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Abstract Very long-chain fatty acids (VLCFAs) play an
important role in the survival and development of plants,
and VLCFA synthesis is regulated by p-ketoacyl-CoA
synthases (KCSs), which catalyze the condensation of an
acyl-CoA with malonyl-CoA. Here, we present a genome-
wide survey of the genes encoding these enzymes, KCS
genes, in 28 species (26 genomes and two transcriptomes),
which represents a large phylogenetic scale, and also
reconstruct the evolutionary history of this gene family.
KCS genes were initially single-copy genes in the green
plant lineage; duplication resulted in five ancestral cop-
ies in land plants, forming five fundamental monophyletic
groups in the phylogenetic tree. Subsequently, KCS genes
duplicated to generate 11 genes of angiosperm origin,
expanding up to 20-30 members in further-diverged angi-
osperm species. During this process, tandem duplications
had only a small contribution, whereas polyploidy events
and large-scale segmental duplications appear to be the
main driving force. Accompanying this expansion were
variations that led to the sub- and neofunctionalization of
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different members, resulting in specificity that is likely
determined by the 3-D protein structure. Novel functions
involved in other physiological processes emerged as
well, though redundancy is also observed, largely among
recent duplications. Conserved sites and variable sites of
KCS proteins are also identified by statistical analysis.
The variable sites are likely to be involved in the emer-
gence of product specificity and catalytic power, and con-
served sites are possibly responsible for the preservation
of fundamental function.

Keywords KCS genes - Evolution - Expansion -
Functional divergence - Redundancy

Introduction

A diversity of very long-chain fatty acids (VLCFAs), fatty
acids that are longer than 18 carbons (C18), and their deriv-
atives are produced by plant cells, and these molecules play
multiple roles in survival and development. For example,
VLCFAs are required in all plant cells for the produc-
tion of sphingolipids, and in specific cells for the synthe-
sis of other VLCFA derivatives such as cuticular waxes
and suberin, which serve as the protective barrier of roots
and leaves. In addition, VLCFAs serve as energy storage
in seeds of some plant lineages like Brassicaceae (Post-
Beittenmiller 1996; Haslam and Kunst 2013). Due to the
involvement of VLCFAs in diverse and important meta-
bolic pathways, as well as extensive industrial application
in the manufacture of plastics, medicine and clothing, the
synthesis of VLCFAs has been thoroughly investigated.
The VLCFA synthesis pathway consists of a sequence of
four core reactions catalyzed by a multi-enzyme acyl-CoA
elongase system (Fehling and Mukherjee 1991). The cycle
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of reactions involving multiple enzymes begins with the
condensation of an acyl-CoA precursor with malonyl-CoA
to form B-ketoacyl-CoA, followed by reduction, dehydra-
tion, and a second reduction, resulting in the production
of an acyl-CoA that is extended by two carbons (Fehling
and Mukherjee 1991; Haslam and Kunst 2013). Among
the enzyme complexes, p-ketoacyl-CoA synthase (KCS),
which catalyzes the condensation reaction, is the rate-limit-
ing enzyme of the entire complex process. KCS determines
whether FAs will be elongated and the amount and type of
VLCFAs that are produced (Lechelt-Kunze et al. 2003).

The first gene encoding a KCS enzyme was isolated
from a screen of mutant Arabidopsis thaliana plants defi-
cient in VLCFAs and then genetically characterized (James
and Dooner 1990; Lemieux et al. 1990; Kunst et al. 1992).
The mutant line showed significantly decreased produc-
tion of C20:0, C20:1 and C22:1 in seeds, and the gene was,
therefore, named fatty acid elongation 1 (FAE1l) (Kunst
et al. 1992; James et al. 1995). Subsequently, other paral-
ogous genes in A. thaliana were also identified and func-
tionally characterized through mutant analysis and heter-
ologous expression in yeast. KCS1 catalyzes the elongation
of five VLCFAs, including C20:0, C20:1, C22:0, C24:0
and C26:0 (Trenkamp et al. 2004; Blacklock and Jawor-
ski 2006; Tresch et al. 2012), KCS2 catalyzes the produc-
tion of C20:0, C24:0 and C26:0 (Trenkamp et al. 2004;
Paul et al. 2006; Tresch et al. 2012), and CUT1/CER6 and
CERG60 both generate products longer than C24 (Trenkamp
et al. 2004; Tresch et al. 2012).

Homologous genes from other plant species have also
been identified. For example, a jojoba (Simmondsia chin-
ensis) gene was able to successfully complement canola
(Brassica napus) and A. thaliana FAE1 mutants (Lassner
et al. 1996), and a gene isolated from nasturtium (7ropae-
olum majus) resulted in an eightfold increase in C22:1 pro-
duction in transgenic A. thaliana seed oil (Mietkiewska
et al. 2004). In addition, three genes identified from the
early land plant Marchantia polymorpha were found to cat-
alyze the elongation of saturated C18:0, C20:0 and C22:0
(Kajikawa et al. 2003a, b). With so many genes isolated
and their functional diversity characterized, it is not diffi-
cult to infer that the genes encoding B-ketoacyl-CoA syn-
thases should belong to a gene family with multiple mem-
bers. Naturally, these genes are named as KCS genes, in
line with the name of the condensing enzymes.

