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Abstract

Main Conclusion Loss of function mutation of rice

OsACOS12 impairs lipid metabolism-mediated anther

cuticle and pollen wall formation, and interferes with

tapetum programmed cell death, leading to male

sterility.

Acyl-CoA Synthetase (ACOS) is one of the enzymes acti-

vating fatty acids for various metabolic functions in plants.

Here, we show that OsACOS12, an orthologue of Ara-

bidopsis ACOS5 in rice, is crucial for rice fertility. Similar

to acos5, osaocs12 mutant had no mature pollen. But unlike

acos5, osaocs12 produced defective anthers lacking cutin

and Ubisch bodies on the epidermal and inner surfaces,

respectively, and delayed programmed cell death (PCD)-

induced tapetum degradation. Those phenotypic changes

were evident at stage 10, during which OsACOS12 had its

maximum expression in tapetal cells and microspores.

Chemical analysis revealed that the levels of anther cuticular

lipid components (wax and cutin monomers) were signifi-

cantly reduced in osaocs12, while the expression levels of

three known lipid biosynthetic genes were unchanged.

Recombinant OsACOS12 enzyme was shown to catalyze

the conversion of C18:1 fatty acid to C18:1 CoA in vitro.

Phylogenetic analysis indicated that OsACOS12 is an

ancient and conserved enzyme associated with the plant’s

colonization to earth. Collectively, our study suggests that

OsACOS12 is an ancient enzyme participating in a con-

served metabolic pathway for diversified biochemical

functions to secure male reproduction in plants.

Keywords Acyl-activating enzyme � Anther cuticle � Male

sterility � Oryza sativa � Pollen exine

Abbreviations

FID Flame ionization detector

GC–MS Gas chromatography–mass spectrometry

GUS b-Glucuronidase
PCD Programmed cell death

HPLC–MS/

MS

High-performance liquid chromatography–

mass spectrometer/mass spectrometry

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TUNEL Terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling

Introduction

Fatty acids play fundamental roles in plant development in

general and plant reproductive development in particular

(Jiang et al. 2013; Shi et al. 2015). They are indispensable

structural components of cellular membrane glycerolipids
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and seed storage lipids (such as triacylglycerol) (Li-Beis-

son et al. 2010), and recent studies have highlighted their

additional but essential roles in the development of anther

cuticles and pollen sporopollenins (Jung et al. 2006; Li

et al. 2006, 2010; Ariizumi and Toriyama 2011; Shi et al.

2015; Ischebeck 2016; Zhang et al. 2016). Fatty acids also

act as important regulatory signals of plant development

(Weber 2002).

Currently, our understanding of the roles that fatty acids

play in plant reproductive development is mainly from

studies in two important model species: Arabidopsis and

rice. Those studies have been focused particularly on the

development of anther and pollen, which is a complicated

but important process that results in the release of viable

pollens for pollination and fertilization. The development

of anther and pollen in both species shares similar stages

and machineries (Wilson and Zhang 2009; Shi et al. 2015).

When orthologous genes that are involved in fatty acid

biosynthesis, modification, transportation, and regulation

are mutated in each species, corresponding mutants often

display abnormal anther and pollen development with

significant reduction or loss of male fertility. Those

orthologous genes include Male Sterility 2 (MS2)/Defective

Pollen Wall (DPW) (Chen et al. 2011; Shi et al. 2011),

CYP704B1/CYP704B2 (Dobritsa et al. 2009; Li et al.

2010), CYP703A2/CYP703A3 (Morant et al. 2007; Yang

et al. 2014), ABCG26/OsABCG15 (PDA1) (Choi et al.

2011; Zhu et al. 2013; Zhao et al. 2015), and ABORTED

MICROSPORES (AMS)/Tapetum Degeneration Retarda-

tion (TDR) (Xu et al. 2010, 2014; Li et al. 2006). Inter-

estingly, evidence from genetic, molecular, and

biochemical analyses indicates that the many of these fatty

acid metabolism-related genes are conserved in other plant

species as well (Gómez et al. 2015; Shi et al. 2015),

highlighting the importance of lipid metabolism in plant

reproductive development.

Tapetum is the innermost layer of anther wall. It is a

secretory cell layer that functions as the source for

synthesis and transport of nutritional and structural

molecules (including lipidic compounds such as precur-

sors for pollen exine and tryphine) for pollen wall for-

mation, which undergoes degradation induced by

programmed cell death (PCD) during meiosis (Goldberg

et al. 1993). Immature or delayed tapetum PCD usually

affects pollen development and male sterility in both

Arabidopsis and rice (Li et al. 2006; Xu et al. 2010). In

rice, increasing evidences have indicated that mutations

of certain tapetum-expressed genes including tapetum

PCD regulatory genes can lead to defective formation of

both anther cuticle and pollen wall (Li et al. 2006, 2010;

Li and Zhang 2010; Zhu et al. 2013; Yang et al. 2014;

Zhao et al. 2015). These results imply the functional

conservation of lipid metabolism-associated genes during

reproductive development between dicots (Arabidopsis)

and monocots (rice).

In tapetal cells, the de novo biosynthesis of fatty acids

occurs in plastids, and the final products are C16 and C18

fatty acids attached with acyl carrier protein (ACP) (Li-

Beisson et al. 2010). Those synthesized acyl fatty acid-

ACPs have two fates: First, they can be reduced by MS2/

DPW to acyl alcohols, which are then allocated out of the

plastids (in a yet unknown way) to participate in the for-

mation of anther cuticle and pollen exine (Chen et al. 2011;

Shi et al. 2011); Secondly, they can be activated by either

long-chain acyl-CoA synthetases (LACS) or acyl-CoA

synthetases (ACOS) into fatty acyl CoAs. In the latter case,

the activated fatty acyl CoAs can also be exported from the

plastids and used in several metabolic pathways (Schnurr

et al. 2004; Li-Beisson et al. 2010). Arabidopsis LACS2

has been reported to catalyze the synthesis of x-hydroxy
fatty acyl-CoA intermediates for cutin synthesis in vege-

tative tissues (Schnurr et al. 2004). Since anther cuticle and

pollen wall share common lipid metabolic pathways and

regulatory machineries with other plant cuticular lipids

(Lallemand et al. 2013; Shi et al. 2015; Wallace et al.

