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Abstract

Background
Caleosins (CLOs), a class of structural proteins of lipid droplets (LDs), widely function in LD formation, stabilization, and
degradation as well as in plant development and stress responses. However, their characterization in tigernut (Cyperus
esculentus L., Cyperaceae), a rare example accumulating significant amounts of oil in underground tubers, is still in the
infancy.

Results
In this study, we present a first genome-wide analysis of the caleosin family in tigernut. A number of eight members, which
represent two previously defined clades (i.e., H and L), were identified from the tigernut genome, in stark contrast to only two
present in the basal angiosperm Amborella trichopoda. Comparison of 193 caleosin genes from 31 representative plant
species reveals lineage-specific expansion and functional diversification. Eight CeCLO genes belong to eight out of 11
orthogroups identified in this study, and extensive expansion in this species was contributed by whole-genome duplication
(WGD), tandem, and dispersed duplications. 1:1 orthologous relationships observed between tigernut and its close relative
Cyperus rotundus suggest that gene copies are not the contributor of high tuber oil accumulation in tigernut. Instead, most
CeCLO genes was shown to express more than their orthologs in C. rotundus, implying species-specific activation in oil-
bearing tigernut tubers. Correspondingly, expression of CeCLO1, -2, -3, and − 7 was shown to positively correlate with oil
accumulation during tuber development. Structure and expression divergence of paralogous pairs were also observed, and
good examples are 1) CeCLO7 and − 8 that have gained one additional intron and 2) CeCLO1 that has become the
predominant isoform in oil-rich tubers.

Conclusions
These findings provide insights into the evolution, expression, and structural variation of CeCLO genes, which improve our
knowledge on the mechanism of high oil accumulation in tigernut tubers.

Background
Plant seeds store triacylglycerols (TAGs) in discrete spherical organelles called oil bodies or lipid droplets (LDs), which are
coated by a monolayer of phospholipids embedded with abundant oleosins (OLEs) and several minor structural proteins [1].
Caleosins (CLOs) are a class of minor LD proteins that are capable of binding to calcium ion (Ca2+) [2, 3, 4]. Since the first
caleosin gene (i.e., responsive to desiccation 20 (RD20)) that was identified in arabidopsis (Arabidopsis thaliana) [5, 6], its
homologs have been widely found in land plants as well as in some fungi and green algae [2, 7, 8, 9, 10, 11, 12]. Caleosins
exhibit some similarities to oleosins, which feature a long central hydrophobic hairpin of about 72 residues (X30PX5SPX3PX30)
[1, 13, 14]. Like oleosins, caleosins are composed of three characteristic structural domains, i.e., an N-terminal hydrophilic EF-
hand calcium binding domain, a central hydrophobic anchoring domain, and a C-terminal hydrophilic phosphorylation domain
[6, 7]. The central hydrophobic domain, which is responsible for anchorage in LDs, comprises an amphipathic α-helix followed
by a pair of anti-parallel β-strands that are connected by a proline-knot motif (PX3PSX3P) [7, 15, 16]. Both N- and C-terminals

are more likely to expose to the cytoplasm and are involved in environmental adaptation [7, 8]. Though caleosins were first
recognized as minor proteins functioning in LD stabilization and degradation in seeds, they were later proven to have catalytic
functions as peroxygenases (PXGs, EC 1.11.2.3), whose activity is dependent on a heme group coordinated by the two
invariant His residues located in N- and C-terminal regions [3, 4, 7, 17, 18, 19]. Hence, they are also called peroxygenases [4,
11, 20, 21]. Unlike oleosins, caleosins have additional intracellular locations apart from LDs, e.g., the envelope of chloroplasts,
endoplasmic reticulum (ER), plasmalemma, vacuole, and nucleus, and they were also found to be abundant in a range of non-
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seed plant tissues such as callus, shoot, hypocotyl, root, cotyledon, leaf, megagametophyte, male flower, pollen, stamen,
ovule, silique, fruit, and phloem sap [8, 20, 22, 23, 24, 25, 26, 27, 28, 29].

In land plants, caleosins comprise a small family with up to 10 members [9, 10, 11, 15, 16, 29, 30, 31, 32]. Generally, there are
two major types present in each species, i.e., high (H) and low (L) molecular weights (MW), where the H-forms contain an
extra N-terminal insertion of about 30 residues relative to L-forms [15, 16]. In contrast to only two members present in castor
bean (Ricinus communis, RcCLO-1 and − 2) and flax (Linum usitatissimum, LuCLO-1 and − 2) [30], a number of eight caleosin
genes were described in arabidopsis, including four H-forms (i.e., AtCLO1, -2, -3, and − 8) and four L-forms (i.e., AtCLO4, -5, -6,
and − 7), and the family expansion was shown to be contributed by both local and segmental duplications [15, 29]. Expression
analyses showed that RcCLO-2 and LuCLO-2 are preferentially expressed in seeds, whereas RcCLO-1 and LuCLO-1 are
constitutively expressed, including seeds, cotyledons, and young leaves [29, 30]. Similar expression profiles were also
observed for AtCLO genes, where AtCLO3 and − 4 are expressed in various organs and others seem to be organ-specific, e.g.,
AtCLO1 and − 2 in seeds and AtCLO5 in buds [15]. Functional analyses revealed that caleosins are not only involved in LD
formation, stabilization, and degradation, but also are associated with various plant development and stress responses [2, 7,
8, 12, 15, 25, 30, 31, 32]. In rice (Oryza sativa), OsCLO5 was initially named OsEFA27 (EF-hand, ABA responsive, 27 kilodalton
(kDa)), which could be induced by ABA treatment, salt and drought stresses [2]. In arabidopsis, four seed-expressed caleosin
genes (i.e., AtCLO1, -2, -4, and − 6) were proven to redundantly function in oil accumulation and embryo development [34].
Interestingly, a high number of caleosin genes were shown to be regulated by various abiotic and biotic stresses, e.g.,
OsCLO5/EFA27 in rice [2], AtCLO3/PXG3/RD20 in arabidopsis [8], Sopl in sesame (Sesamum indicum) [7], HvCLO1 and − 2 in
barley (Hordeum vulgare) [33], BnCLO1-1 in rapeseed (Brassica napus) [35], and OeCLO3 in olive (Olea europaea) [25].