The functional characterization of KCS genes indicates
that the members of this gene family have diverse cata-
lytic activities. Some are related to very specific VLCFAs;
for example, AtKCS18/AtFAEl catalyzes the synthe-
sis of erucic acid (C22:1) (Kunst et al. 1992; James et al.
1995). In contrast, others are related to general products;
for example, AtKCS1, —2, —11, —18 and —20 all regu-
late the synthesis of eicosanoic acid (C22:0) (Trenkamp

@ Springer

et al. 2004; Blacklock and Jaworski 2006; Paul et al. 2006;
Tresch et al. 2012). However, the mechanism by which
these genes evolved different functions remains poorly
understood. Evolutionarily, the entire gene family could
be traced back to a single gene in the common ancestor of
the plant lineage because Chlamydomonas reinhardtii and
Volvox carteri, two algae with sequenced genomes (Mer-
chant et al. 2007; Prochnik et al. 2010), each encode only
one KCS gene. However, after plants colonized the ter-
restrial environment, this single gene expanded into three
genes, as isolated from the liverwort M. polymorpha (Kaji-
kawa et al. 2003a, b), which represents the first diverging
lineage of land plants (Qiu et al. 1998). In A. thaliana (an
angiosperm), this family expanded to 21 genes (Costaglioli
et al. 2005). Thus, KCS genes must have undergone multi-
ple rounds of gene duplication, accompanied by functional
divergence and renovation, whereby mutated duplicates
were selected by changing environments, resulting in the
diversity and specificity of products we observe today.

It is of interest to determine the history of how KCS
genes duplicated and diverged from one gene to a gene
family during the course of plant evolution. Previous evo-
lutionary studies have attempted to address this question
using only 21 A. thaliana KCS genes; however, two phy-
logenetic studies reported conflicting evolutionary relation-
ships among the 21 genes (Costaglioli et al. 2005; Joubes
et al. 2008). Clearly, analysis in one species alone is not
sufficient to trace the evolutionary history of KCS genes, as
the process of duplication and divergence at different key
nodes could not be detected without the inclusion of other
species. In the present study, we collected KCS genes from
26 sequenced nuclear genomes and two transcriptomes
of plants occupying key systematic positions, as well as
other functionally characterized genes, and reconstructed
the evolutionary history of the KCS gene family in plant
lineages to reveal the molecular basis of the functional
divergence of different KCS genes. Additionally, the cur-
rent nomenclature of functionally characterized KCS genes
does not follow the evolutionary history, which has resulted
in misunderstandings in the relationships of KCS genes
among species.

Results

Genome-wide identification and distribution of KCS
genes

Through BLAST and HMM (Hidden Markov Model)
searches of 26 genomes and two transcriptomes, cov-
ering all major clades of land plants, a total of 475
KCS genes were identified (Fig. 1) in the green plant
lineage. All genes identified contain two domains, a
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Fig. 1 The phylogeny of the 28 Solanum lycopersicum 19
plants used in the study (Angio- _: Solanum tuberosum 2
sperm Phylogeny Website)
(Stevens 2015) and the number ——— Sesamum indicum 21
(S s et o L e
of these plants
———————  Populus trichocarpa 24
| Arabidopsis thaliana 21
Arabidopsis lyrata 20
| Capsella rubella 21
Brassica rapa 31
Thellungiella halophila 20
B Carica papaya 10
| Citrus sinensis 16
Citrus clementina 18
Vitis vinifera 8
_E Zea mays 27
Sorghum bicolor 20
—  Setaria italica 26
4[: Oryza sativa 23
Brachypodium distachyon 23
Amborella trichopoda 11
Picea abies 8
Lygodium japonicum 8
Selaginella moellendorffii 7
Physcomitrella patens 15
Mesostiama virde 2
——  Chlamydomonas reinhardtii 1
L——  Volvox carteri 1

3-Oxoacyl-[acyl-carrier protein (ACP)] synthase III C
domain and a Type III polyketide synthase-like protein
domain. Among these species, two green algae, C. rein-
hardtii and V. carteri, possess only one gene each, and
two less advanced early land plants—the moss Phy-
scomitrella patens and the lycophyte Selaginella moe-
llendorffii—possess 15 and 7 genes, respectively, signifi-
cantly fewer than angiosperms. The gymnosperm Picea
abies has 8 KCS genes; thus, no obvious expansion is
observed in this species. In contrast, angiosperms possess
on average 20 genes, with Brassica rapa having the most
(31 genes), likely due to a recent genome triplication.
Nonetheless, exceptions were also observed. For exam-
ple, three angiosperms, the basal Amborella trichopoda,
basal rosid grapevine (Vitis vinifera) and papaya (Carica
papaya), all contain only approximately 10 genes. In gen-
eral, a history of KCS gene expansion during plant evo-
lution was observed, as the gene number continued to
increase from the ancestral plant, that is, from green algae
to derived angiosperms.

KCS genes are widely distributed throughout genomes
but are uneven among chromosomes. In A. thaliana, all
five chromosomes harbor KCS genes, but seven of the 21
KCS genes are located on Chr (chromosome) 1, the maxi-
mum number (33.3 %); Chr 3, with only one gene detected
(4.8 %), has the fewest. In other species, KCS genes are not
found all chromosomes. For instance, Chr 7, 8 and 12 of
rice, Chr 8 of M. truncatula, and Chr 1 and 7 of tomato do
not carry KCS genes.

