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ABSTRACT. In this study, we examined phytoene synthetase (PSY),
the first key limiting enzyme in the synthesis of carotenoids and
catalyzing the formation of geranylgeranyl pyrophosphate in terpenoid
biosynthesis. We used known amino acid sequences of the PSY gene in
tomato plants to conduct a genome-wide search and identify putative
candidates in 34 sequenced plants. A total of 101 homologous genes
were identified. Phylogenetic analysis revealed that PSY evolved
independently in algae as well as monocotyledonous and dicotyledonous
plants. Our results showed that the amino acid structures exhibited 5
motifs (motifs 1 to 5) in algae and those in higher plants were highly
conserved. The PSY gene structures showed that the number of intron
in algae varied widely, while the number of introns in higher plants
was 4 to 5. Identification of PSY genes in plants and the analysis of the
gene structure may provide a theoretical basis for studying evolutionary
relationships in future analyses.
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INTRODUCTION

A carotenoid is a generic term for a type of natural pigment and is an important class of
lipid soluble antioxidants in organisms. In nature, there are more than 750 different carotenoids,
which have different structures and are distributed in photosynthetic nutritional organisms, in-
cluding terrestrial plants, algae, cyanobacteria, and photosynthetic bacteria, and are present in
non-photosynthetic nutritional organisms, including photosynthetic eubacteria, archaea, and
animals (Takaichi, 2013). In animals, various structural types of carotenoids can form through
different synthesis pathways and play an important biological role in organisms. In plants, carot-
enoids play important regulatory roles in optical system assembly, light harvesting and protec-
tion, photo-morphogenesis, non-photochemical quenching, lipid peroxidation, and seed dorman-
cy and aging. Recent studies have found that the plant hormones abscisic acid and strigolactone
are produced by the metabolic pathway of the carotenoids and may play an important role in the
regulation of plant adversity stress and morphogenesis (Alder et al., 2008).

Phytoene synthase (PSY) is the first key enzyme in the biosynthesis pathway of carot-
enoids in plants. PSY catalyzes the condensation of 2 molecules of geranylgeranyl pyrophos-
phate, the first member of the carotenoid family-PSY, which regulates the synthesis and content
of other members of the carotenoid family. Ray et al. (1988) first found the gene encoding the
enzyme in tomato plant fruit. Subsequently, Kamoda and Saburi (1993) isolated the homologous
gene of the PSY gene in tomato plants and referred to it as PSY2. Whole-genome sequencing in
tomato plants showed that 3 genes encode PSY (gene IDs: Solyc03g031860, Solyc02g081330,
and Solyc01g005940). In addition to tomato plants, the PSY gene has been cloned in other
plants, including tobacco (Busch et al., 2002), Arabidopsis thaliana (Paine et al., 2005), rice
(Welsch et al., 2008), corn, citrus (Zhang et al., 2009), carrot (Bowman et al., 2014), and unicel-
lular algae (Chlamydomonas reinhardtii) (McCarthy et al., 2004). Recent studies have focused
on obtaining specific carotenoids in some plant species or improving their contents in order to
increase the economic benefits and nutritional value through genetic engineering. For example,
researchers introduced the PSY gene of maize into the rice endosperm in order to increase the
content of B-carotenoid to treat vitamin A deficiency in humans (Paine et al., 2005). Cai et al.
(2014) found that the red phenotype was associated with the PSY gene in cotton plants.

In this study, the catalytic pathway of PSY, the first rate-limiting step of the synthesis
of other members of the carotenoid family, was examined. Recent studies have mainly fo-
cused on the cloning and expression of PSY in different plants (Arango et al., 2010; Han et
al., 2013; Bowman et al., 2014). While the genome sequencing of numerous plants has been
completed, the identification of PSY genes and the analysis of the gene structure based on the
whole genome has rarely been reported. In the present study, tBLASTn was performed using
the protein coding sequences of the PSY genes from tomato plants as a query against the JGI
database (http://genome.jgi-psf.org/). The phylogenetic relationships, conserved motifs, and
gene structures of the obtained genes were analyzed.

