According to orthologous 
analysis, FAD genes identified in this study were clustered 
into 11 orthogroups, i.e., FAD2a, FAD2b, FAD2c, FAD6, 
FAD7, FAD3, FAD4, FAD5, DES, SLD1, and SLD2. Pres-
ence of FAD2a, FAD6, FAD7, FAD4, FAD5, and SLD1 in 
C. reinhardtii supports their early origin, whereas DES 
and FAD3 seem to be relatively younger, first appearing 
in moss and T. plicata, respectively. Our results indicated 
that all eight evolutionary groups found in Arabidop-
sis have already appeared in the last common ancestor 
of seed plants, which were followed by lineage-specific 
expansion and contraction during latter evolution. A good 
example for lineage-specific gene contraction is the loss of 
FAD5 in A. trichopoda and all core monocots examined 
in this study, which include tigernut. By contrast, this 
group has extensively expanded via WGD, tandem, and 
dispersed duplications in Arabidopsis, resulting in a high 
number of nine members [5].

As for two evolutionary groups (i.e., FAD2 and SLD) 
that underwent expansion in tigernut, the mechanism 
of FAD2 is more likely to be species-specific, evidences 
are as follows: 1) only one member was identified in its 
two close relatives, i.e., purple nutsedge and Bolbosch-
oenus planiculmis; 2) no mapping reads were found for 
CeFAD2-2 and CeFAD2-3 in three stages of tuber devel-
opment available in purple nutsedge; 3) the expansion in 
other Cyperaceae species was shown to be genus or spe-
cies-specific. Moreover, in other families within Poales, a 
single member that belong to FAD2a was also observed in 
a high number of tested species, i.e., J. effuses (Juncaceae), 
J. inflexus (Juncaceae), J. ascendens (Joinvilleaceae), P. 
latifolius (Poaceae), A. comosus (Bromeliaceae), and P. 
raimondii (Bromeliaceae), implying the presence of one 
FAD2 in the last common ancestor of Poales plants. On 
the contrary, though CeSLD2 was characterized as a dis-
persed repeat of CeSLD1, they belong to SLD1 and SLD2, 

respectively, which were shown to be widely present in 
core monocots examined in this study. Since SLD2 is lim-
ited to core monocots and two members (EgSLD2a and 
−2b) present in oil palm are still located within syntenic 
blocks with the SLD1 member EgSLD1, it means that 
SLD2 is more likely to arise from SLD1 via the τ WGD, 
followed by lineage or species-specific chromosome rear-
rangement in most species. Interestingly, in contrast to 
lineage-specific expansion of SLD2 via the p WGD shared 
by all Arecaceae plants [46], in species such as Arabidop-
sis, A. gramineus, and D. alata, SLD1 was shown to fur-
ther undergo species-specific expansion via recent WGDs 
[34, 45, 47]. Notably, our data suggests that the Poales-
specific σ WGD had no effect on the family expansion in 
species examined in this study, which usually contain a 
single member for eight orthogroups, i.e., FAD2a, FAD6, 
FAD7, FAD3, FAD4, DES, SLD1, and SLD2. Besides WGD 
and dispersed duplication, local duplication such as tan-
dem and proximal duplications also played a role in the 
family expansion, especially for FAD2 in tigernut and a 
high number of Cyperaceae plants, e.g., C. littledalei, C. 
scoparia, R. breviuscula, and R. tenuis.

Exon–intron structures of FAD genes are usually con-
served within the same evolutionary group. Generally, 
FAD2, FAD4, and SLD are typical for no intron, whereas 
DES, FAD5, FAD3/7, and FAD6 feature one, four, seven, 
and nine introns, respectively. Interestingly, CeFAD4, 
CeSLD1, and CeSLD2 were shown to have gain one, one, 
and two introns, resepectively, which are highly conserved 
in all Cyperaceae and Juncaceae plants examined in this 
study, implying lineage-specific gain of these introns. 
Though their biological significances are yet to be studied, 
similar cases have also been reported for genes in SAD, 
oleosin, and aquaporin families [30, 40, 41].