Phylogenetic analysis reveals the evolutionary history
of plant KCS genes

All KCS genes described above and six functionally
characterized genes from the liverwort M. polymorpha
(Kajikawa et al. 2003a, b), jojoba (Lassner et al. 1996),
nasturtium (Mietkiewska et al. 2004) and meadowfoam
(Limnanthes alba) (Cahoon et al. 2000) were used for our
comprehensive phylogenetic analysis; the tree was rooted
by two Chlorophyte KCS genes (Fig. 2 and Figure S1). The
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Fig. 2 The phylogenetic tree
of KCS gene family in the
plant lineage. Five monophyl-
etic land plant groups A (red),
B (light blue), C (orange), D
(dark blue) and E (black) and
11 angiosperm groups (1-11)
are indicated. The scale bars
represent numbers of amino
acid substitutions per site. The
support values (SH-aLRT value)
for deep nodes are indicated
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phylogeny demonstrated a very clear process of how KCS
gene expansion occurred from a single gene to a family of
approximately 20 members in angiosperms.

In the phylogenetic tree, two Charophyta genes, likely
recent duplicates in Mesostigma viride, are placed near the
root and are sister to all other KCS genes. All land plant
KCS genes show five basic monophyletic groups (Land
Plant Group A, B, C, D and E), either including genes from
the liverwort M. polymorpha or showing a sister relation-
ship to groups including them, which indicates that at least
5 ancestral KCS genes had already arisen at the time of the
origin of land plants. Thus, the shift from water to terres-
trial environment resulted in the first dramatic duplication
event for KCS genes, a fivefold increase in gene number in
the common ancestor of all land plants. However, no other
obvious expansion was observed before the origin of seed
plants. Utilizing the genes from the basal angiosperm A.
trichopoda, 11 smaller monophyletic groups could be fur-
ther identified (Angiosperm Group 1-11), identifying 11
ancestral KCS genes in the common ancestor of all extant
flowering plants. Therefore, after the transition from an
aquatic to a terrestrial environment, the KCS gene num-
ber doubled again as angiosperms emerged. However, the
11 ancestral gene clusters only reached half of the size of
the average KCS family in angiosperms. Therefore, further
duplication events must have occurred to complement the
gene number, and they were found to have occurred at dif-
ferent systematic nodes in different angiosperm lineages.
For Brassicaceae, almost all extant KCS genes had emerged
early, with the gene number reaching approximately 20 as
this family split from other Brassicale families. The excep-
tion was B. rapa, which represents plants with recent poly-
ploidy events, such that the B. rapa genome contains more
genes than unduplicated relatives in this family. In another
rosid lineage, KCS genes had expanded to nearly 20 at
the early stage of Fabaceae evolution. In monocots, the
Poaceae had also expanded to over 20 KCS genes upon the
split of this grass family. Lineage-specific expansions were
common. For example, Brassicaceae species expanded
Angiosperm Group 5-7 genes, whereas other species
show only one to two genes in this group. Poplar (Popu-
lus trichocarpa), potato (Solanum tuberosum) and tomato
(S. lycopersicum) underwent more extensive duplications
within Angiosperm Group 2, and in Angiosperm Group 6,
an ancestral gene was inherited only in Poaceae or prob-
ably monocots and expanded to 11 genes in Brachypodium
distachyon.

Of the five ancient land plant groups, Group E contrib-
uted the most to the increase in gene number, developing
into 6 monophyletic angiosperm groups. Comparatively,
Group A duplicated only once, resulting in two sister
groups (Angiosperm Group 1 and 2). The other land plant
groups (Group B, C and D) did not duplicate at all within
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Fig. 3 KCS gene number variation at deep evolutionary nodes

approximately 300 million years from the origin of embry-
ophytes to the split of angiosperms (Qiu et al. 1998, 1999;
Lewis and McCourt 2004; Jiao et al. 2011; Wodniok et al.
2011; Zeng et al. 2014). Likely due to a lack of ancient
duplications, Group B, C and D contain the fewest num-
ber of genes in angiosperms, even at present (53, 47 and
71 genes, respectively), while Group E, which experienced
the most rampant ancient duplications, contains the most
genes (181 genes), accounting for 38.1 % of this family.
More careful observation of the phylogenetic tree revealed
that the six angiosperm groups within Land Plant Group
E exhibit longer branch lengths, indicating that functional
divergence might have occurred among the six groups.

In general, the overall tendency of KCS genes during
plant evolution is expansion, but gene loss events are also
observed in the phylogenetic tree. These gene loss events
occurred at a number of evolutionary nodes, and together
with gene duplication, contribute to the variation in gene
number among lineages and species. Notable examples of
ancient gene loss events could be observed in Angiosperm
Group 6 and 8; one was likely inherited only in monocots
and lost in the other lineages, and the other was recipro-
cally lost in monocots but inherited by other lineages.
Recent loss events were also typical, as observed in the
group sister to Brassicaceae KCS18/FAE1 genes: compared
with Brassicaceae, the sister group lost one gene each in A.
thaliana and Thellungiella salsuginea.