MATERIAL AND METHODS
Retrieval and analysis of the PSY in plants

In this study, the amino acid sequences of the PSY gene (Solyc03g03 1860, Solyc02g081330,
and Solyc01g005940) in tomato plants, which have been previously published, were used as target
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sequences, and a BLASTp search (threshold values of E are set to 1e-10) of the sequenced plants
was conducted on the whole genome level using the database of Phytozome v9.1 (http://www.phy-
tozome.net/#url). Redundant genes were removed from the sequences obtained and structural do-
mains were identified using the PFAM website (http://pfam.janelia.org/) to obtain candidate genes.
The ExPASy online tool (http://web.expasy.org/protparam/) was utilized to predict the isoelectric
points and molecular weights of the amino acid sequences of the candidate genes. The online tools
Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/), CELLO v.2.5 (http://cello.life.nctu.
edu.tw/), and WoLF PSORT (http:www.genscript.com/psort/wolf psort.html) were used to analyze
the subcellular localization of all protein sequences. The results are listed in Table 1.

Sequence alignment and construction of the phylogenetic tree

Multiple alignments were conducted for the amino acid sequences obtained of PSY
using Clustal X. The comparison results were analyzed using the MEGA 5.0 software, and
the neighbor-joining method was used to construct a phylogenetic tree. Bootstrapping (1000
replicates) was used to evaluate the degree of support for a particular grouping pattern in the
phylogenetic tree (Tamura et al., 2011).

Analysis of the conserved motif of plant PSY

The conserved motifs in the amino acid sequence of PSY were analyzed using the
MEME online tools (http://meme-suite.org/tools/meme).

The parameters were set as follows: the maximum length of the conserved motif was
50; the smallest length of the conserved motif was 6; the highest number of the conserved
motif was 10; and other parameters were set as default values.

Analysis of gene structure of plant PSY

The obtained coding sequences and genomic sequences of the PSY genes in the plants
were introduced into the Gene Structure Display Server website (http://gsds.cbi.pku.edu.cn/)
to construct the diagram of the exon-intron structure of the PSY genes.

RESULTS
Retrieval and basic characteristics of the phytoene gene

The amino acid sequences of PSY in tomato plants (gene ID: Solyc03g031860, Soly-
¢02g081330, and Solyc01g005940) were used as target sequences, with the threshold set to
le-10. Genome-wide searches were conducted for 34 plants that had been sequenced, includ-
ing dicotyledon, monocotyledon, and algae. A total of 101 PSYs were obtained (Pfam: 00494),
as shown in Table 1. Analysis of the subcellular localization demonstrated that the PSY en-
zymes were present in the chloroplasts of all species examined, and several enzymes were
located in the mitochondria and pigment cells in plants. In addition, the protein sequences
encoded by these genes contained 263 to 599 amino acids. Pavirv00047252m.g encoded 263
amino acids, which was the lowest number. The highest numbers of amino acids were en-
coded by Medtr5g090780 (599 amino acids). The molecular weight was 21.99 to 67.67 kDa.
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The molecular weight of evm.TU.supercontig_119.76 was the lowest, with a value of 21.99
kDa. The molecular weight of Medtr3g083630 was the largest, with a value of 67.67 kDa.
The isoelectric points ranged from 4.88 to 9.30. The isoelectric point of e gw2.10.185.1 was
the lowest, with a value of 4.88. The isoelectric point of Gorai.001G083700 was the highest,
with a value of 9.30. Furthermore, the isoelectric point of nearly 90% of the PSY protein was
greater than 7 in advanced plants, indicating their alkalinity. Additionally, more than 60% of
the PSY proteins were found to be acidic in lower plants, including algae, as shown in Table 1.