Tigernut (Cyperus esculentus L. var. sativus Boeckeler), which is also known as chufa and yellow nutsedge, is an
unconventional oil crop uniquely accumulating significant amounts of TAGs in its underground tubers [36, 37]. It resides in the
Cyperaceae family, which is native to Africa [38]. Tigernut was initially domesticated in ancient Egypt for the nutrient-rich
tubers, e.g., 25–45% starch, 20–35% oil, 15–20% sugars, 5–10% protein, 8–10% dietary fiber, 0.08–0.14 g/kg vitamin C and E,
high levels of minerals (e.g., calcium (Ca), phosphorus (P), potassium (K), and magnesium (Mg)), and various active
substances (e.g., flavone, alkaloid, tannin, terpenoid, saponin, and phytosterol) [39, 40]. Recently, much attention has been
attracted for its unique feature of high oil accumulation in the non-seed storage organ [41, 42, 43, 44, 45, 46, 47, 48, 49], and
the disclosure of the mechanisms behind shall facilitate oil production in plant vegetative tissues via genetic engineering [50].
According to a previous proteomic analysis, like oilseeds, the LDs of tigernut tubers are mainly coated by oleosins and
caleosins [51]. Thus far, genome-wide characterization of the oleosin family was reported, and six members present in
tigernut are equal to those found in other Cyperaceae plants such as purple nutsedge (C. rotundus) and Rhynchospora
breviuscula [45]. Interestingly, the majority of CeOLE genes were shown to exhibit a tuber-preferential expression pattern with
mRNA/protein abundances positively correlating with oil accumulation during tuber development [45]. Transcriptome-based
identification of caleosin genes was also reported [52], however, 21 homologs described in that study are considerably more
than eight detected from our full-length transcriptome, which was constructed via single-molecule real-time (SMRT)
sequencing of various tissues such as shoot apex, leaf, sheath, root, rhizome, tuber, flower, and floral stem [43]. Considering
the inherent drawback of incorrect de novo assembly from short reads, a genome-scale identification may provide a more
precise view of the caleosin family in this special species.

In this study, a genome-wide analysis of the CeCLO family was conducted, which include sequence characteristics, gene
structures, chromosome localizations, evolutionary relationships, and expression profiles. Significantly, comparison of 193
caleosin genes identified from 31 representative plant species reveals lineage-specific expansion and functional
diversification in tigernut. In contrast to only two members present in the basal angiosperm Amborella trichopoda, a high
number of eight CeCLO family genes were shown to arise from whole-genome duplication (WGD), tandem, and dispersed
duplications, whereas tuber-specific activation of certain members appears to be species-specific. These findings highlight
the evolution patterns of the CeCLO family, which provide valuable information for further functional analysis.

Results
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Identification, gene localization, and duplication event analysis of eight caleosin genes in tigernut

As shown in Table 1, HMMER-based homologue search resulted in eight caleosin genes from the tigernut genome [53].
Though the overall sequence similarity of their deduced peptides varies from 44.32% to 78.57% (Additional file 1), all of them
were shown to possess a single caleosin domain (under the Pfam accession number of PF05042) that is specific to this
family (Table 1). Notably, the amounts of the CeCLO family are somewhat bigger than six members as described for the
CeOLE family [45]. Compared with CeOLEs with an average of approximately 150 residues [45], the peptide length of CeCLOs
is relatively longer, varying from 198 (i.e., CeCLO6) to 261 (i.e., CeCLO5) residues with an average of about 234 residues,
which result in the higher MW of 21.82–29.93 kDa, i.e., 26.42 vs 15.52 kDa (Table 1). Interestingly, different patterns of
isoelectric point (pI) and grand average of hydropathicity (GRAVY) were also observed between CeCLOs and CeOLEs as
described in papaya (Carica papaya) [29]. Whereas only 62.50% of CeCLOs (i.e., CeCLO4–8) exhibit the alkaline feature like
CeOLEs, others (i.e., CeCLO1–3) harbor the pI values of less than 7, varying from 5.91 (i.e., CeCLO2) to 6.63 (i.e., CeCLO3)
(Table 1). In contrast to the highly hydrophobic feature of CeOLEs [45], all CeCLOs have the GRAVY value of less than 0,
varying from − 0.593 to -0.117 (Table 1). The overall hydrophilic feature of CeCLOs was also supported by the ProtScale
analysis. As shown in Fig. 1a, similar hydropathicity scales were observed for all eight CeCLOs. Whereas the central domain is
hydrophobic, N- and C-terminal regions are usually hydrophilic (Fig. 1a). Except for CeCLO6, one to two transmembrane
helixes (TMH) were identified (Table 1).

Table 1
Caleosin genes identified in C. esculentus. (AA amino acid, Ce C. esculentus, CLO caleosin, GRAVY grand average of

hydropathicity, kDa kilodalton, MW molecular weight, pI isoelectric point, Scf scaffold, TMH transmembrane helix)
Gene
name

Locus ID Position AA MW
(kDa)

pI GRAVY TMH Caleosin
location

CeCLO1 CESC_00080 Scf30:3622141..3623943(-) 251 28.96 6.50 -0.366 104..123 74..240

CeCLO2 CESC_16572 Scf47:433600..435126(-) 242 27.87 5.91 -0.410 94..117 63..231

CeCLO3 CESC_16571 Scf47:436090..438271(-) 239 27.38 6.63 -0.228 88..107,184–
201

59..225

CeCLO4 CESC_18483 Scf13:1911499..1913058(-) 244 27.63 9.04 -0.293 88..110,184..201 59..226

CeCLO5 CESC_18484 Scf13:1915073..1916809(-) 261 29.93 8.78 -0.324 97..116 68..235

CeCLO6 CESC_02525 Scf21:760234..762404(-) 198 21.82 7.81 -0.593 - 21..188

CeCLO7 CESC_02526 Scf21:770229..771732(-) 217 23.57 8.79 -0.363 7..24,70..92 38..206

CeCLO8 CESC_02527 Scf21:775539..780932(-) 220 24.24 9.03 -0.117 6..25 43..210

The amino acid (AA) composition of CeCLOs was further calculated and compared with that of CeOLEs. Except for the
absence of the Cys in CeCLO6–8, other members contain all 20 residues (Fig. 1b), usually rich in Leu, Gly, and Ala as observed
in CeOLEs (Additional file 2a). Interestingly, the cluster analysis revealed distinct patterns of AA composition between CeCLOs
and CeOLEs, where proteins were grouped in family. Compared with CeOLEs, CeCLOs contain more hydrophilic but less
hydrophobic residues (Additional file 2a), which contribute to their hydrophilic feature. The secondary structure of CeCLOs
was also shown to differ from that of CeOLEs, where CeCLOs harbor more random coils but less alpha helixes and were
clustered together (Fig. 1c and Additional file 2b).