2015), there is increasing interest to reevaluate the roles of

LACS and ACOS in plant reproduction. Although single

mutant lacs1 does not show defective phenotype in

reproduction, lacs1lacs2 double mutant displays defective

flower development and reduced seed set (Weng et al.

2010). The acos5 mutant, however, is complete male sterile

(de Azevedo Souza et al. 2009), indicating a critical role of

ACOS for plant male reproduction.

ACOSs are a large family of phenylpropanoid enzyme

4-coumarate:coenzyme A ligase (4CL)-related enzymes,

catalyzing the conversion of free fatty acids to acyl-CoAs

in an ATP-dependent manner (de Azevedo Souza et al.

2008). ACOSs are highly conserved in angiosperms and

some are land plant specific (Shockey and Browse 2011).

Most ACOS genes contain peroxisomal target sequences

except those in clade V that are single copy in several plant

species (de Azevedo Souza et al. 2008, 2009). In clade V,

Arabidopsis ACOS5 is preferentially expressed in flowers

(de Azevedo Souza et al. 2008), particularly in tapetum (de

Azevedo Souza et al. 2009). Loss of function mutation of

ACOS5 results in male sterility due to defective pollen

exine and the absence of mature pollens (de Azevedo

Souza et al. 2009). In vitro enzyme activity assay indicates

that recombinant ACOS5 is a medium- to long-chain fatty

acyl-CoA synthetase that prefers fatty acids with a hydro-

xyl group at C8–C16 as substrates (de Azevedo Souza et al.

2009). The tobacco orthologue of ACOS5, NtACOS1, is

prominently expressed in tapetum (Varbanova et al. 2003),

and RNAi silencing of it leads to defective nexine, as well

as significantly reduced pollen number and male sterility

(Lin 2012). Similar to ACOS5 and NtACOS1, the ACOS
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orthologue in poplar, PoptrACOS13, is mainly expressed in

male flowers (de Azevedo Souza et al. 2008), although its

function has not been characterized yet. OsACOS12, the

rice orthologue of ACOS5, has been reported to be

expressed in immature panicles (de Azevedo Souza et al.

2008, 2009), and responsive to low temperature (Yuan

et al. 2011). Recently, OsACOS12 has been reported to be

essential for sporopollenin synthesis in Indica rice (Li et al.

2016). Although a conserved function of genes in clade V

has been proposed (de Aevedo Souza et al. 2009), their

exact roles in anther and pollen development have not been

established.

In this study, we further characterized OsACOS12 in rice

with focus on its roles in anther and pollen development.

The osacos12 mutant is complete male sterile and its

anthers lack spaghetti-like cutin and popcorn-like Ubisch

bodies (also called as orbicules) on the outer and inner

surfaces, respectively. Notably, the tapetum degradation

induced by PCD is delayed in osacos12, which results in

the failure of exine development. The lacking of anther

cutin and pollen exine in osacos12 is accompanied by

concomitant decline of cuticular lipid components in

mutant anthers, and the delayed tapetum degradation is

coincided with the altered expression patterns of three

known tapetum PCD regulatory genes. Further analyses

demonstrate that OsACOS12 is specifically expressed in

tapetum and microspores, and it catalyzes the conversion of

C18:1 fatty acid to C18:1-CoA in vitro. These results

reveal some novel functions of OsACOS12 in male

reproductive development that have not been reported for

ACOS5.

Materials and methods

Plant materials, growth condition, and phenotypic

analysis

All rice plants used in this study were grown in the paddy

field of Shanghai Jiao Tong University. The F2 progenies

for mapping were generated through a cross between

Guangluai 4 (wild type, indica) and osacos12 mutant

(japonica). Rice plants with male sterile phenotype in F2

populations were chosen for gene mapping.

Phenotypic characterization of the osacos12 mutant

The phenotypes of the whole plants and their reproductive

organs were photographed with a Nikon E995 digital

camera. Semi-thin section, scanning electronic microscopy

(SEM), terminal deoxynucleotidyl transferase-mediated

dUTP nick-end labeling (TUNEL) assay, transmission

electronic microscopy (TEM), and DAPI staining of

microspores were performed as previously described (Li

et al. 2006; Zhang et al. 2010; Zhu et al. 2013). Anthers

from different developmental stages were collected based

on spikelet length and lemma/palea morphology (Zhang

and Wilson 2009; Zhang et al. 2011).

Molecular cloning of OsACOS12

and complementation of the osacos12 mutant

For fine mapping of the OsACOS12 locus, bulked segre-

gated analysis was used and 16 pairs of InDel molecular

markers were designed based on the sequence difference

between japonica and indica (http://www.ncbi.nlm.nih.

gov/). A 5.1 kb genomic sequence of OsACOS12 including

3.0 kb upstream sequence, 1.9 kb OsACOS12 coding

sequence and 0.2 kb downstream sequence was amplified

from wild-type rice genomic DNA. The cloned genomic

fragment of OsACOS12 was subcloned into the binary

vector pCAMBIA1301, which contains a hygromycin

resistance gene. Calli induced from young panicles of

homozygous osacos12 mutant plants were used for trans-

formation with Agrobacterium tumefaciens (EHA105)

carrying either pCAMBIA1301-OsACOS12 plasmid or

pCAMIBA1301 plasmid as a control. Transgenic plants

were identified by PCR analysis, and over 50 positive

transgenic plants were obtained for each construct (Primers

used are listed in Supplementary Table S1).