Phylogenetic relationship analysis

Although PSY is a type of enzyme encoded by a small gene family, it is present
in all plants and regulates the carotenoid biosynthetic pathway. To understand the phyloge-
netic relationships of PSY, a phylogenetic tree of 101 amino acid sequences of PSY from
34 plants, including algae, monocotyledons, and dicotyledons, was constructed (Figure 1).
The results showed that all PSY's could be divided into 3 large groups (I, II, and III). With-
in these groups, branch I was further divided into 3 subgroups (A, B, and C). PSY from
the monocotyledons and dicotyledons in the A and B subgroups were found to have evolved
independently, and only the C subgroup contained 2 members of the monocotyledonous
plants (51029859 mg and Sobic.002G292600). In group II, the phylogenetic tree exhibited
a multi-branched shape, and all members were from dicotyledons. Furthermore, most PSY
genes contained orthologous genes in groups I and II. In dicotyledonous plants, multiple
paralogous genes (cassava 4.1008121 mg and cassava4.1008056 mg, Eucgr.F02913 and Eu-
cgr.F02914, Glyma02g40720 and Glymal4g39045, Lus10020729 g and Lus10029809 g,
Lus10001416 g and Lus10001050 g, Glyma14g03500 and Glyma02g45270, Glymal8g13700
and Glyma08g41890, Potri.005G205800 and Potri.002G056800, Lus10039186 g and
Lus10013753 g, Glymal8g00350 and Glymallg36420, and Migut.000865 and Migut.
B03619) were observed. In group 111, the PSY of Physcomitrella patens and algae were clus-
tered together. Only 1 PSY gene was found in the algae, while multiple PSY genes were
present in P. patens. Phylogenetic analysis showed that the PSY genes might have different
evolutionary patterns in algae, monocotyledonous, and dicotyledonous plants.