Sequence alignment of CeCLOs is shown in Fig. 1d. Except for the conserved caleosin domain, N- and C-terminals are highly
diverse. Though the usual proline-knot pattern PX3PSX3P was observed in CeCLO2–6, the PX4S/QSX3P variant was identified
in CeCLO7 and − 8. Moreover, the PX3LNX3P variant was found in CeCLO1. Prior to the proline-knot are the amphipathic α-

helix and the Ca2+ binding motif. Two His residues, which are essential for the PXG activity [4], were found in all CeCLOs,

residing in front of the Ca2+ binding motif and somewhat behind the proline-knot motif, respectively (Fig. 1d). Compared with
CeCLO6–8, CeCLO1–5 harbor an H-form insertion as observed in arabidopsis [15], which contributes to the longer peptide
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size and higher MW (Table 1 and Fig. 1d). As shown in Additional file 3, a high number of phosphorylation sites were identified
for each sequence. Among them, four are shared by most sequences, i.e., one for Tyr kinase and three for casein kinase II (CK
II) (Fig. 1d), implying their posttranslational regulation. Interestingly, despite few Cys residues present in CeCLOs, one is
shared by CeCLO1–5 (Fig. 1d), which was also described for Sopl in sesame [7].

In contrast to the distribution of six CeOLE genes over six scaffolds (Scfs) [45], gene localization showed that eight CeCLO
genes are unevenly spread across four scaffolds, and three hotspots for tandem duplication were detected, i.e., CeCLO2/-3 on
Scf47, CeCLO4/-5 on Scf13, and CeCLO6/-7/-8 on Scf21, respectively. Further synteny analysis revealed that CeCLO1 and − 2
are located within syntenic blocks, implying their derivation from WGD. On the contrary, CeCLO2/-4 and CeCLO4/-6 were
characterized as dispersed repeats (Fig. 1e).

Phylogenetic and comparative analyses revealed species-specific expansion of the caleosin family among tigernut, rice, and
arabidopsis

To uncover the evolutionary relationships of CeCLO genes, homologs were also identified from arabidopsis and rice, two
model plants for dicots and monocots, respectively. In accordance with previous studies [15, 27], eight family members were
obtained from updated genomes of both species (Additional file 4). Interestingly, despite harboring the same family amounts,
phylogenetic analysis of caleosins in tigernut, rice, and arabidopsis revealed species-specific expansion. As shown in Fig. 2a,
these proteins were clustered into two main clades, corresponding to H and L as described in arabidopsis [15]. Moreover,
these two clades could be divided into two and three groups, respectively. Among them, Group Ia includes CeCLO1–3,
OsCLO4, OsCLO5, AtCLO1–3, and AtCLO8; Group Ib includes CeCLO4, CeCLO5 and OsCLO3; Group IIa is specific to
arabidopsis, including AtCLO4–7; Group IIb is specific to tigernut, including CeCLO6–8; and Group IIc is specific to rice,
including OsCLO1–2, and OsCLO6–8. The results are largely in accordance with sequence similarities and duplication event
analyses. As shown in Additional files 1 and 5, OsCLO1/-2, OsCLO4/-5, and OsCLO6/-7, which share 72.65%, 67.48%, and
95.56% sequence similarities at the protein level, were defined as proximal repeats; OsCLO7/-8 (53.41%), AtCLO4/-6 (85.71%),
and AtCLO5/-7 (62.66%) were characterized as tandem repeats; OsCLO1/-6 (57.33%), AtCLO1/-2 (87.76%), and AtCLO5/-6
(66.67%) were characterized as WGD repeats, respectively; OsCLO3/-4 (54.10%), OsCLO4/-6 (39.74%), AtCLO1/-3 (72.47%),
and AtCLO1/-4 (47.35%) were characterized as dispersed repeats.

To learn more about structural variation, exon-intron structures and conserved motifs were further compared. As shown in
Fig. 2b, the most majority of caleosin genes present in three species feature five introns with the conserved phase pattern of
1, 1, 0, 2, and 2. Nevertheless, gain or loss of certain introns was observed in CeCLO7, CeCLO8, AtCLO7, and AtCLO8. In
contrast to the loss of the fifth intron in AtCLO8, CeCLO7 and CeCLO8 were shown to have gained one more intron (in phase
2) at the 5' end, which is different from the phases of 2, 0, 0, 0, 2, and 2 as observed in AtCLO7, implying independent origin.
Ten motifs identified using MEME are shown in Fig. 2c. Whereas Motifs 1–5 are widely present, others appear to be
sequence-specific. Motifs 1, 2, and 4 were characterized as the conserved caleosin domain; Motif 3 was characterized as the
H-form insertion; and Motif 5 was characterized as the C-terminal phosphorylation sites (Fig. 2d). Notably, Motifs 2 and 4 are
absent from AtCLO7, and Motif 1 is absent from AtCLO7 and − 8, implying their divergence. Whereas Motif 3 was found in all
H-forms, Motif 10, which was also characterized as the C-terminal of the H-form insertion, are limited to CeCLO1, CeCLO2,
OsCLO4, and AtCLO2. Motifs 6 and 7, which are confined to OsCLO6 and − 7, are located at the N- and C-terminals,
respectively. Motif 8, which is confined to AtCLO1 and − 2, is located at the C-terminal. Motif 9, which is confined to AtCLO5
and − 7, is located at the N-terminal (Fig. 2c).