Generally, expression patterns reflect the functions of 
a gene in certain tissues and/or developmental stages, 
whereas expression divergence represents a key mecha-
nism for neofunctionalization of duplicated genes or 
orthologs between different species [48]. Nearly 1:1 
orthologous relationships observed between tigernut 
and other Cyperaceae plants imply the conservative 
functions of related FAD genes. Transcription of all ten 
CeFAD genes in at least one out of seven tested tissues 
suggests their putative roles in tigernut, whereas consti-
tutive expression of CeFAD2-1, CeFAD6, and CeFAD7 
implies their essential roles in various tissues. Inter-
estingly, transcript levels of CeFAD2-1 were shown to 
gradually increase during tuber development, positively 
associated with oil accumulation [40]. Correspondingly, 
its transcripts in tubers were significantly more than those 
of the ortholog in purple nutsedge, i.e., CrFAD2. Given 
purple nutsedge tubers only producing less than 3% of 
oil [25, 28], species-specific enhancement of CeFAD2-1 
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transcripts may contribute to high oil accumulation in 
tigernut tubers. Actually, AtFAD2 was proven to be the 
key enzyme for PUFA biosynthesis in non-photosynthetic 
tissues such as developing seeds [49]. Notably, due to the 
lack of a whole genome for purple nutsedge, only seven 
CrFAD genes were identified from the tuber transcrip-
tome, i.e., CrFAD2, CrFAD6, CrFAD3, CrFAD7, CrDES1, 
CrSLD1, and CrSLD2. Since FAD4 is widely distributed 
[6] and CeFAD4 was shown to be preferentially expressed 
in photosynthetic tissues, no FAD4 homolog identified 
in purple nutsedge may attribute to the tissue-specific 
expression. Compared with their counterparts in tigernut, 
CrSLD1 was expressed lower in the developing tubers, 
whereas others were expressed relatively more, which 
may contribute to the distinct FA composition between 
these two close species, e.g., 16.2% vs 32.6% C16:0, 1.1% vs 
3.5% C18:0, 62.3% vs 26.9% C18:1, 18.0% vs 28.5% C18:2, 
and 2.4% vs 8.5% C18:3 [25]. Considering indispensable 
roles of FAD3 and −7 in C18:3 production [42, 50, 51], 
considerably less expression of CeFAD3 and CeFAD7 may 
explain the low level of 18:3 in tigernut tubers [25, 28], 
where CeFAD3 is more likely to be the main contributor. 
Expression divergence was also observed for paralogs. 
Among two SLDs present in both tigernut and purple 
nutsedge, SLD1 has evolved into the predominant mem-
ber, which is similar to three CeFAD2 genes present in 
tigernut, where CeFAD2-1 has become the dominant one.

Conclusions
This study presents the first genome-wide analysis of 
FAD genes in tigernut, an oil-rich tuber plant in Cyper-
aceae. A total of ten members were identified from 
the tigernut genome, representing seven evolution-
ary groups or eight orthogroups. Comparison of 285 
members from 29 representative plant species sup-
ported that the last common ancestor of seed plants 
may include all eight evolutionary groups as defined 
in Arabidopsis. In contrast to species-specific expan-
sion of FAD2, FAD5 loss and SLD expansion observed 
in tigernut appear to be lineage-specific, occurred 
sometime before monocot radiation. Syntenic analy-
sis revealed segmental duplication-derivation of FAD3 
from −7. Structural variation such as gain of introns 
and expression divergence of CeFAD genes were also 
observed, where CeFAD2-1 and CeSLD1 have evolved 
to be two predominant members. Expression analysis 
implied positive roles of CeFAD2-1 in tuber oil accu-
mulation, whereas low expression of CeFAD3 may con-
tribute to the distinct 18:3 content between tigernut 
and purple nutsedge tubers. These findings not only 
highlight lineage-specific evolution of the FAD family, 
but also provide valuable information for further func-
tional analysis and genetic improvement in tigernut.