Conserved motif analysis of PSY

In this study, we found that PSY proteins in plants contained the SQS-PSY domain
(Pfam accession No. 00494). To further analyze the sequence conservation of the proteins
in plants, conserved motif analysis was conducted on the obtained 101 PSY from 34 species
using the MEME online tools, as shown in Figure 2. The results showed that PSY in the
plants contained 10 types of conserved motifs. With the exception of PSY from papaya plants
(evm.TU.superconting119.76), motifs 1 to 5 were found in all analyzed sequences of algae,
moss, monocotyledons, and dicotyledons, suggesting that these motifs are highly conserved
in the evolution of plants. In group I, motif 10 of both Potri.017G138900 and Eucgr.F02914
was absent, while motifs 6, 7, and 10 from LOC_0s06g51290 was also lost. The remaining
members contained 10 conserved motifs. In branches II and III, a deletion of the N-terminal
motif was noted.
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Table 1. Identification and analysis of PSY gene family in plants.
Species Gene ID Protein localization Protein (kDa) pl
length (AA)
Solanum lycopersicum Solyc03g031860 Chloroplast 412 46.62 8.91
Solyc02g081330 Chloroplast 438 49.33 8.87
Solyc01g005940 Chloroplast 384 44.58 8.18
Solanum tuberosum PGSC0003DMG400024063 Chloroplast 412 46.48 8.44
PGSC0003DMG400016721 Chloroplast 438 49.42 8.76
Mimulus guttatus Migut.K00976 Chloroplast 416 46.89 8.86
Migut.000865 Chloroplast 387 44.52 8.30
Mitochondria
Migut.D02541 Chloroplast 387 44.54 8.64
Mitochondria
Vitis vinifera GSVIVG01035255001 Chloroplast 419 47.76 8.42
GSVIVG01020828001 Chloroplast 303 34.71 8.20
GSVIVG01025421001 Chloroplast 357 41.21 6.25
Zea mays GRMZM2G300348 Chloroplast 414 46.92 9.07
GRMZM2G149317 Chloroplast 402 45.07 8.75
Sorghum bicolor Sobic.010G276400 Chloroplast 419 47.26 8.64
Sobic.008G 180800 Chloroplast 397 44.47 8.19
Sobic.002G292600 Chloroplast 441 48.96 9.01
Setaria italica Si006539m.g Chloroplast 415 46.90 8.97
Si021888m.g Chloroplast 487 53.69 9.37
$1029859m.g Chloroplast 440 48.66 9.04
Panicum virgatum Pavirv00023344m.g Chloroplast 417 47.13 8.96
Pavirv00037205m.g Chloroplast 420 47.53 9.01
Pavirv00047252m.g Chloroplast 263 30.06 7.65
Oryza sativa LOC_0s06g51290 Chloroplast 420 47.58 8.96
LOC_Os12g43130 Chloroplast 398 44.73 8.64
Physcomitrella patens Ppls196_120V6 Chloroplast 432 48.25 8.43
Ppls134_62V6 Chloroplast 432 48.62 6.17
Ppls323_70V6 Chloroplast 437 4891 597
Chlamydomonas reinhardtii g1866 Chloroplast 382 43.53 8.59
Mitochondria
Volvox carteri Vocar20014501m.g Chloroplast 393 44.84 9.20
Coccomyxa subellipsoidea C-171  estExt_fgeneshl pm.C 10036 Chloroplast 347 39.48 7.61
Micromonas pusilla CCMP1547 MicpuC2.estExt_GenewiselPlus.C_30483  Chloroplast 433 48.47 6.23
Micromonas pusilla CCMP1551 MicpuC2.e_gwl.15.194.1 Chloroplast 356 36.89 5.86
Micromonas pusilla RCC301 e gw2.10.185.1 Chloroplast 352 39.99 4.88
Cytochrome
Micromonas pusilla RCC305 fgenesh2_pm.C_Chr_13000048 Chloroplast 342 37.10 6.56
Ostreococcus lucimarinus fgeneshl pm.C_Chr_ 5000056 Chloroplast 273 31.65 5.19
Cytochrome
Manihot esculenta cassava4.l 008121m.g Chloroplast 429 48.16 9.07
cassava4.1_008056m.g Chloroplast 431 47.59 6.79
cassava4.l 033101m.g Chloroplast 391 44.99 7.05
Mitochondria
Ricinus communis 28611.t000005 Chloroplast 428 48.03 8.86
29835.t000015 Chloroplast 385 44.20 5.87
Cytochrome
29835.t000016 Chloroplast 370 42.69 6.60
Cytochrome
Linum usitatissimum Lus10001416.g Chloroplast 407 45.55 8.59
Lus10001050.g Chloroplast 405 45.30 8.83
Lus10020729.g Chloroplast 377 42.50 9.16
Lus10029809.g Chloroplast 451 49.59 8.51
Lus10013753.g Chloroplast 388 44.56 6.07
Lus10039186.g Chloroplast 398 45.86 6.36
Populus trichocarpa Potri.005G205800 Chloroplast 405 45.39 9.12
Potri.002G056800 Chloroplast 406 45.46 9.10
Potri.004G081500 Chloroplast 433 48.62 8.51
Potri.017G138900 Chloroplast 301 34.36 8.92
Potri.001G007700 Chloroplast 382 43.86 7.53
Mitochondria
Cytochrome
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Table 1. Continued.
Species Gene ID Protein localization Protein (kDa) pl
length (AA)
Potri.003G218000 Chloroplast 384 44.26 8.33
Medicago truncatula Medtr5g076620 Chloroplast 434 48.80 8.64
Medtr3g083630 Chloroplast 387 44.69 7.00
Medtr5g090780 Chloroplast 599 67.67 533
Cytochrome
Phaseolus vulgaris Phvul.008G241500 Chloroplast 435 49.27 8.59
Phvul.006G024100 Chloroplast 395 44.32 8.99
Phvul.008G195800 Chloroplast 399 44.86 8.60
Phvul.001G268600 Chloroplast 388 44.83 9.23
Mitochondria
Glycine max Glyma02g40720 Chloroplast 436 48.88 6.79
Glymal4g39045 Chloroplast 433 48.50 9.03
Glymal8g13700 Chloroplast 396 44.55 891
Glyma08g41890 Chloroplast 396 44.40 8.36
Glymal4g03500 Chloroplast 400 45.05 8.56
Mitochondria
Glyma02g45270 Chloroplast 399 44.74 8.11
Glymal8g00350 Chloroplast 384 44.37 9.26
Glymallg36420 Chloroplast 315 36.04 8.87
Cucumis sativus Cucsa.173570 Chloroplast 421 47.50 6.79
Cucsa.179860 Chloroplast 388 43.85 8.75
Cucsa.153210 Chloroplast 300 35.07 5.50
Prunus persica ppa005962m.g Chloroplast 435 48.88 8.73
ppa006596m.g Chloroplast 404 45.70 8.35
ppa014590m.g Chloroplast 382 45.49 8.53
Fragaria vesca gene31674-v1.0-hybrid Chloroplast 428 48.02 5.86
gene28765-v1.0-hybrid Chloroplast 398 45.10 8.85
gene24795-v1.0-hybrid Chloroplast 380 43.66 6.18
Arabidopsis thaliana AT5G17230 Chloroplast 437 49.22 9.25
Arabidopsis lyrata 941228 Chloroplast 421 47.34 9.07
Capsella rubella Carubv10001034m.g Chloroplast 423 47.54 9.09
Brassica rapa Bra008569 Chloroplast 425 47.68 9.02
Bra023603 Chloroplast 416 46.40 8.84
Bra006391 Chloroplast 414 46.74 9.09
Thellungiella halophila Thhalv10013608m.g Chloroplast 431 48.55 9.35
Carica papaya evm.TU.supercontig_119.76 Chloroplast 191 21.99 7.63
Gossypium raimondii Gorai.001G083700 Chloroplast 418 47.19 9.30
Gorai.006G009400 Chloroplast 389 44.16 8.69
Gorai.012G039100 Chloroplast 356 40.72 8.71
Gorai.010G126900 Chloroplast 380 43.62 7.96
Theobroma cacao ThecclEGO17615 Chloroplast 544 61.56 9.12
TheccEG001945 Chloroplast 394 44.52 8.76
TheccEG040196 Chloroplast 380 43.59 8.85
Mitochondria
Citrus sinensis orangel.1g036368m.g Chloroplast 378 43.42 5.85
orangel.1g016696m.g Chloroplast 384 43.90 6.39
Citrus clementina Ciclev10011841m.g Chloroplast 416 47.41 5.78
Ciclev10018150m.g Chloroplast 385 44.16 5.85
Eucalyptus grandis Eucgr.F02913 Chloroplast 424 43.95 6.84
Eucgr.A02030 Chloroplast 390 47.70 8.63
Eucgr.F02914 Chloroplast 385 43.89 8.89
Eucgr.B03619 Chloroplast 342 39.59 6.96