Characterization of caleosin genes from representative plant species and insights into lineage-specific family evolution in
Poales

Above phylogenetic analysis suggests the divergence of Clades H and L sometime before monocot-eudicot split. However,
several issues need to be further resolved: 1) the tandem duplications identified in tigernut are species or lineage-specific; 2)
the exact time of the WGD that gave birth to CeCLO2; 3) the exact origin of CeCLO4 and − 6; 4) the exact time of gain of the
additional intron as observed in CeCLO7 and − 8. For the purposes, homologs were also identified from representative plant
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species, which include the basal angiosperm A. trichopoda (an Amborellaceae plant in Amborellales) and three early diverged
monocots that didn't experience the τ WGD shared by core monocots, i.e., American sweet flag (Acorus americanus, an
Acoraceae plant in Acorales), eelgrass (Zostera marina, a Zosteraceae plant in Alismatales), and duckweed (Spirodela
polyrhiza, an Araceae plant in Alismatales). After discarding pseudogenes and gene fragments, as shown in Additional file 4, a
total of 169 members were further identified. Notably, a single member for each clade was not only found in two out of three
tested core eudicots, i.e., grapevine (Vitis vinifera) and castor bean, but also in A. trichopoda and eelgrass, supporting early
divergence of Clades H and L in the angiosperm ancestor. By contrast, equal amounts of eight members were identified in
purple nutsedge, a close relative of tigernut (Additional file 4).

To infer lineage-specific gene expansion and contraction, species-specific duplication events were further examined and
orthologs across different species were identified using Orthofinder. As shown in Fig. 3, a total of 11 orthogroups were
obtained and eight CeCLO genes belong to H1, H2, H3, H4, H5, L1, L2, and L3. Among them, H1 and L1 are shared by all
species examined in this study, whereas others appear to be lineage-specific: H4 is widely present in core monocots,
including garden asparagus (Asparagus officinalis), apostasia (Dendrobium catenatum), and greater yam (Dioscorea alata),
implying its early origin that may arise from the τ WGD; H2 is present in most Poales plants and is usually located within
syntenic blocks with H1, implying its possible origin along with the Poales-specific σ WGD; H3, which is limited to Cyperaceae
and Juncaceae species, was characterized as the tandem repeat of H2; H5 is confined to three out of four examined Cyperus
species, i.e., tigernut, purple nutsedge, and C. iria, where further expansion via WGD was also observed in the latter; L2, which
is widely present in Cyperaceae plants with the exception of C. littledalei, was characterized as the tandem repeat of L1; L3,
which is also Cyperaceae-specific, was characterized as the tandem repeat of L2 in tigernut, purple nutsedge, C. iria, C.
fuscus, and R. breviuscula, but the tandem repeat of L1 in C. littledalei; L4 and L5, which is Poaceae-specific, was
characterized as the tandem and WGD (ρ) repeats of L1, respectively; L6, which is also Poaceae-specific, was characterized
as the tandem repeat of L5 (Fig. 3 and Additional file 4).

Inter-specific syntenic analyses were further conducted and results showed that CeCLO1, CeCLO2/-3, CeCLO4/-5,
CeCLO6/-7/-8 have syntelogs in at least one of examined species. Significantly, as shown in Fig. 4a, 1:1 and 2:2 relationships
were observed between tigernut and purple nutsedge/R. breviuscula/C. littledalei, implying that the WGD event (i.e.,
CeCLO1/-2) detected in tigernut is shared by these species. Moreover, 1:1, 1:2, and 2:4 relationships were observed between
tigernut and C. iria, supporting species-specific expansion via WGD in C. iria, followed by group-specific gene loss in H3 and
L3. Actually, their gene fragments could be detected in the C. iria genome. In accordance with orthologous analysis, no
syntelog was identified for CeCLO4/-5 in C. littledalei, implying species-specific contraction. By contrast, their syntelogs were
not only identified in pineapple (Ananas comosus), Joinvillea ascendens (Fig. 4b), but also in oil palm (Elaeis guineensis),
greater yam, duckweed (Fig. 4c), and rice (Fig. 4d). Notably, CeCLO4/-5, CeCLO6/-7/-8, EgCLO2, and EgCLO3/-4/-5/-6 were
shown to locate within syntenic blocks (Fig. 4c). Since EgCLO3 was characterized as a recent repeat of EgCLO2 from the
Arecaceae-specific p WGD (Additional file 4), WGD-derivation of CeCLO4/-6 followed by lineage-specific transposition could
be speculated. Collectively, these results imply early diversification of the caleosin family before the radiation of angiosperms
followed by lineage-specific expansion even in early diverged angiosperms.

The sequence identities and evolutionary rates of Ce/CrCLO genes as well as duplicate pairs identified in tigernut are
summarized in Table 2. As expected, high sequence identities of 89.30–98.50% and small Ks (synonymous substitution rate)
values of 0.1048–0.1810 were observed between orthologs of tigernut and purple nutsedge. By contrast, only 43.90–68.40%
sequence identities were found between seven duplicate pairs identified in tigernut. Moreover, except for high sequence
divergence between CeCLO4 and − 6, the Ks values of other pairs were shown to vary from 0.9012 (CeCLO4 and − 5) to
3.7504 (CeCLO6 and − 7) (Table 2), implying distinct time of their birth. Given that the Ka (nonsynonymous substitution
rate)/Ks values of all duplicate pairs identified in tigernut are less than one (Table 2), a role of purifying selection during their
evolution could be speculated.
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Table 2
Sequence identities and evolutionary rates of duplicate pairs identified in tigernut as

well as orthologs between C. esculentus and C. rotundus. (Ce C. esculentus, CLO
caleosin, Cr C. rotundus, Ka nonsynonymous substitution rate, Ks synonymous