Anther cutin and wax determination

Wild-type and mutant anthers at stage 13 were collected,

and their cutin and wax contents were analyzed as previ-

ously described (Zhu et al. 2013). Surface areas of rice

anther were determined from the microscopy images,

assuming a cylindrical body for rice anthers as previously

reported (Shi et al. 2011) (Supplementary Figure 4).

Phylogenetic analysis

The full-length amino acid sequence of OsACOS12 and 38

of its closest sequences identified via BLAST search were

aligned using Muscle 3.6 (http://www.ebi.ac.uk/Tools/msa/

muscle/), and the aligned sequences were used to construct

a phylogenetic tree using MEGA 4.0 (http://www.mega

software.net/index.html). The neighbor-joining method

was applied with the following parameters: poisson cor-

rection, pairwise deletion, and 1000 bootstrap replicates.

RT-PCR, qRT-PCR, GUS activity analysis,

and in situ hybridization

Total RNA was isolated from various rice tissues including

anthers at different developmental stages using TRI reagent
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as described by the supplier (Sigma-Aldrich). For cDNA

synthesis, 1 lg RNA per sample was used for reverse

transcription using Primescript1 � RT reagent Kit with

gDNA eraser (Takara). RT-PCR was performed using

TaKaRa Ex Taq DNA polymerase. The PCR program was

28 cycles of denaturation for 30 s at 94 �C, annealing for

30 s at 55 �C, and extension for 30 min at 72 �C, followed
by a final extension for 5 min. qRT-PCR was performed on

a thermocycler (Bio-Rad) using SYBR Premix Ex TaqTM

GC (Takara) according to the manufacturer’s instructions.

The parameters for qRT-PCR were as follows: 95 �C for

3 min, followed by 42 cycles of 95 �C for 10 s, 56 �C for

15 s, and 72 �C for 15 s plus 80 �C for 5 s. OsACTIN gene

was used as an internal reference control, and a relative

quantitation method (D cycle threshold) was used to

quantify the relative expression levels of target genes.

Three biological repeats were used for each PCR assay, and

each PCR assay was repeated three times to generate a

dataset for statistical analysis and error range determina-

tion. Primers used are listed in Supplementary Table S2.

To fuse OsACOS12 promoter with GUS (b-glu-
curonidase) reporter gene, a 3.02 kb upstream sequence of

OsACOS12 gene was amplified from wild-type rice geno-

mic DNA and cloned into the binary vector pCAMBIA1301

to construct pOsACOS12::GUS. GUS activity analysis was

performed as previously reported (Li et al. 2010).

For In situ hybridization, two OsACOS12 cDNA frag-

ments were mixed for preparing antisense and sense

probes, respectively (Tan et al. 2012). Primers used are

listed in Supplementary Table S3.

Heterologous expression and enzymatic analysis

of OsACOS12

The full-length OsACOS12 cDNA encoding a 555 amino

acids was synthesized in vitro using optimized codons for

protein expression in Escherichia coli. The synthesized

cDNA was cloned into the bacterial expression vector pET-

28a using restriction endonucleases BamHI and HindIII.

Recombinant OsACOS12 protein was expressed in BL21-

DE3 E. coli cells. The expressed His-tagged proteins were

purified using a Ni2? column. The eluent was analyzed by

10% SDS-PAGE, and determined using a monoclonal

antibody against His-tag (Beyotime).

For enzymatic activity analysis of OsACOS12, the

reaction mix contained 20 lg of purified recombinant

OsACOS12 protein, 50 lM C18:1 FA, 5 mM ATP, 5 mM

MgCl2, 1 mM CoA, 2.5 mM DTT, and 60 mM PBS (pH

7.5). After incubation at 37 �C for 30 min, the reaction mix

and a positive control standard solution (0.01 mg C18:1-

CoA) were analyzed on an ion trap mass spectrometer

operating in negative ESI mode. The full mass scan range

was from m/z 0 to 1500. Putative molecular ions were

further characterized by MS–MS fragmentation patterns to

confirm the formation of corresponding fatty acyl-CoA

esters.

Results

Isolation and genetic analysis of osacos12 mutant

In the process of the studies on molecular bases controlling

rice male fertility, we isolated a complete male sterile

mutant from our rice mutant library obtained by treatment

9522 (japonica cultivar. L) with 60Co c irradiation (Chen

et al. 2006). The mutant was named as osacos12 because

there was a 17 bp deletion in the first exon of OsACOS12

gene in the mutant (See below). The osacos12 mutant plant

appeared normal during the vegetative development

(Fig. 1a), and its panicles and floral organs were also

similar to those of the wild type (Fig. 1b). However, the

anthers of osacos12 were smaller and paler than those of

the wild type, lacking mature pollen grains (Fig. 1c–h),

while the morphology of the female organ pistil was nor-

mal in the mutant (data not shown). All F1 progenies from

the backcross of osacos12 with wild type displayed wild-

type phenotype, and the F2 progenies displayed an

approximate 3:1 segregation ratio of wild-type (fertile) to

mutant (sterile) phenotypes (183:57, v2 = 0.14, p[ 0.05),

indicating that osacos12 is caused by a single recessive

gene mutation.