Inferring ancient duplication and loss events of KCS
genes at deep evolutionary nodes

Our primary survey and phylogenetic analysis presented
above suggested an expanding pattern of KCS genes in
the green plant lineage, with a relatively smaller number
of gene loss events. To elucidate the ancestral variation
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Table 1 Conservative sites of Frequency Group A Group B Group C Group D Group E All genes
KCS genes among five land
plaqt groups and the entire gene =90 % 197 150 143 205 70 81
family >70 % 330 276 277 311 150 198

>50 % 416 354 415 425 246 311

in gene number, gene losses and gains at deep divergence
nodes (Fig. 3) were reconciled using Notung software
(Stolzer et al. 2012). It is clear that before the emergence
of terrestrial plants, the KCS gene remained as a single
gene; however, the ancestral single gene was duplicated
at the origin of embryophytes and expanded into a family
of five genes in the common ancestor of all land plants,
though only two genes were inherited by bryophytes. This
family appears to have remained silent for a long period,
even during the arrival of vascular plants. Nonetheless, the
emergence of seed plants brought another sharp increase in
KCS gene numbers, with nine ancestral genes present in
the genome of the common ancestor of spermatophytes. Of
the nine ancestral genes, the gymnosperm P. abies inher-
ited only six, whereas angiosperms inherited them all, and
quickly expand to 11 genes as this lineage evolved.

Amino acid polymorphism sites and conserved sites
among KCS proteins

Using WebLogo (Crooks et al. 2004), we obtained a graph-
ical representation of the pattern of KCS proteins, which
provided a richer and more precise description of polymor-
phism sites and conserved sites (Figure S2). The relative
frequency of corresponding amino acids is reflected by the
height of the symbol at that position. In general, all KCS
proteins appear to be conserved, and they were likely under
strong purifying selection over the course of their evolu-
tion. However, the N-terminal region appears to be more
diverse than the C-terminal region. Detailed statistics col-
lectively revealed 81 sites, showing a frequency >90 %
with one type of amino acid at each position; only eight
sites are located within the first 300 positions of the align-
ment, whereas 73 sites are located among the 422 positions
behind the alignment. Therefore, these 81 sites represent
the most conserved sites of the KCS proteins. Our statisti-
cal analysis also found 198 sites with a frequency of >70 %
and 311 sites with >50 %. These sites are also clustered
at the terminal regions of the protein (Table 1, Table S1).
Accordingly, these sites are likely important sites of for
catalysis.

All KCS proteins consist of two domains, a 3-Oxoacyl-
[acyl-carrier-protein (ACP)] synthase III C domain near
the N-terminus and a Type III polyketide synthase-like
protein domain at the C-terminus. The former is composed
of approximately 300 amino acids, and within it, we found
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44 sites showing a frequency >90 %, 125 sites >70 %
and 214 sites >50 %. The latter contains only 85 amino
acids, and within this domain, 37 sites show a frequency
>90 %, 60 sites >70 % and 77 sites >50 %. It is easy to
conclude that most conserved sites are distributed within
the two domains, which cover all sites (81/81) with a fre-
quency >90 % and the majority of sites >70 % (185/198)
and >50 % (291/311). The transmembrane region of the
KCS protein is located at the beginning of the protein, con-
sisting of the first 100 amino acids, before the N-terminal
domain. This region is the most variable: only 15 sites with
a frequency >50 % were observed, but sites of >70 % and
>90 % were not found.

With regard to different groups, Group A and D have
more conserved sites at all three levels of frequency, and
these groups were probably under strong purifying selec-
tion. Conversely, Group E has the least conserved sites
(Table 1), even less than the average number of all genes
from this family, suggesting a more diverse evolutionary
pattern in this group.

Intron—exon structure of the KCS gene family

Introns, similar to coding regions, also contain valuable
information. Indeed, the absence/presence, position and
phase of introns are often regarded as important parame-
ters in phylogenetics and gene family evolution (Qiu et al.
1998; Wang et al. 2009; Xue et al. 2010, 2012). The term
‘intron phase’ refers to the position of an intron within a
codon; phase 0, 1 or 2 corresponds to an intron located
before the first base, after the first base and after the second
base, respectively, of a codon. In our previous studies of
large gene families, intron positions and phases were found
to be indicative of and to assist in the identification of sub-
families (Xue et al. 2012).

An overwhelming number of KCS genes are intronless,
including genes from green algae and bryophytes, suggest-
ing that an intronless structure is the most ancestral status
in the plant lineage. A small number of KCS genes were
found to contain introns, which should be the consequence
of intron insertions during later evolution (Fig. 4). A phase
0 intron is shared by all genes from Angiosperm Group 2,
indicating an insertion event no later than the emergence of
angiosperms. In contrast, genes from Angiosperm Group
4 showed a more complicated process of intron gain. One
intron (phase 0) is shared by all members, and it was thus



Mol Genet Genomics (2016) 291:739-752

745

Flg 4 Thfe positions and phases Intronless KCS e = =
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obtained before the origin of angiosperms, similar to the
intron of Group 2. However, Group 4 genes underwent
an extra duplication in dicots after the split of monocots,
which resulted in two monophyletic branches with only
dicot genes, as represented by AtKCS10 (phase 2) and
AtKCS15 (phase 0). The two sister groups each show
another specific intron, which was very likely gained inde-
pendently and accompanied by a duplication. Other new
introns, the result of recent insertions, were also detected.
Genes of Brassicaceae and Poaceae from Angiosperm
Group 7 each have one characteristic intron (phase 1 and
0, respectively) that was likely gained as the two subfami-
lies diverged. Therefore, these introns are informative and
should be helpful in determining the evolutionary history of
KCS genes.