substitution rate)
Species Gene 1 Gene 2 Identity (%) Ka Ks Ka/Ks

C. esculentus-

C. esculentus

CeCLO1 CeCLO2 66.50 0.2346 2.4592 0.0944

CeCLO2 CeCLO3 62.90 0.3019 2.4057 0.1255

CeCLO2 CeCLO5 54.10 0.5105 2.1566 0.2367

CeCLO4 CeCLO5 68.40 0.2376 0.9012 0.2637

CeCLO4 CeCLO6 43.90 0.5190 - -

CeCLO6 CeCLO7 58.50 0.3064 3.7504 0.0817

CeCLO7 CeCLO8 62.30 0.3924 1.1637 0.3372

C. esculentus-

C. rotundus

CeCLO1 CrCLO1 94.70 0.0226 0.1810 0.1246

CeCLO2 CrCLO2 98.50 0.0127 0.1723 0.0736

CeCLO3 CrCLO3 96.80 0.0073 0.1225 0.0598

CeCLO4 CrCLO4 93.70 0.0419 0.1522 0.2751

CeCLO5 CrCLO5 89.30 0.0169 0.1696 0.0995

CeCLO6 CrCLO6 95.80 0.0132 0.1407 0.0938

CeCLO7 CrCLO7 95.30 0.0266 0.1048 0.2536

CeCLO8 CrCLO8 95.80 0.0160 0.1203 0.1333

Caleosin genes in tigernut exhibited distinct expression patterns

To provide a global view of expression profiles of CeCOL genes, RNA-seq data of various tissues were first examined, i.e.,
young leaf, mature leaf, sheath, shoot apex, root, rhizome, young tuber (collected at 40 days after sowing (DAS)), middle tuber
(collected at 85 DAS), and mature tuber (collected at 120 DAS). As shown in Fig. 5, FPKM (fragments per kilobase of exon per
million fragments mapped) values exceeding 1 in at least one tested samples were observed for five out of eight CeCOL
genes, i.e., CeCLO1–3, -6, and − 7. Among them, CeCLO3, -6, and − 7 were constitutively expressed, whereas CeCLO1 and − 2
were predominantly expressed in tubers, especially in middle and mature tubers. In accordance with the high oil
accumulation, total CeCLO transcripts were most abundant in middle and mature tubers, which were clustered together and
whose transcripts were 12.41 and 13.90 folds more than those in young tubers. Followed were roots, young tubers, shoot
apexes, sheaths, and rhizomes, whose transcripts were 2.20 to 5.98 folds more than those in mature and young leaves
(Fig. 5a). When CeOLE genes were included for comparison, three tuber stages were clustered together; two most abundant
genes CeOLE2 and CeOLE5 formed one group; CeCLO1 was clustered with CeOLE4, CeOLE6, and CeOLE1; CeCLO2 was
clustered with CeOLE3; and CeCLO3/-6/-7 and CeCLO4/-5/-8 formed two independent groups (Additional file 6a).
Correspondingly, correlation analysis showed that CeCLO1 transcripts were positively related with those of CeOLE genes, with
the r value varying from 0.458 (i.e., CeOLE3) to 0.913 (i.e., CeOLE2). Expression of CeCLO1 was also positively correlated with
CeCLO3 (r = 0.917), which exhibited the r values of 0.390 (i.e., CeOLE1)–0.843 (i.e., CeOLE2) (Additional file 6b).

Comparison revealed apparent expression divergence of caleosin genes between tigernut and purple nutsedge

Our previous study showed that oleosin genes between tigernut and purple nutsedge underwent apparent expression
divergence during tuber development, and species-specific activation is in accordance with high oil accumulation in tigernut
tubers [45]. To address whether similar cases are also present for CeCLO genes, their expression profiles over three
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representative tuber stages were compared, i.e., 20, 50, and 90 days after tuber initiation (DAI). As shown in Fig. 5b,
expression was detected for five CeCLO and four CrCLO genes, i.e., CeCLO1, CeCLO2, CeCLO3, CeCLO6, CeCLO7, CrCLO1,
CrCLO3, CrCLO6, and CrCLO7. Among them, CeCLO1 was mostly expressed, followed by CeCLO3 and CrCLO6, whereas
CrCLO3 was lowly expressed. Notably, though most CeCLO genes were expressed more than their orthologs in purple
nutsedge, CrCLO6 represents the single one that was expressed more than its ortholog CeCLO6 (Fig. 5b). The result implies
that CeCLO1, -2, -3, and − 7 may contribute to tuber oil accumulation in tigernut.

CeCLO transcripts were positively correlated with TAG accumulation during tuber development

According to our previous study, the TAG content of Reyan3 gradually increased along with tuber development, from 5.09% at
5 DAI to 34.29% at 35 DAI when tubers have completely matured [45]. To uncover the correlation between gene expression
and TAG accumulation during tuber development, five tuber-expressed CeCLO genes (i.e., CeCLO1, -2, -3, -6, and − 7) and five
representative stages were selected for qRT-PCR analysis, i.e., S1 (5 DAI), S2 (10 DAI), S3 (20 DAI), S4 (25 DAI), and S5 (35
DAI). As shown in Fig. 6, gradual promotion of transcripts during tuber development was observed for CeCLO1, -2, -3, and − 7,
whereas CeCLO6 was highly expressed in three early stages, followed by significant downregulation at two latter stages.
Further correlation analysis showed that the transcripts of CeCLO1, -2, -3, and − 7 were positively correlated with TAG
accumulation, with the r value varying from 0.837 (i.e., CeCLO1) to 0.964 (i.e., CeCLO2), whereas a negative correlation with r 
= 0.933 was observed for CeCLO6 (Fig. 6), supporting the result obtained from above transcriptional profiling.

Discussion
As a rare example accumulating high levels of oil in the nutrient storage tubers, tigernut is emerging as an ideal model to
study lipid regulation mechanisms beyond oilseeds [36, 42, 45, 46, 47, 48, 49]. Like oleosins, caleosins also feature the 12-
residue proline-knot motif, a key component of the family-specific caleosin domain [11, 29, 54]. A crucial role of caleosins in
LD formation and oil accumulation prompted us to study this special gene family in tigernut.

In the current study, the first genome-wide identification and characterization of the CeCLO gene family was reported. A
number of eight family members identified from the tigernut genome are considerably less than 21 transcripts obtained from
a de novo transcriptome assembly [52], implying the necessity of a genome-based identification. Interestingly, the family
amounts present in this species are equal to those described in two model plants arabidopsis and rice [15, 27], but
considerably more than two found in A. trichopoda, castor bean, flax, and cucumber (Cucumis sativus) [11, 29, 30], implying
lineage and/or species-specific family expansion during angiosperm radiation.