Phenotypic analysis of osacos12 mutant

To investigate the anther morphological changes between

osacos12 and the wild type, the 14 stages of rice anther

development process (Zhang and Wilson 2009) were

comparatively examined using transverse sections micro-

scopy. There was no detectable morphological difference

between osacos12 and wild-type at the early stages of

anther development till stage 9, and during these early

stages, osacos12 anthers underwent normal meiosis and

released normal young microspores (Fig. 2a–f). At stage

10, wild-type microspores became round shaped and vac-

uolated with dark-stained exine, and tapetum became

thinner due to the PCD-induced degradation (Fig. 2g). By

contrast, osacos12 microspores collapsed while the tapetal

cells became expanded and vacuolated, persisting without

degradation (Fig. 2j). At stage 11, the vacuolated wild-type

microspores underwent the first mitosis and the tapetum

layer condensed into a thin line (Fig. 2h), while the mutant

microspores were degraded into fragments, and the tape-

tum layer became hypertrophic (Fig. 2k). At stage 13,

wild-type anther locule was filled with mature pollen grains

(Fig. 2i), while osacos12 anther locule was shriveled and
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Fig. 1 The phenotype comparison between the wild type and

osacos12 mutant. a A wild-type (WT) plant (left) and an osacos12

mutant plant (right). b A wild-type panicle (left) and an osacos12

mutant panicle (right) at the heading stage. The arrow indicates

anthers. c and d A wild-type flower (c) and an osacos12mutant flower

(d) after removing the palea. le Lemma, gl glume, st stamen, pi pistil,

lo lodicule. e and f A wild-type anther (e) and an osacos12 mutant

anther (f). g and h I2-KI staining of the pollen grains of the wild-type

(g) and the osacos12 mutant (h) at stage 13

Fig. 2 Analysis of the anther

development in the wild type

and osacos12 mutant by

transverse section observation.

The wild-type anther is shown

in a–c, and g–i, and the

osacos12 mutant anther is

shown in d–f, and j–l. Stage 8a

[a and d]; stage 8b [b and e];
stage 9 [c and f]; stage 10 [g and
j]; stage 11 [h and k]; and stage

13 [i and l]. DMsp Degenerated

microspores, E epidermis, En

endothecium, Ml middle layer,

Mp mature pollen, Msp

microspore, PMC pollen mother

cell, T tapetum, Tds tetrads
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empty without mature pollen grains (Fig. 2l). These

transverse section observations indicated that loss of

function mutation of OsACOS12 severely affects the PCD-

induced degradation of tapetum and normal development

of pollen in rice.

Delayed PCD of osacos12 tapetal cells

Since the transverse section observation showed an

abnormal tapetal cell degradation in osacos12, TUNEL

(terminal deoxynucleotidyl transferase-mediated dUTP

nick-end labeling) assay was employed to further analyze

tapetum PCD process in osacos12 anthers. TUNEL detects

DNA fragmentation based on nicks in the DNA that can be

identified by terminal deoxynucleotidyl transferase (TdT),

which catalyzes the addition of dUTPs that are secondarily

labeled with a marker. At stage 6, when microspore mother

cells were generated, there were no obvious PCD signals in

both wild-type (Fig. 3a) and osacos12 (Fig. 3f) tapetal

cells. At stage 8a and 8b, positive PCD signals were

detected only in the wild-type tapetal cells, suggesting that

normal tapetum PCD initiates during the meiosis stage of

rice anther development (Fig. 3b, c, g, h). At stage 9, when

PCD signals in wild-type tapetal cells became the strongest

(Fig. 3d), positive PCD signals were detectable in osa-

cos12 tapetum (Fig. 3i). At stage 10, PCD signals in the

degenerating wild-type tapetal cells became weaker

(Fig. 3e), while they continued to increase in osacos12

anthers (Fig. 3j). These TUNEL assay results suggested

that the tapetum PCD in osacos12 is delayed.

Defective formation of anther cuticle and pollen

exine in osacos12

For more detailed investigation into the ultramicroscopic

changes of anther development in osacos12, transmission

electron microscopy (TEM) was applied. Consistent with

the transverse section results, no obvious ultrastructural

difference was observed between wild-type and the osa-

cos12 mutant anthers before stage 8b (Fig. 4a, e); the

primexine formed normally in both (Fig. 4i, m), and their

anther cuticle structure looked very similar (Fig. 4q, u). At

stage 9, wild-type tapetum started to shrink (Fig. 4b) while

osacos12 tapetum continued to expand (Fig. 4f); the typi-

cal two-layer structure of pollen exine formed in both wild

type and osacos12, while mutant exine was much less

stained (Fig. 4j, n); at this stage, no difference in anther

Fig. 3 Detection of DNA fragmentation in wild-type and osacos12

anthers by TUNEL assay. Red signal indicates propidium iodide (PI)

staining, while yellow and green fluorescence indicates TUNEL-

positive signal. DMsp Degenerated microspore, Ms microsporocyte,

Msp microspore, T tapetum. Bars = 40 um. a and f The wild-type

and osacos12 anther at stage 6. b and c Wild-type anther at stage 8a

and stage 8b showing TUNEL-positive signal in tapetal cells (arrow).

g and h The osacos12 mutant anther at stage 8a and stage 8b. d and

i The wild-type and osacos12 mutant anther at stage 9. TUNEL-

positive signal is detected in the tapetum of both wild-type and

osacos12 anthers. Weak TUNEL-positive signal is also observed in

the outer cell layers, and vascular bundle cells. e The Wild-type

anther at stage 10 showing TUNEL-positive signal in the tapetal cells.