Discussion

The evolutionary patterns and gene gain and loss events
of the KCS gene family

The elongation of fatty acids shares a basic mechanism
across different eukaryotic phyla. KCS genes encode
enzymes that catalyze the rate-limiting condensation reac-
tion and accordingly regulate the synthesis of VLCFAs.
Because they can be found in green algae and some other
protists such as the Mycetozoa species Dictyostelium dis-
coideum and the Heterokontophyta species Phaeodactylum
tricornutum, these genes originated extremely early, sug-
gesting that these genes could date back to an early stage in

eukaryotic evolution. Notably, KCS genes remain as a sin-
gle gene without expansion in all eukaryotic clades except
plants.

The evolution of plant KCS genes is characterized by
a history of gene duplications, expanding from a single
ancestral gene into a gene family containing approximately
20-30 members in angiosperms. This is a lengthy process
involving multiple rounds of duplications at different evo-
lutionary stages. Duplications began as plants became
terrestrial, prior to which all plants only carried only a
single gene in the genome. The duplications at this stage
involved a first duplication of the single ancestral gene, a
subsequent duplication of each duplicated gene, and the
last duplication of one of the four genes. Thus, duplica-
tion at this node created 5 ancestral genes, shaping the
basic phylogenetic topology of KCS genes in land plants.
At another key node—the emergence of angiosperms—
the KCS genes had doubled, forming 11 angiosperm
groups. However, the total 11 angiosperm genes were not
evenly distributed with regard to the 5 ancestral genes; in
fact, the process of generating 11 angiosperm genes was
biased. Three of the 5 ancestral genes (Land Plant Group
B, C and D) did not duplicate, one (Land Plant Group A)
duplicated once, and the last (Land Plant Group E) dupli-
cated vigorously, creating six ancestral angiosperm genes.
Thereafter, with the radiation and divergence of angio-
sperms, independent duplications occurred in different
lineages, generating specific duplication events. For exam-
ple, Brassicaceae species specifically expanded to seven
genes in Angiosperm Group 5, including KCS18/FAEI],
suggesting that KCS18/FAE!1 originated during the split
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Fig. 5 Examples of the detailed locations of representative pairs of
genes duplicated in recent polyploidy events in the syntenic regions
(AT1G04220 and AT5G43760; Medtr2g096210 and Medtr4g062170;
LOC_0Os10g28060 and LOC_0Os3g06700). At, Arabidopsis thali-

of Brassicaceae. Therefore, as KCS genes identified from
non-Brassicaceae species, such as FAEI from jojoba and
nasturtium, are actually not orthologous to the A. thaliana
or Brassicaceae FAE1 gene, their nomenclature is not evo-
lutionarily accurate. The naming of 21 A. thaliana KCS
genes by algebraic order is widely accepted (Joubes et al.
2008; Haslam and Kunst 2013) and thus sets a good exam-
ple for the nomenclature of other KCS genes. To accu-
rately name a new KCS gene, the nomenclature of the evo-
lutionarily closest A. thaliana gene should be followed by
establishing a phylogeny with all A. thaliana KCS genes.
For example, as the jojoba and nasturtium genes are clos-
est to A. thaliana KCS2 and KCS11, respectively, they
should be named S. chinensis KCS2 and T. majus KCS11,
with the species name incorporated.

Interestingly, all duplications appear to have stopped at
the family level. Recent duplication within a species is dif-
ficult to observe in the phylogenetic tree, except, of course,
for species with recent polyploidy events. Our further
genomic analysis of paralogous KCS genes revealed that
these genes are usually located within syntenic genomic
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ana; Mt, Medicago truncatula; Os, Oryza sativa; chr, chromosome.
Arrows illustrate the presence and orientation of syntenic paralogous
genes, which are connected by lines

blocks (for examples, see Fig. 5), which are the result of
large-scale duplication events such as whole-genome dupli-
cations (WGDs) or segmental chromosomal duplications.
Although some ancient WGDs or segmental chromosomal
duplications are no longer identifiable due to long-term
genomic variation, the duplication mode could be investi-
gated in the opposite way; thus, tandem duplicates could
be identified. Therefore, a survey of tandem-arrayed KCS
genes was performed for all 26 genomes, with the results
showing that only a small proportion of KCS genes exhibit
tandem arrays (Table S2), different from plant resistance
genes, which primarily expanded via recent tandem dupli-
cations (Xue et al. 2012; Shao et al. 2014; Wu et al. 2014).
For example, only five of 21 KCS genes in A. thaliana
and six of 23 KCS genes in rice show tandem arrays; six
genomes do not contain any tandem KCS genes, includ-
ing soybean with 26 KCS genes. The highest proportion of
tandem genes is found in B. distachyon (eight out of 23).
Therefore, the dominating duplication mode of KCS genes
appears to be WGDs or segmental duplications, as opposed
to tandem duplications at neighboring loci.
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Table 2 Functionally characterized KCS genes and their VLCFA products