Further phylogenetic analysis assigned eight CeCLO genes into two evolutionary groups as defined in arabidopsis [15], i.e., H
(5) and L (3), where the H clade features a high MW with the so-called H insertion at the N-terminal (Fig. 1d). Interestingly, the
group composition observed in tigernut is highly distinct from rice (H, 3; L, 5) and arabidopsis (H, 4; L, 4), in contrast to the
basal angiosperm A. trichopoda harboring a single member for each group [29]. Extensive expansion in tigernut was shown to
be resulted from WGD, tandem, and dispersed duplications (Fig. 1e). By contrast, expansion in rice was contributed by WGD,
tandem, proximal, and dispersed duplications, whereas in arabidopsis, expansion was contributed by WGD, tandem,
transposed, and dispersed duplications (Additional file 5). The pattern is also different from the CeOLE family, whose
expansion was shown to be contributed by WGD and dispersed duplication [45]. The results reflect the occurrence of more
than one WGD in these species after monocot-eudicot divergence. According to comparative genomics analyses, arabidopsis
in the eudicot clade experienced three additional WGDs known as γ, β, and α in sequence [55]; similarly, rice in the monocot
clade experienced three additional WGDs known as τ, σ, and ρ, where τ and σ WGDs are shared by tigernut [48, 56, 57, 58].
Correspondingly, four WGD repeats identified in arabidopsis, i.e., AtCLO1/-2 and AtCLO5/-6, were shown to arise from the α
WGD that is specific to the Brassicaceae family [15, 29], whereas OsCLO1 and − 6 were derived from the ρ WGD that is
specific to the Poaceae family (Additional file 5). By contrast, considering the absence of a recent WGD in tigernut, two
identified WGD repeats, i.e., CeCLO1 and − 2, are more likely to arise from the σ WGD that is shared by all Poales plants [56].
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To confirm the hypothesis and gain insights into the origin and evolution of CeCLO genes, approximately 200 homologs from
31 representative plant species were included for comparison, which resulted in 11 orthogroups named H1, H2, H3, H4, H5,
L1, L2, L3, L4, L5, and L6. These species cover a wide range of 17 plant families, i.e., Amborellaceae (A. trichopoda), Vitaceae
(grapevine), Euphorbiaceae (castor bean), Brassicaceae (arabidopsis), Acoraceae (American sweet flag), Zosteraceae
(eelgrass), Araceae (duckweed), Asparagaceae (garden asparagus), Orchidaceae (apostasia), Dioscoreaceae (greater yam),
Arecaceae (oil palm), Bromeliaceae (pineapple), Typhaceae (Sparganium stoloniferum), Cyperaceae (tigernut, purple
nutsedge, C. iria, C. fuscus, Bolboschoenus planiculmis, Schoenoplectus tabernaemontani, C. littledalei, R. breviuscula, and
Eleocharis parvula), Juncaceae (Juncus effusus and J. inflexus), Joinvilleaceae (J. ascendens), and Poaceae (Pharus
latifolius, rice, barley, Brachypodium distachyon, Sorghum bicolor, and Setaria italica). In accordance with previous studies
[11, 29], our data suggest that the caleosin family has diverged into Clades H and L in the last common ancestor of
angiosperms, which is reserved as a single copy for each clade in some eudicots such as grapevine and castor bean. By
contrast, extensive expansion via both local and large-scale duplications was frequently observed in Poales, and CeCLO
genes belong to eight orthogroups, i.e., H1–5 and L1–3. Based on the results from orthologous, syntenic, and evolutionary
rate analyses, a possible evolution route in tigernut is proposed as follows: the wide present H4 (e.g., CeCLO4) first gave birth
to H2 (e.g., CeCLO2) via dispersed duplication sometime before monocot radiation, which may be along with the τ WGD
followed by gene transposition; then, H2 produced H1 (e.g., CeCLO1) via the σ WGD in Poales, though H1 is most conserved;
the last common ancestor of Cyperaceae and Juncaceae generated H3 (e.g., CeCLO3) via tandem duplication (unequal
crossover) sometime after the split with other families within Poales; in Cyperaceae, L1 (e.g., CeCLO6) first brought forth L2
(e.g., CeCLO7) via tandem duplication sometime after the split with Juncaceae, which further gained an additional intron;
subsequently, L2 produced L3 (e.g., CeCLO8) via tandem duplication; in Cyperus, the last common ancestor of tigernut, purple
nutsedge, and C. iria generated H5 (e.g., CeCLO5) via tandem duplication sometime after the split with C. fuscus.

Interestingly, despite a very close genetic relationship of tigernut and purple nutsedge, purple nutsedge only accumulates less
than 2.5% of oil in its tubers, in contrast to up to 35% in tigernut [36, 42, 45]. 1:1 orthologous relationships of caleosin genes
observed between these two species suggest that all duplicate pairs identified in tigernut are lineage-specific and gene
copies are not the contributor of high oil accumulation in tigernut tubers. Similar results were also reported for the oleosin
family, which is composed of six members in both tigernut and purple nutsedge [45]. Compared with tuber-preferential
expression of most CeOLE genes [45], eight CeCLO genes was shown to exhibit distinct expression patterns with constitutive
expression of CeCLO3, -6, and − 7, tuber-predominant expression of CeCLO1 and − 2, and rare expression of CeCLO4, -5, and − 
8 (Fig. 5a). Moreover, though the CeCLO family contains two more members than the CeOLE family, their total transcripts in
tubers were shown to be considerably less abundant (Additional file 6a). Nevertheless, the transcript level of CeCLO1 ranks
only after CeOLE5 and CeOLE2, two most abundant CeOLE genes in tigernut tubers (Additional file 6a). A putative role of
CeCLO1 and − 3 in tuber oil accumulation was first inferred from Pearson's correlation analysis, which was shown to exhibit
the high r value up to 0.9 with CeOLE2 (Additional file 6b). Correspondingly, our qRT-PCR analysis showed that transcription of
CeCLO1, -2, -3, and − 7 in five representative tuber stages was positively correlated with oil accumulation during tuber
development (Fig. 6). Last but most important, our comparative transcriptome analysis revealed that CeCLO1, -2, -3, and − 7
were expressed considerably more than their orthologs in purple nutsedge (Fig. 5b), implying species but not tuber-specific
activation for oil accumulation.

As discussed above, unlike the oleosin family, tandem duplication was shown to play a crucial in the expansion of the
caleosin family [15, 27, 29]. Though this duplication mode has been proven to play a key role in environmental adaptation of
plants [59–61], an amazing result is that most tandem repeats identified in tigernut, e.g., CeCLO4, -5, and − 8, were not or
rarely expressed in all tissues examined in this study. Similar results were also reported for plasma membrane intrinsic
protein (PIP), stearoyl-acyl carrier protein desaturase (SAD), and fatty acid desaturase 2 (FAD2) (sub)families [47, 48, 62].
Thereby, further clarifying their biological significance in tigernut is of particular interest.