Materials and methods
Identification of FAD genes from datasets
Genome and transcriptome data of representative plant 
species were accessed from public databases such as Phy-
tozome v13 (https://​phyto​zome.​jgi.​doe.​gov/​pz/​portal.​
html), Genome Warehouse (https://​ngdc.​cncb.​ac.​cn/​
gwh/), and NCBI (https://​www.​ncbi.​nlm.​nih.​gov/): C. 
reinhardtii (v6.1), P. patens (v6.1), S. moellendorffii (v1.0), 
T. plicata (v3.1), A. trichopoda (v2.1), A. thaliana (Ara-
port11), A. gramineus (v1), Z. marina (v3.1), S. polyrhiza 
(v2), D. alata (v2.1), Dendrobium catenatum (v1), A. 
officinalis (v1.1), E. guineensis (v3), A. comosus (v3), Puya 
raimondii (v1), S. stoloniferum (v1), J. ascendens (v1.1), P. 
latifolius (v1.1), J. effusus (v1), J. inflexus (v1), L. sylvatica 
(v1), R. breviuscula (v1), R. tenuis (v1), C. breviculmis (v2), 
C. littledalei (v1), C. scoparia (v1), B. planiculmis (v1), and 
C. esculentus (v1). Since genome sequences are not availa-
ble for purple nutsedge, the de novo assembled tuber tran-
scriptome as described before [40] was employed instead. 
tBLASTn [52] searching for homologs was conducted 
using reported AtFADs as queries, where the E-value 
was set to 1e − 5. All candidates were checked using Pfam 
Search (http://​pfam.​xfam.​org/) for the presence of the 
conserved FA_desaturase or TMEM189_B domains in 
deduced proteins. Gene structures were displayed using 
GSDS 2.0 (https://​gsds.​gao-​lab.​org/), whereas TMH and 
physiochemical parameters of deduced proteins were pre-
dicted using TMHMM-2.0 (https://​servi​ces.​healt​htech.​
dtu.​dk/​servi​ces/​TMHMM-2.​0/) and ProtParam (http://​
web.​expasy.​org/​protp​aram/), respectively.

Phylogenetic and conserved motif analyses
Multiple sequence alignments of deduced proteins were 
performed using MUSCLE implemented in MEGA6 [53], 
and phylogenetic tree construction was conducted using 
MEGA6 with the maximum likelihood method and boot-
strap of 1,000 replicates. Protein domains were determined 
using Pfam Search and conserved motifs were identified 
using MEME (v5.4.1, https://​meme-​suite.​org/​tools/​meme) 
with the parameters as follows: any number of repetitions; 
maximum number of motifs, 20; and, the optimum width 
of each motif, between 5 and 200 residues. Conserved his-
tidine-boxes (e.g., HxxxH, HxxxH, and HxxHH) and the 
ER retention signal were manually checked.

Synteny analysis, duplication modes, and definition 
of orthogroups
Synteny analysis was conducted using TBtools-II 
(v2.152) as described before [41], whereas orthologous 
genes and different duplication modes were identified 
using Orthofinder (v2.3.8) [54] and the DupGen_finder 
pipeline [55], respectively.

https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
https://ngdc.cncb.ac.cn/gwh/
https://ngdc.cncb.ac.cn/gwh/
https://www.ncbi.nlm.nih.gov/
http://pfam.xfam.org/
https://gsds.gao-lab.org/
https://services.healthtech.dtu.dk/services/TMHMM-2.0/
https://services.healthtech.dtu.dk/services/TMHMM-2.0/
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
https://meme-suite.org/tools/meme
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Gene expression analysis based on RNA‑seq
Two Illumina RNA-seq datasets, which are under 
NCBI accession numbers of PRJNA703731 and 
PRJNA671562, were first analyzed in this study. They 
are 150 bp paired-end reads with three biological rep-
licates. Quality control, read mapping, and differential 
analysis were performed using Trimmomatic, HISAT, 
and DESeq2 as previously described [56–59], and rela-
tive gene expression level was presented as FPKM [60].

Plant materials and qRT‑PCR analysis
Tigernut plants of the Reyan3 variety were grown as 
previously described [20]. For qRT-PCR analysis, five 
representative stages of tuber development were col-
lected at 1, 10, 20, 25, and 35 DAI, which represent 
tuber initiation, three stages of swelling, and matura-
tion as described before [40]. Samples with three bio-
logical replicates were freezed with liquid nitrogen 
and subjected to RNA isolation. Total RNA extrac-
tion, the integrity and concentration detection, syn-
thesis of the first-strand cDNA, and qRT-PCR analysis 
were conducted as described before [24, 61]. Primers 
used in this study are shown in Additional file 5, where 
CeTIP41 and CeUCE2 are two reference genes. Relative 
gene abundance was estimated with the 2−ΔΔCt method 
and statistical analysis was performed using the Data 
Processing System software v20, where differences 
among means were tested following Duncan’s one-way 
multiple-range post hoc ANOVA.
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