Subfamily Gene name Species Product
Land plant group Angiosperm group
A 1 AtKCS11 Arabidopsis thaliana 20:0,20:1,22:0
1 TmFAE Tropaeolum majus 22:0,22:1,24:0
1 LimFAE Limnanthes douglasii 20:1D5
2 AtKCS2 Arabidopsis thaliana 20:0,22:0,24:0,26:0
2 AtKCS20 Arabidopsis thaliana 20:0,22:0,24:0,26:0
2 ScFAEIL Simmondsia chinensis 22:1
B MpFAE2 Marchantia polymorpha 22:0
MpFAE3 Marchantia polymorpha 20:0,22:0
3 AtKCS1 Arabidopsis thaliana 20:0,20:1,22:0,24:0,26:0
D 5 AtKCS9 Arabidopsis thaliana 24:0
5 AtKCS17 Arabidopsis thaliana 20:0,20:1,22:0,24:0,26:0
5 AtKCS18 Arabidopsis thaliana 20:0,20:1,22:0,22:1,24:0,24:1,26:0
E 6 AtKCSS5 Arabidopsis thaliana 20:1,24:0,26:0,28:0,30:0
6 AtKCS6 Arabidopsis thaliana 24:0,26:0,28:0

Products in bold were detected in independent studies. Functionally characterized KCS genes were collected from several previous studies
(Kunst et al. 1992; James et al. 1995; Lassner et al. 1996; Cahoon et al. 2000; Kajikawa et al. 2003a, b; Mietkiewska et al. 2004; Trenkamp et al.
2004; Blacklock and Jaworski 2006; Paul et al. 2006; Tresch et al. 2012; Haslam and Kunst 2013)

Functional divergence, renovation and redundancy
of KCS genes

KCS genes have grown into such a large gene family
through duplications since plants invaded land. After a long
evolutionary history, different family members have accu-
mulated many mutations, leading to functional divergence
and renovation and resulting in the specificity we observe
today. Unfortunately, the functional characterization of
KCS genes to date has been insufficient, with most efforts
performed in A. thaliana and few studies in other plants.
Nonetheless, some clues can be observed from the gene
functions summarized via this limited sampling (Table 2,
Haslam and Kunst 2013). Genes from angiosperms and the
early-diverged liverwort M. polymorpha all show catalytic
activities toward the synthesis of VLCFAs, suggesting that
catalyzing the synthesis of VLCFAs should be the ancestral
function of this gene family. The diversity of VLCFA prod-
ucts, encompassing almost all saturated and monounsatu-
rated VLCFAs naturally produced by plants, also indicates
that the ancestral gene resulting in this gene family should
be able to, or at least had the potential to, evolve the capac-
ity to catalyze all VLCFAs. As duplications created an
increasing number of KCS gene copies, the important task
of regulating diverse VLCFAs could be assigned to a num-
ber of duplicates, with each duplicate focusing on fewer
products. This would increase the efficiency of VLCFA
biosynthesis, similar to the strategy of division and coop-
eration of labor in modern industry. Evolutionarily, sub-
functionalization refers to the process by which duplicated

copies only inherit partial functions of an ancestral gene.
Our analysis found that on occasion, genes from different
groups may have a similar function; for example, a jojoba
gene of Land Plant Group A and A. thaliana AtKCS18/
AtFAELI of Land Plant Group D both show C22:1 produc-
tion activity, whereas other genes from the same groups
may not. For example, none of the three A. thaliana genes
(AtKCS2, —11 and —20 from Land Plant Group A) exhibit
C22:1 activity. However, it is rather difficult to explain
the phenomenon merely by a limited number of sequence
mutations. Indeed, many mutation sites arose during such
a long period of time, making it difficult to determine pre-
cisely which nucleotide/amino acid mutation(s) should be
responsible for a specific functional change. Nevertheless,
a study of protein structure provided another angle for deci-
phering this problem: 3-D modeling simulations revealed
a discrepancy of binding pockets between KCS proteins,
suggesting a hypothesis that the shape and size of binding
pockets are decisive for substrates and, therefore, are likely
to play a key role in product specificity (Joubes et al. 2008).
As the binding pocket consists of a number of amino acids,
these sites should all contribute to the generation of product
specificity, which is not determined by any single site.
Neofunctionalization has also occurred in certain KCS
genes, as they were found to lack VLCFA-catalyzing activ-
ities, yet they are related to other physiological processes or
organ development in plants, such as a negative regulator
of stomatal development that responds to CO, concentra-
tions (AtKCS13/AtHIC) (Gray et al. 2000). Theoretically,
genes with completely new functions should accumulate
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more mutations, especially nonsynonymous mutations. As
we observed in the phylogenetic tree, KCS13 genes should
have originated as the family Brassicaceae diverged; thus,
the gene is specific to Brassicaceae species. The branch
covering KCS13 genes is unusually long in length, suggest-
ing a large number of amino acid changes caused by non-
synonymous mutations, and these mutations accumulated
very soon, even before the early speciation of this family.
Therefore, other genes with longer branch lengths, such as
KCS7, —14, —15, —19 and —21, may also have undergone
neofunctionalization. Coincidently, these genes have been
expressed in yeast but none showed activity in the elonga-
tion of VLCFAs, similar to AtKCS13. Among all groups,
Land Plant Group E shows longer branch lengths, suggest-
ing the possibility of functional renovation in this group.