Structure analysis of the gene for PSY in plants

The genome and coding sequences of each PSY gene was obtained from the plant
genome database Phytozome v9.1 (http://www.phytozome.net/#url) and used to draw the
structural diagram of introns and exons using the Gene Structure Display Server (http://gsds.
cbi.pku.edu.cn), as shown in Figure 3. The results showed that the Medtr5g090780 con-
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tained 9 introns, which was the highest number. MicpuC2.estExt Genewise1Plus.C_ 3048,
e gw2.10.185.1 and fgeneshl pm.C Chr 5000056 in the algae had the fewest introns. In
addition, nearly 60% of the members (60) contained 5 introns in the 101 PSY genes analyzed,
which were mainly distributed in the A subgroup and group II. Nearly 25% of the members
contained 4 introns, which were mainly distributed in the B subgroup. Approximately 10%
of the members contained 6 introns (AT5G17230, ThecclEG017615, Potri.004G081500,
GSVIVG0103525500, gene31674.v1.0-hybrid, Glymallg36420, Eucgr.B036420, Eucgr.
B03619, GSVIVG01025421001, and estExt_fgeneshl pm.C_10036). Gene structure analysis
of PSY in the plants showed that the number of introns in higher plants was typically 4 to 5,
whereas the number of introns in the algae varied, with results mainly between 1 and 6.
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Figure 1. Phylogenetic tree of PSY proteins from 34 plant genomes.
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Figure 3. Structure diagram of intron/exon of the PSY gene in plants.
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DISCUSSION