j The osacos12 mutant at stage 10 showing abnormal distributed

TUNEL-positive signal

cFig. 4 TEM analysis of anther development in the wild type and

osacos12 mutant. a–d The wild-type anthers at stage 8b (a), stage 9

(b), stage 10 (c), and stage 13 (d). e–h The osacos12 anthers at stage

8b (e), stage 9 (f), stage 10 (g), and stage 13 (h). i–k The pollen exine

development of the wild type from stage 8b to stage 10. m–o The

pollen exine development of osacos12 from stage 8b to stage 10. l and
p Ubisch bodies of the wild type (l) and osacos12 (p) at stage 10. q–
t The anther epidermis in the wild type at stage 8b (q), stage 9 (r),
stage 10 (s), and stage 13 (t). u–x The anther epidermis in osacos12 at

stage 8b (u), stage 9 (v), stage 10 (w), and stage 13 (x). AOr

Abnormal orbicules (Ubisch bodies), Ba bacula, C cuticle, CW cell

wall, DMsp degenerated microspore, DPE degenerated pollen exine,

E epidermis, Ex exine, Msp microspores, Ne nexine, Or orbicules

(Ubisch bodies), PE prim-exine, T tapetal layer, Tds tetrads, Te

tectum. Bars = 10 lm in (a), (d)–(f), and (h), 5 lm in (c), 0.5 lm in

(i–x)
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cuticle structure was observed between wild type and

osacos12 (Fig. 4r, v). At stage 10, the wild-type tapetum

was degraded into fragments while the mutant tapetum

persisted (Fig. 4c, l); the wild-type pollen exine developed

normally (Fig. 4k) but osacos12 pollen exine developed

abnormally (Fig. 4o), and the deposition of anther cuticle

in osacos12 also appeared defective at this stage (Fig. 4s,

w). At stage 13, the wild-type anther locule was filled with

mature pollens while the osacos12 anther locule was

completely empty (Fig. 4d, h); the inner surface of the

wild-type anther displayed well-developed Ubisch bodies

(Fig. 4l) while the inner surface of osacos12 anther con-

tained abnormal Ubisch bodies with much less staining

(Fig. 4p). The wild-type anther displayed electron-dense

hair-like cutin structures that were well organized on the

epidermal surface (Fig. 4t) while the osacos12 anther

epidermis displayed defective cutin with much less and

short spaghetti structures (Fig. 4x). These TEM results

demonstrated that anther cuticle, pollen exine, and tapetum

PCD in osacos12 mutant are all defective as compared to

the wild type.

Scanning electron microscopy (SEM) was also used to

examine the surfaces of osacos12 and wild-type anther and

pollen grains. At stage 13, the wild-type anther epidermis

(Fig. 5a) was covered with three-dimensional spaghetti-

like cutin layers (Fig. 5c) and its inner surface was inten-

sively distributed with popcorn-like Ubisch bodies

(Fig. 5d). In osacos12, its anther epidermis was smooth

(Fig. 5b), lacking the typical spaghetti-like cutin (Fig. 5g),

and its inner surface was uneven with randomly distributed

flocs of Ubisch bodies (Fig. 5h). Because osacos12

microspores were almost totally degraded after stage 11,

the SEM observation on osacos12 and wild-type micro-

spores was recorded at stage 11. At this stage, the wild-type

microspores looked round and smooth (Fig. 5e), and its

epidermis was covered with evenly distributed apophysis

(Fig. 5f). In contrast, the degrading microspore in osacos12

was collapsed and looked like cotton wool balls (Fig. 5i),

and their epidermal surfaces were covered with randomly

distributed cutin materials (Fig. 5j).

Reduced cuticular lipid components in osacos12

anthers

The abnormal anther cuticle and pollen exine observed by

phenotypic observation suggested that osacos12 anther

may be defective in the synthesis of its lipidic precursors.

To confirm this, waxes and cutin monomers in both wild-

type and osacos12 anthers were qualitatively and quanti-

tatively measured by gas chromatography–mass spec-

trometry (GC–MS) and gas chromatography–flame

ionization detection (GC–FID) as previously described (Shi

et al. 2011). The results indicated that the levels of both

wax and cutin monomers were significantly reduced in

osacos12 anthers as compared with those of the wild type

(Fig. 6a). The total waxes measured in osacos12 were

0.076 lg/mm2, which was less than half of the level in wild

type (0.188 lg/mm2) (Fig. 6a). This reduction in total wax

Fig. 5 Scanning electron microscopy analysis of the anthers and

pollen grains in the wild type and osacos12 mutant. a and b Anthers

from the wild type (a) and osacos12 (b) at stage 13. c and g The

epidermis of the wild-type (c) and osacos12 (f) anthers at stage 13.

d and h The inner surface of the anther wall of the wild type (d) and
osacos12 (g) at stage 13. The enlarged situation is boxed. e and i The

pollen grains of the wild type (e) and osacos12 (h) at stage 11. f and
j The enlarged surface on the pollen exine of the wild-type (f) and
osacos12 (i) at early stage 11. Bars = 200 lm in (a) and (b); 10 lm
in (c), (e), (f), and (h); 5 lm in (d) and (g); 1 lm in (f), (i), and the

boxed figures
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Fig. 6 Chemical analysis of anther cutin and wax in the wild type

and osacos12 mutant. a Total cutin and wax amounts per unit surface

area (lg cm-2) in wild-type (blue bars) and osacos12 anthers (red

bars). b Cutin monomers amounts per unit surface area (lg cm-2) in

wild-type (blue bars) and osacos12 anthers (red bars). c Wax

constituents amounts per unit surface area (lg cm-2) in wild-type

(blue bars) and osacos12 anthers (red bars). Compound names are

abbreviated as follows: C16 FA palmitic acid, C18 FA stearic acid,

C18:1 FA oleic acid, C18:2 FA linoleic acid, C18:3 FA linolenic

acids, C20 FA arachidic acid, C22 FA docosanoic acid, C26 FA

cerotic acid, ALK, alkane
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in osacos12 anthers was contributed largely by the signif-

icant reduction of the major rice anther wax components,

such as unsaturated alkanes and fatty acids (Fig. 6b; Sup-

plementary Table 4). In addition, the measured anther cutin

in osacos12 was 0.128 lg/mm2, which was one-sixth of

that in wild type (0.721 lg/mm2) (Fig. 6a). This reduction

was contributed mainly to the significant reduction of the

dominant rice anther cutin monomers, such as x-hydrox-
ylated fatty acids and C16-9,10/16 di-hydroxylated fatty

acid (Fig. 6c; Supplementary Table 5). These data indi-

cated that the biosynthesis of the lipidic precursors that are

required for the formation of anther cuticle and pollen

exine is indeed altered in the OsACOS12 mutant.