Sub- and neofunctionalization represent the positive side
of duplicated genes toward adaption, though the negative
side is always present. Functional redundancy was discov-
ered as well. AtKCS5 and 6 other genes duplicated upon the
divergence of Brassicaceae, showing very similar expres-
sion patterns and catalytic activities (Joubes et al. 2008),
except for a tenfold disparity in expression among them
(Fiebig et al. 2000). Another example includes AtKCS2
and 20 other genes, which are paralogs that duplicated at
the early evolution of Brassicaceae; these genes display
redundancy in suberin and cuticular wax biosynthesis (Lee
et al. 2009). A deeper look at the two pairs of redundant
genes revealed that each pair maintains very high identity
(amino acid identity >85 %) and a close relationship (evo-
lutionary distance <20), comparable to orthologous KCS
gene pairs (Sun et al. 2013). Therefore, amino acid identity
and distance were calculated between all paralogous gene
pairs, and accordingly, other potentially redundant gene
pairs are suggested (Table S3). Similarly, AtKCS13 and
14, which are the products of one tandem duplication event
alone in A. thaliana, show 98.5 % identity and a distance of
only 0.9. Of the 26 species, B. rapa, P. trichocarpa and G.
max exhibit the highest percentage of potentially redundant
genes, 10, 13 and 20 pairs, respectively, likely because of
recent polyploidy events.

Thus, redundancy exists together with sub- and neofunc-
tionalization in the evolution of gene families, and there
appears to be a subtle balance between them: sometimes
redundant genes are needed to maintain genetic robustness
(Dufton 1986; Wagner 1996; Nowak et al. 1997; Vavouri
et al. 2008), whereas fitness cost will be evaluated from
time to time. When the maintenance of redundant genes
becomes a too heavy a burden for plants as the habitat
changes, the balance could be easily broken, leading to
the loss of redundant genes to ease this burden, a process
that could occur very quickly. We investigated the KCS9
gene, which arose with the origin of the Brassicaceae and
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participates in the co-regulation of suberin and cuticular
wax biosynthesis (Kim et al. 2013). Due to a recent whole-
genome triplication in the genus Brassica, all Brassica spe-
cies have extra copies of KCS9. For example, B. rapa has
two copies of KCS9 (Bra037304 and Bra001974) with very
high sequence similarity; thus, the two genes are likely
functionally redundant. Interestingly, we found that in some
Brassica species (several variants of B. oleracea), one copy
of the KCS9 gene had already become pseudogenized,
with frameshift mutations that resulted in a shortened ORF
while the other copy remain intact (unpublished).

The conservation of sites and gene activity

Although the presence of a certain KCS gene may result
in the specificity of its VLCFA products, the output relies
on the activity level of the gene. Gene activity is interre-
lated to variation in coding sequences, including nonsyn-
onymous mutations and indels, because they both induce
amino acid changes. Indels often lead to frameshift muta-
tions and a premature stop of translation and thus are likely
to cause a complete loss of activity; whereas amino acid
changes alter protein activity as well. Through only a few
sequence changes at important sites, the production of a
certain VLCFA could increase, decrease or even cease.
Efforts have also been made to identify such sites. Sun
et al. surveyed the erucic acid content of seed oil from 94
Brassicaceae species (Sun et al. 2011) and obtained FAE1
fragments from these species by PCR. By performing phy-
logenetic and biostatistical analyses, the authors finally
detected 16 fixed mutation sites in low and high erucic acid
species (Sun et al. 2013). A similar approach was coinci-
dently adopted by another study that surveyed over 500 A.
thaliana ecotypes. This study performed further sequence
structure—function relationship analysis and proposed a
25 % reduction in the size of the catalytic binding pocket
caused by a valine to leucine change (Jasinski et al. 2012).

In this study, we performed a thorough statistical analy-
sis of conserved sites and detected 81 amino acid sites with
a frequency of over 90 %, 198 sites with a frequency of
over 70 %, and 311 sites with a frequency of over 50 % in
this gene family (Table 1). The sites detected by the stud-
ies above mostly fall into the below 50 % frequency group,
which possibly indicates that the variable sites, below 50 %
frequency, are likely to be involved in the emergence of
product specificity and catalytic power; while the extremely
conserved sites, over 90 % frequency, are possibly essential
functional sites for KCS proteins. The genes could entirely
lose function similarly to frameshift mutations when these
sites change. Overall, further experimental tests focusing
on these conserved and variable positions should verify our
hypothesis.
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The evolutionary significance of three classes
of enzymes related to VLCFAs elongation in plants:
KCS, ELO and CER2-like proteins

Condensing enzymes catalyze the first reaction in fatty acid
elongation and determine the final fatty acid product. In addi-
tion to KCS proteins, two other proteins, ELO and CER2-like
protein, are also present in plants (Haslam and Kunst 2013).
There remains the question of whether it is necessary for
plant genomes to encode three different classes of condensing
enzymes, and the answer is: probably yes. KCSs appear to
mainly produce saturated and monounsaturated VLCFAs of
16-28 carbons but rarely polyunsaturated products or longer
chain lengths. ELO proteins were first discovered and char-
acterized in the yeast Saccharomyces cerevisiae (Toke and
Martin 1996; Oh et al. 1997) and later in animals (Jakobsson
et al. 2006). Although homologs of ELO proteins do exist in
plants, their functions remain poorly understood. Only one
study has demonstrated that two Physcomitrella patens ELO-
like proteins are indispensable for the synthesis of polyunsat-
urated VLCFAs in this moss (Eiamsa-Ard et al. 2013). Thus,
ELOs might have a role in the elongation of polyunsaturated
VLCFAs in plants. CER2-like proteins were first character-
ized in A. thaliana, and they have all been found involved in
the elongation of fatty acids longer than C28 (Haslam et al.
2012, 2015). Therefore, it appears that these three classes
of condensing enzymes produce different VLCFA products,
with no functional redundancy among them.