Carotenoids play an important role in the regulation of the human visual and immune sys-
tems, and carotenoids in the human body are mainly derived from food intake. Overexpression of
the genes related to the carotenoid biosynthesis pathway in rapeseed (Shewmaker et al., 1999), rice
endosperm (Ye et al., 2000), potato tuber (Ducreux et al., 2005), and soybean (Kim et al., 2012) can
significantly increase the content of carotenoids in these crops. PSY is the first rate-limiting enzyme
in the synthesis process of carotenoid production and the regulation metabolic of geranylgeranyl
pyrophosphate. Previous studies demonstrated that the constitutive and specific expression of PSY
could significantly improve the content of carotenoid in the tissues of higher plants, which has also
become the basis of genetically modified carotenoid genes in plants (Shewmaker et al., 1999; Ye et
al., 2000; Fraser et al., 2002; Ducreux et al., 2005; Kim et al., 2012).

In recent years, the development and utilization of new technologies has resulted in
the generation of convenient molecular tools, including the widely used chip technology, high-
throughput sequencing technology, and transgenic technology, for investigating the regulatory
mechanisms and metabolic networks of the carotenoid biosynthesis pathway. Directional mu-
tants produced by using targeted gene modified technology provide rich research materials for
examining the function of PSY. However, recent studies have mainly focused on the cloning
and expression of the PSY in a single plant strain or clone, using advanced tools and means
of biological technology, while the analysis of PSY based on whole plants has been rarely re-
ported. In addition to the gradual increase in the whole genome database of the plants that had
been sequenced, it is important to analyze the evolutionary and genetic differences between
different plants on the entire genome level.

In the present study, the retrieval of the genome database Phytozome v9.1 was con-
ducted on the entire genome level in order to identify the homologous sequences. The phylo-
genetic relationship, conserved domain, and gene structure were analyzed. The results showed
that although the plant PSY was encoded by a small gene family, it exists in a wide range of
algae and higher plants. Of these, the gene copy numbers and gene structure were diverse. Ac-
cording to the phylogenetic tree, we found that the PSY had a separate evolutionary history in
the monocotyledons, dicotyledons, and algae. Previous studies showed that the evolution of
the PSY gene was independent. Although some algae possess 2 copies of the PSY gene (PSYI
and PSYTI), these were found to be missing in the evolutionary course of higher plants (Tran
et al., 2009). Therefore, the varied copy numbers of the PSY genes in plants may have resulted
from gene loss after duplication and the segmental duplication in the formation process of
different species. In addition, the PSY enzymes were highly conserved in prokaryotes and
eukaryotes, consisting of 6 conserved domains (substrate binding regions; the substrate-Mg**
binding sites; catalytic residues; active site residues; and 2 aspartic acid rich regions) (Pandit
et al., 2000; Marchler-Bauer et al., 2009). We predicted the conserved domains of the obtained
amino acid sequence of the PSY genes, and the results showed that all sequences contained
motifs 1 to 5, which were conserved domains of PSY.

In the plants studied, the PSY genes not only showed diversity in gene evolution and
structure, but also tissue-specific expression and function evolution in different plants (Giorio
et al., 2008; Stange et al., 2008; Arango et al., 2010; Fuentes et al., 2012). In the present study,
we comprehensively analyzed the PSY gene family in plants on the entire genome level. Our
results provide a foundation for understanding the evolutionary relationship and regulatory
roles of PSY genes in the biosynthetic pathway of carotenoids.
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