Map-based cloning of OsACOS12

To identify the mutant gene, a map-based cloning approach

was used. Through fine mapping, the target was located to

a genetic distance between 23.3 and 24.1 cm on the chro-

mosome 4 (Fig. 7a). In this region, several candidate genes

that are putative orthologous of Arabidopsis genes associ-

ated with male sterility were selected for sequencing.

Among them, Os04g24530 (OsACOS12) had a 17 bp

deletion in its first exon, which leads to the shift of the open

reading frame. The transcribed OsACOS12 includes a

194-bp 50 untranslated region (UTR), a 209-bp 30 UTR, and
a 1668 bp open reading frame (Fig. 7b, c). To confirm that

the mutant was caused by the mutation of this gene,

complementation of osacos12 homozygous plants with

construct including 3015 bp promoter sequence and the

whole genome DNA of Os04g24530 was carried out, and

the fertility of the transformant could be successfully

restored (Supplementary Figure 1).

OsACOS12 belongs to an ancient and conserved

plant-specific clade of 4 CL-like genes

A previous study has suggested that OsACOS12 and Ara-

bidopsis ACOS5 genes are both single-copy genes, and

they belong to the same clade, which is a distinct phylo-

genetic sister group of 4CLs (de Azevedo Souza et al.

2008). To further understand the relationship between

OsACOS12 and its orthologues, the full-length protein

sequence of OsACOS12 was used as the query in BlastP to

search in three public databases: National Center for

Biotechnology Information (NCBI, http://www.ncbi.nlm.

nih.gov/), Gramene (http://www.gramene.org/), and The

Arabidopsis Information Resource (TAIR, http://www.ara

bidopsis.org/). A total of 39 orthologous protein sequences

from Arabidopsis, rice, P. patens, Zea mays, Sorghum

bicolor, Glycine max, Mus musculus, and Homo sapiens

were selected to construct an unrooted neighbor-joining

phylogenetic tree. The tree had clearly four clades (Fig. 8).

Clade I is the biggest clade with 20 members from six

species including P. patens, rice and Arabidopsis, and four

of them are the members of Arabidopsis 4CL family. Clade

Fig. 7 Map-cloning and

sequence analysis of

OsACOS12. a Fine mapping of

the OsACOS12 gene on

chromosome 4. Names and

positions of the molecular

markers are indicated. b A

schematic representation of the

exon and intron organization of

OsACOS12. The mutant

sequence has 17 bases deletion

in the first exon. ?1 indicates

the starting nucleotide of

translation (ATG), and the stop

codon (TGA) is ?1912. Black

boxes indicate exons, and

intervening lines indicate

introns. c The amino acid

sequence of OsACOS12. The

AMP binding domain is shaded.

The red triangle shows the

position of base deletion
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II contains six members from Arabidopsis, P. patens,

maize, sorghum, and soybean. Clade III includes OsA-

COS12, ACOS5, and six other members from P. patens,

maize, sorghum, and soybean. Clade V has five members

from animals, such as HomsACSF2 (Acyl-CoA synthetase

family), HomsACSF3, MusmACSF2, MusmACSM5

(Acyl-CoA synthetase medium-chain family), and Mus-

mACSM3. In addition, Clade I to Clade III all have

members from P. patens, a moss. This phylogenetic anal-

ysis thus suggested that OsACOS12 is an ancient and

conserved enzyme that functions both in water and land

plants.

OsACOS12 is mainly expressed in tapetum

and microspores

While the vegetative growth of osacos12 mutant was

normal, the main defects happened in the reproductive

stages, especially during anther development. The

expression pattern of OsACOS12 was examined by semi-

quantitative RT-PCR and quantitative RT-PCR (qRT-PCR)

analyses using total RNA extracted from both vegetative

and reproductive organs as templates. The results indicated

that the expression of OsACOS12 was not detectable in

vegetative tissues such as roots, shoots, and leaves. In

reproductive tissues, the expression of OsACOS12 was

very weak in palea/lemma, but very strong in anthers. The

expression started at stage 8b, peaked at stage 10, then

dropped rapidly to a relative low level at stage 11, and

finally became undetectable at stage 12 (Fig. 9a, b). The

anther preferable expression pattern of OsACOS12 was

further confirmed by GUS staining assay using transgenic

rice plants expressing OsACOS12pro:GUS fusion protein.

GUS signals became detectable in anthers at stage 9,

peaked at stage 10, declined quickly at stage 11, and

became undetectable at stage 12 (Fig. 9c). To determine

the spatial and temporal profile of OsACOS12 expression

more precisely, RNA in situ hybridization in wild-type

Fig. 8 An unrooted Neighbor-Joining phylogenetic tree of evolu-

tionary relationships among the OsACOS12 and related proteins. A

neighbor-joining phylogenetic tree was constructed using MEGA 4.0

to summarize the evolutionary relationships among the OsACOS12

and related proteins. Bootstrap values are percentage of 1000

replicates. At Arabidopsis thaliana, Glym Glycine max, Homs Homo

sapiens, Musm Mus musculus, Os Oryza sativa, Pp Physcomitrella

patens, Sb Sorghum bicolor, Ta Triticum aestivum, Zm Zea mays
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Fig. 9 Expression pattern of