The evolution of the KCS gene family is essentially a
history of gene duplications, developing from a single gene
in the common ancestor of plants to a gene family of 20-30
members in angiosperms. The duplication mode appears
to largely be WGDs and large-scale segmental duplica-
tions, whereas tandem duplications are rare. Accompanied
by the expansion of this gene family, variations led to sub-
and neofunctionalization of different members, resulting in
the generation of product specificity and the emergence of
completely new functions involved in other physiological
processes. However, redundancy is also observed, mostly
among recent duplicates. Statistical analysis indicates that
the variable sites of KCS proteins are likely to be involved
in the emergence of product specificity and catalytic power,
and the conserved sites are possible responsible for the
preservation of fundamental function.

Materials and methods
Database
The genomic sequences, annotations and gene models for

26 genomes were used in this study. File of all species
were downloaded from the Phytozome database (http://

phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al.
2012); but S. indicum, A. trichopoda and P. abies. Files of
S. indicum, A. trichopoda and P. abies were downloaded
from Sinbase (http://ocri-genomics.org/Sinbase/manual.
html), (Zhang et al. 2013), Amborella genome database
(http://www.amborella.org)  (Amborella-Genome-Project
2013) and Spruce Genome Project (http://congenie.org)
(Nystedt et al. 2013), respectively. For two transcriptomes
data used in this study, Mesostigma viride was downloaded
from NCBI (National Center for Biotechnology Informa-
tion) (Ju et al. 2015) and Lygodium japonicum from Ljtrans
DB (http://bioinf.mind.meiji.ac.jp/kanikusa) (Aya et al.
2015).

Identification of KCS genes

The KCS genes in the 26 genomes were identified as
described in our previous study (Shao et al. 2014). Briefly,
HMM searcher were first performed for protein sequences
of each genome using the hmmer3.0 (http://hmmer.org) in
default parameter settings, with the amino acid sequences
of the 3-Oxoacyl-[acyl-carrier protein (ACP)] synthase III
C domain (Pfam: PF08541) and the Type III polyketide
synthase-like protein domain (Pfam: PF08392) as queries,
respectively. The amino acid sequences were then used
to run a BLASTp search against all protein sequences
in each genome, with the threshold expectation value
set to 0.0001. All hits obtained using HMM and BLAST
searches were then merged together, and the redundant
hits were removed. The remaining sequences were further
subjected to the online Pfam analysis (http://pfam.sanger.
ac.uk/) to further exclude sequences that do not contain
a 3-Oxoacyl-[acyl-carrier protein (ACP)] synthase III C
domain and a Type III polyketide synthase-like protein
domain at the E value of 1072°. Finally, the identified
genes were further examined manually to eliminate spuri-
ous hits.

Sequence alignment, phylogenetic analysis, synteny
analysis, and detection of amino acid polymorphism
sites and conserved sites

Sequence alignment and phylogenetic analysis were per-
formed as previously described (Shao et al. 2014). Amino
acid sequences of KCS genes were extracted and used for
alignment by ClustalW (Edgar 2004) with default set-
tings (Thompson et al. 1994), and then manual adjusted
in MEGAS.0 (Tamura et al. 2011). The derived alignment
was then subjected to visional inspections and manual
adjustments to improve quality. Phylogenetic analysis
was conducted by a maximum likelihood method using
the Phyml program (Guindon and Gascuel 2003) inte-
grated in the seaview package (Gouy et al. 2010). The
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reliability of internal nodes was evaluated by calculating
SH-aLRT (Shimodaira—Hasegawa approximate likelihood
ratio test) values (Guindon et al. 2010). This new evaluat-
ing method has been shown to provide a compelling alter-
native to those standard bootstrap methods, offering not
only speed advantage, but also excellent levels of accu-
racy and power, especially for large datasets (Anisimova
et al. 2011). The gene loss and gain at each divergence
node were reconciled using Notung software (Stolzer
et al. 2012).

MCScanX, a package developed by the Plant Genome
Duplication Database (PGDD, http://chibba.agtec.uga.edu/
duplication/), was adopted to perform synteny examina-
tion of paralogous genes among genomes through BLASTp
searches (Wang et al. 2012; Lee et al. 2013). The amino
acid polymorphism sites and conserved sites were ana-
lyzed by WebLogo (http://weblogo.berkeley.edu/logo.cgi)
(Crooks et al. 2004), through which sequence logos were
generated according to alignment.

Identification of tandem-arrayed KCS genes

In each genome, for all identified KCS genes, their
genomic locations were determined by retrieving rel-
evant information from the downloaded GFF annotation
files. Thereafter, we examined the occurrence numbers of
KCS genes on different chromosomes/scaffolds. The cri-
terion used previously for M. truncatula NBS gene fam-
ily (Ameline-Torregrosa et al. 2008) was adopted for KCS
gene cluster assignment in this study. If two neighbored
KCS genes were separated by no more than 250 kb on
chromosome/scaffold, then these two genes are regarded
as gene members of the cluster. Based on this crite-
rion, tandem-arrayed KCS genes in each genome were
identified.
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