Conclusions
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This study presents the first genome-wide analysis of the caleosin family in tigernut, a unique oil-rich tuber plant in
Cyperaceae. Eight family members representing two clades identified from the tigernut genome are considerably more than
two present in the basal angiosperm A. trichopoda. Comparison of 193 members from 31 representative plant species
reveals lineage-specific family expansion and functional diversification in tigernut, whose expansion was contributed by WGD,
tandem, and dispersed duplications. Comparison between tigernut and purple nutsedge suggests that species-specific
activation of certain members but not gene copies is the main contributor of high oil accumulation in tigernut tubers. These
findings provide valuable information for further functional analysis and genetic improvement in tigernut and species beyond.

Materials and methods

Plant materials
Tigernut plants of Cyperus esculentus var. sativus Boeckeler (NCBI:txid1504802) variety Reyan3, which was mainly bred by
Zhi Zou, were cultivated in sandy soil as described before [57]. Tubers of various developmental stages were collected at 5,
10, 20, 25, and 35 DAI, and three biological replicates were harvested for each stage. All samples were first freezed with liquid
nitrogen and then stored at 80℃for further uses.

Datasets and identification of caleosin family genes

Genomic and transcriptome data of C. esculentus and representative plant species were accessed from CNGBdb
(https://db.cngb.org/), RGAP7 (http://rice.plantbiology.msu.edu/), TAIR11 (https://www.arabidopsis.org/), Phytozome v13
(https://phytozome.jgi.doe.gov/pz/portal.html), and NCBI (https://www.ncbi.nlm.nih.gov/): C. esculentus (v1; Cyperaceae,
Poales), C. rotundus (v1; Cyperaceae, Poales), C. iria (v1; Cyperaceae, Poales), C. fuscus (v1; Cyperaceae, Poales), B.
planiculmis (v1; Cyperaceae, Poales),, S. tabernaemontani (v1; Cyperaceae, Poales), C. littledalei (v1; Cyperaceae, Poales), R.
breviuscula (v1; Cyperaceae, Poales), E. parvula (v1; Cyperaceae, Poales), J. effusus (v1; Juncaceae, Poales), J. inflexus (v1;
Juncaceae, Poales), Sparganium stoloniferum (v1; Typhaceae, Poales), A. comosus (v3; Bromeliaceae, Poales), J. ascendens
(v1.1; Joinvilleaceae, Poales), P. latifolius (v1; Poaceae, Poales), O. sativa (RGAP7; Poaceae, Poales), B. distachyon (v3.2;
Poaceae, Poales), H. vulgare (v1; Poaceae, Poales), S. bicolor (5.1; Poaceae, Poales), S. italica (v2.2; Poaceae, Poales), E.
guineensis (EG5; Arecaceae, Arecales), D. alata (v2.1; Dioscoreaceae, Dioscoreales), A. officinalis (v1.1; Asparagaceae,
Asparagales), D. catenatum (v1; Orchidaceae, Asparagales), Spirodela polyrhiza (v2; Lemnaceae, Alismatales), Z. marina
(v3.1; Zosteraceae, Alismatales), A. americanus (v1; Acoraceae, Acorales), A. thaliana (Araport11; Brassicaceae, Brassicales),
R. communis (WT05; Euphorbiaceae, Malpighiales), V. vinifera (T2T; Vitaceae, Vitales), and A. trichopoda (v2.1;
Amborellaceae, Amborellales). Caleosin homologs were identified via HMMER (v3.3, http://hmmer.janelia.org/) searching with
the Pfam profile PF05042 (v35.0, https://pfam.xfam.org/). Gene models of all candidates were curated with available mRNAs
as previously described [63], and gene structure display was performed using GSDS2.0 [64]. Presence of the conserved
caleosin domain in deduced proteins was confirmed using Pfam Search.

Sequence alignment and phylogenetic analysis
Multiple sequence alignment was conducted using Muscle (v5) [65], and sequence alignment display was carried out using
SMS (v1, http://www.bioinformatics.org/sms/). Phylogenetic tree construction was performed using RAxML (v8) [65] with the
maximum likelihood method and bootstrap of 1000 replicates. Systematic names of caleosin family genes were assigned
with two italic letters denoting the source organism and a progressive number based on sequence similarity. To distinguish
with caleosin genes in arabidopsis, three italic letters were used in A. trichopoda, i.e., AtrCLO1 and − 2.

Protein properties and conserved motif analysis
Physical and chemical parameters (e.g., MW, pI, and GRAVY) of deduced proteins were calculated using ProtParam (v1,
http://web.expasy.org/protparam/), whereas hydropathicity scales were determined using ProtScale (v1,
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https://web.expasy.org/protscale/). Protein secondary structures were determined using SOPMA (v1, https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html), while conserved motifs were identified using MEME
(v5.4.1, https://meme-suite.org/tools/meme) with the parameters as follows: any number of repetitions; the maximum
number of motifs, 10; and, the optimum width of each motif, between 5 and 200 residues.

Chromosomal localization, synteny analysis, definition of orthogroups, and
calculation of evolutionary rate
Synteny analysis was conducted as previously described [67], where duplicate pairs were identified using the all-to-all BLASTp
method with the E-value cutoff of 1e-10 and syntenic blocks were inferred using MCScanX [68] with at least five BLAST hits.
Orthologs between different species were identified using OrthoFinder (v2.3.8) [69], whereas different modes of gene
duplication were identified using the DupGen_finder pipeline [61]. Chromosomal localization and calculation of Ks and Ka
values were performed using TBtools-II (v2.390) [70].

Gene expression analysis based on RNA-seq
Global expression profiles of caleosin and oleosin genes in tigernut and yellow nutsedge were investigated by using
transcriptome datasets that are under NCBI accession numbers of PRJNA703731 and PRJNA671562. The data are 150 bp
paired-end reads with three biological replicates, which were derived from shoot apexes, young leaves, mature leaves, leaf
sheaths, roots, rhizomes, and tubers of 40 DAS, 85 DAS, 120 DAS, 20 DAI, 50 DAI, and 90 DAI. Raw reads in the FASTQ format
were obtained using fastq-dump (v1) [71], and quality control was carried out using Trimmomatic (v1) [72]. Read mapping
was performed using HISAT (v2) [73], and relative gene expression level was presented as FPKM [74].