OsACOS12. a Spatial and

temporal expression analysis of

OsACOS12 by semi-quantitative

RT-PCR. Actin1 serves as a

control. b qRT-PCR analysis of

OsACOS12. Data are presented

as Mean ± SD (n = 3). c GUS

activity analysis in the anthers

of pOsACOS12::GUS

transgenic lines at various

developmental stages. d–f In
situ hybridization analysis of

OsACOS12 in wild-type

anthers. The anthers at stage 8b

(d), stage 9 (e), and stage 10

(f) showing strong signals of

OsACOS12 in tapetal cells and

microspores. g–i The anthers at

stage 8b (g), stage 9 (h), and
stage 10 (i) hybridized with

OsACOS12 sense probe. j GUS
staining in the flower at early

stage 10 after removing the

palea and lemma. k A flattened

anther at early stage 10 with

GUS staining. l Transverse
section of the GUS stained

anther at early stage 10. Le

Lemma, Pa palea. S7 stage 7,

S8a stage 8a, S8b stage 8b, S9

stage 9, S10 stage 10, S11 stage

11, S12 stage 12. Bar = 1 mm

in (c), 50 lm in (d)–(i), 1.2 mm

in (j), 10 lm in (k), 25 lm in (l)
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floral sections was performed, and positive signals were

detected in microspores and tapetum in anthers from stage

8b to stage 10 (Fig. 9d, f), showing enhanced expression of

OsACOS12 in these stages. The in situ hybridization results

were consistent with the results of light microscopy

observations, in which GUS signals were only observed in

tapetum and microspores (Fig. 9k, l). The tapetum– and

microspore-specific expression of OsACOS12 implied

important functions of OsACOS12 in rice anther

development.

Biochemical function of OsACOS12

Arabidopsis ACOS5 has a wide substrate selectivity, and it

preferentially catalyzes medium- and long-chain fatty acids

represented by oleic acid (C18:1). To test whether OsA-

COS12 has similar biochemical function as that of ACOS5,

recombinant OsACOS12 protein was expressed in

Escherichia coli BL21 (DE3) transformed with a protein

expression construct containing a modified full-length

OsACOS12 cDNA in the bacterial expression vector

pET28a. The expressed protein was purified and used for

subsequent biochemical analysis using oleic acid as a

candidate substrate. The in vitro reaction mixture contained

the purified recombinant OsACOS12 protein, oleic acid,

CoA, and DTT. When the reaction was finished, the pro-

duct was analyzed by HPLC–MS/MS (high-performance

liquid chromatography–mass spectrometer/mass spec-

trometer) with C18:1-CoA chemical standard as the posi-

tive control. The results showed that the recombinant

OsACOS12 protein generated a product by with the same

ionic characteristics as the positive control, confirming the

synthesis of C18:1-CoA from oleic acid and CoA in the

reaction (Table 1; Supplementary Figure 2). The in vitro

analysis of OsACOS12 enzyme activity suggested that

OsACOS12 may also be able to catalyze the conversion of

C18:1 fatty acid to C18:1-CoA, and the synthesized C18:1-

CoA would participates in the subsequent synthesis of

cutin, wax, as well as sporopollenin precursors during

anther development.

Gene networks of OsACOS12

Because the mutation of OsACOS12 affects a broad range

of anther developmental events, such as tapetum PCD,

anther cuticle, and pollen exine development, it is plausible

to speculate that OsACOS12 is one component of the

conserved gene network that is critical for anther devel-

opment in rice. Therefore, we examined expression of

certain known rice genes involved in tapetum PCD, anther

cuticle, and pollen exine formation in both wild type and

osacos12 by qRT-PCR. The expression patterns of three

tapetum PCD regulatory genes, TDR (Li et al. 2006),

EAT1 (Niu et al. 2013), and OsAPI5 (Li et al. 2011), was

first examined in stage 8–10 anthers, and the results

showed that the expression of these tapetum PCD regula-

tory genes in osacos12 increased steadily along anther

development, which differed from their expression patterns

in wild-type anthers (Fig. 10a–c). The expression of sev-

eral biosynthetic genes associated with rice anther cuticle

Table 1 Molecular masses of CoA-ester products formed in vitro from oleic acid (C18:1) by OsACOS12

Molecular sources Molecular species Mass (calc.) Enzyme reaction mass (obs.) C18:1-CoA standard mass (obs.)

Substrates Fatty acid 282.26

Products Fatty acyl-CoA 1031.36

MS spectrum [M–H]- 1030.35 1030.35 1030.35

[M–H]2- 514.67 514.67 514.66

MS–MS spectrum [M–H2O–H]
- 1012.34 ND ND

[M–2H2O–H]
- 994.33 ND ND

[M–HPO3–H]
- 950.39 950.39 950.39

[M–H3PO4–H]
- 932.38 ND ND

[M–AMP–H]- 701.3 ND ND

[M–AMP–H2O–H]
- 683.29 683.29 683.29

[M–ADP–H]- 621.33 ND ND

[ADP–H]- 426.02 ND ND

[ADP–H2O–H]
- 408.01 408.00 408.01

[AMP–H]- 346.06 ND ND

For product analysis, the reaction mix contained 20 lg of purified recombinant OsACOS12 protein, 50 lM C18:1 FA, 5 mM ATP, 5 mM

MgCl2, 1 mM CoA, 2.5 mM DTT, and 60 mM PBS (pH 7.5). After an incubation period of 30 min at 37 �C, the reaction samples and the

standard sample (0.01 mg C18:1-CoA) as the positive control were infused via nano ESI source into an ion trap mass spectrometer operating in

negative ion mode. Mass spectra were obtained by scanning from m/z 0 to 1500. Putative product peaks were further characterized by MS–MS

analysis resulting in fragments, thereby confirming formation of the corresponding fatty acyl-CoA esters
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and pollen exine precursors, including DPW, CYP704B2,

and CYP703A3, was also examined. The results showed

that the mutation of OsACOS12 significantly increased the

expression of these genes at all tested developmental stages

(Fig. 10d–f), reflecting a feedback regulation of lipid

metabolism in rice anther and pollen development. Since

OsACOS12 mutation had such a broad effects on so many

important genes, it is plausible to place it as an important

component of the conserved gene regulation network that

regulates rice anther and pollen development.