Gene expression analysis based on qRT-PCR
Total RNA extraction, the integrity and concentration detection, synthesis of the first-strand cDNA, and qRT-PCR analysis were
conducted as previously described [57, 63]. Primers used are shown in Additional file 7, where CeTIP41 and CeUCE2 are two
reference genes as described before [37]. All qRT-PCR assays were conducted in triplicate for each biological sample, and
relative gene abundance was estimated with the 2−ΔΔCt method and statistical analysis was performed using SPSS Statistics
20 as described before [63].
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Figure 1

Sequence and duplication event analysis of caleosin family genes in C. esculentus. a Kyte-Doolittle hydrophobicity plots of
CeCLOs analyzed using ProtScale (v1). b Amino acid composition of CeCLOs calculated using ProtParam (v1). c Predicted
secondary structure of CeCLOs using the SOPMA method. d Multiple sequence alignment of CeCLOs using MUSCLE (v5.1).
Potential phosphorylation sites were determined using NetPhos (v3.1). Broken lines in the sequences represent gaps
introduced for best alignment, whereas identical and similar amino acids are highlighted in black or dark grey, respectively.
The SeqLogo of the caleosin domain generated using WebLogo (v3) is shown above the alignment, and the positions of the
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H-form insertion, an EF-hand calcium binding motif, the amphipathic α-helix, and the proline knot-like motif (PX3-4PSX3P) are
boxed in black and are indicated at the bottom of the sequences. Two invariable His residues for heme-binding and four
phosphorylation sites (one for Tyr kinase and three for CK II) are underlined and pointed by arrows. Potential phosphorylated
residues in the C-terminal regions are boxed in red, whereas a conserved Cys residue prior to the last CK II phosphorylation
site is boxed in purple. e Gene localization and duplication events detected in C. esculentus. Gene localization was conducted
using TBtools-II (v2.210), whereas different modes of gene duplication were identified using the DupGen_finder pipeline. Serial
numbers are indicated at the top of each scaffold, and the scale is in Mb. Duplicate pairs identified in this study are connected
using lines in different colors, i.e., tandem (green), dispersed (purple), and WGD (gold). (Ce C. esculentus, CK II casein kinase
II, CLO caleosin, Mb megabase, WGD Whole-genome duplication)

Figure 2

Structural and phylogenetic analysis of caleosin family genes in C. esculentus, O. sativa, and A. thaliana. a Shown is an
unrooted phylogenetic tree resulting from full-length caleosins with RAxML (maximum likelihood method and bootstrap of
1000 replicates), where the distance scale denotes the number of amino acid substitutions per site and the name of each
clade (i.e., H and L) is indicated next to the corresponding group. b Shown are the exon-intron structures. “0”, “1”, and “2”
indicate that an intron is located between codons, the first and second bases of a codon, and the second and third bases of a
codon, respectively. c Shown is the distribution of conserved motifs identified using MEME, where different motifs are
represented by different color blocks as indicated and the same color block in different proteins indicates a certain motif. d
Shown is the detailed information of ten conserved motifs identified in this study. (At A. thaliana, Ce C. esculentus, CLO
caleosin, LD lipid droplet, PXG peroxygenase, Os O. sativa)



Page 19/22

Figure 3

Species-specific distribution of 11 caleosinorthogroups in 31 representative plant species. The species tree is referred to
NCBI Taxonomy (https://www.ncbi.nlm.nih.gov/taxonomy) and well-established recent WGDs are marked, which include the γ
WGT shared by all core eudicots, the β WGD shared by the majority of Brassicales plants, the α WGD specific to Brassicaceae
plants, the τ WGD shared by all core monocots, the σ WGD specific to Poales plants, the ρ WGD specific to Poaceae plants,
and the p WGD specific to Arecaceae plants. Names of tested plant families are indicated next to the corresponding
branches. (Hhigh molecular weight, L low molecular weight, WGD whole-genome duplication, WGT whole-genome triplication)
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Figure 4

Synteny analyses within and between C. esculentus and representative plant species. a Synteny analysis within and between
C. esculentus, C. rotundus, C. iria, C. littledalei, and R. breviuscula. b Synteny analysis within and between C. esculentus, J.
effusus, J. ascendens, A. comosus, and S. stoloniferum. c Synteny analysis within and between C. esculentus, E. guineensis,
D. alata, and A. officinalis. d Synteny analysis within and between C. esculentus, O. sativa, A. americanus, A. thaliana, and A.
trichopoda. Syntenic blocks were inferred using MCScanX (E-value≤1e−10; BLAST hits≥5). Shown are caleosin gene-encoding
chromosomes/scaffolds and only syntenic blocks containing caleosin genes are marked, where red and purple lines indicate
intra- and inter-species, respectively. The scale is in Mb. (Aa A. americanus, Ac A. comosus, Ao A. officinalis, At A. thaliana, Atr
A. trichopoda, Ce C. esculentus, Ci C. iria, Cl C. littledalei, CLO caleosin, Cr C. rotundus, Da D. alata, Eg E. guineensis, Ja J.
ascendens, Je J. effusus, Os O. sativa, R. breviuscula, Ss S. stoloniferum)
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Figure 5

Expression profiles of Ce/CrCLO genes. a Tissue-specific expression profiles of CeCLO genes. Young, middle, and mature
represent tubers collected at 40, 85, and 120 DAS. b Expression profiles of Ce/CrOLE genes in three representative stages of
tuber development. The heatmaps were generated using the R package (v3.5.0), where color scale represents FPKM
normalized log2 transformed counts. Blue and red indicate low and high expression, respectively. (Ce C. esculentus, CLO
caleosin, Cr C. rotundus, DAS days after sowing, FPKM fragments per kilobase of exon per million fragments mapped)
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Figure 6

Expression profiles of five CeCLO genes during tuber development. S1–5 represent tubers collected at 5, 10, 20, 25, and 35
DAI. Bars indicate SD (N=3) and lowercase letters indicate difference significance tested following Duncan's one-way multiple-
range post hoc ANOVA (P<0.05). r represents the Pearson's correlation coefficient. (Ce C. esculentus, CLO caleosin, DAI days
after tuber initiation)
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