Discussion

Plant male sterility is associated with many abnormal

developmental events such as disrupted PCD-induced

tapetum degradation (Li et al. 2006; Xu et al. 2010) and

altered metabolic activities such as lipid or phenolic

metabolism in reproductive organs (Jiang et al. 2013;

Lallemand et al. 2013; Shi et al. 2015; Zhao et al. 2015). In

this study, we used forward genetics approach combined

with biochemical and molecular analyses to characterize

the roles of rice OsACOS12 gene in male fertility and late

pollen development. OsACOS12 encodes a clade III acyl-

CoA synthetase (de Azevedo Souza et al. 2008) protein,

which can catalyze the conversion of C18:1 fatty acid to

C18:1 CoA in vitro, and the mutation of this gene causes

abnormal male reproduction in rice. Elucidation of the

genetic, molecular, and biochemical mechanisms underly-

ing the functions of OsACOS12 in male fertility would be

important for both basic and practical rice researches.

OsACOS12 is an acyl-CoA synthetase that activates

acyl fatty acids with CoA for the formation of anther

cuticle and pollen exine in rice

Plant lipids are de novo synthesized in plastids exported

out of plastids in the form of CoA conjugates for their

diverse biochemical functions. LACS, 4CL, and ACS/

ACOS are important acyl-activating enzymes (AAE)

involved in this process (Shockey and Browse 2011).

LACS participates in both biosynthesis of cutin/suberin and

degradation of storage lipids, and 4CL is involved in lig-

nification or biosynthesis of flavonoids. ACOS has several

distinct functions in plants (de Azevedo Souza et al.

2008, 2009). In Arabidopsis, the loss of function mutation

of ACOS5 causes complete male sterility. The acos5

mutant does not have mature pollens and fails to produce

self-fertilized seeds (de Azevedo Souza et al. 2009).

ACOS5 protein is localized in cytoplasm, and ACOS5

mRNA accumulates in tapetal cells at the early stages of

pollen development when the defective phenotype is evi-

dent. Because recombinant ACOS5 enzyme preferably

takes the medium-chain fatty acids for activation with

CoA, and ACOS5 is an ancient acyl-CoA synthetase con-

served in land plants (de Azevedo Souza et al. 2009), this

report provides evidence for the first time that ACOS

functions in a conserved and ancient metabolic pathway

that is essential for pollen development in plants. The

ACOS gene in tobacco, NtACOS1, is also functional in

male fertility and pollen exine formation, confirmed by

RNAi approach and in vitro enzyme activity assay (Wang

et al. 2013). Silencing of NtACOS1 causes reduced pollen

formation and leads to the failure of seed development and

Fig. 10 Expression profile of genes involved in tapetum PCD and

lipid metabolism in osacos12 mutant. Expression analysis of TDR (a),
EAT1 (b), OsAPI5 (c), DPW (d), CYP704B2 (e), and CYP703A3 (f) in

stages 8–10 anthers from the wild type (WT) and the osacos12 mutant

using qRT-PCR. Data are presented as Mean ± SD (n = 3). Actin1

serves as a control. S8 Stage 8, S9 stage 9, S10 stage 10, S11 stage 11
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eventually sterility. The mature pollens in NtACOS1 RNAi

lines collapse irregularly, Ubisch bodies look hollow, and

the exine is defective with abnormal nexine (Wang et al.

2013). Combining with our study and another study in

Indica rice (Li et al. 2016), these results indicated that

ACOS is indeed required for plant male fertility.

Similar to ACOS5 AND nTacos1, the rice OsACOS12

gene also has conserved function in pollen exine formation.

While the two-layered pollen exine was still observable in

osacos12 at stage 9 (Fig. 4n), it was severely compromised

at stage 10 and 11 when osacos12 pollen grains collapsed

(Fig. 4o, p). In a recent study of OsACOS12 in Indica rice,

pollen exine was totally absent in collapsed pollen grains at

stage 10 (Li et al. 2016). Therefore, the activation of fatty

acid with CoA via OsACOS12 is essential for pollen exine

formation in rice. Other studies have demonstrated that a

series of enzymes, including ACOS, PKSA/B (POLYKE-

TIDE SYNTHASE A/B), and TKPR1/2 (TETRAKETIDE

a-PYRONE REDUCTASE1/2), function sequentially

along the same biochemical pathway to produce reduced

tetraketide a-pyrone for pollen exine formation in Ara-

bidopsis, tobacco, and rapeseed (Grienenberger et al. 2010;

Lallemand et al. 2013; Wang et al. 2013; Qin et al. 2016).

Although we did not measure tetraketide a-pyrone and the

expression of the two downstream genes PKSA/B and

TKPR1/2 in osacos12 in this study, it is clear from avail-

able data that fatty acyl CoA precursors generated by

OsACOS12 is required for pollen exine formation in rice,

and this function of ACOS gene is conserved at least in

Arabidopsis, tobacco, rapeseed, and rice.

Besides its conserved function in pollen exine forma-

tion, OsACOS12 displays more biological functions than

ACOS5 and NtACOS1. The loss of function mutation of

OsACOS12 not only causes defective pollen exine (Fig. 4o,

p), but also results in abnormal development of cutin layer

(Fig. 4w, x) and Ubisch bodies (Fig. 4p). The effect of

OsACOS12 mutation on pollen exine formation has also

been reported in another study in Indica rice (Li et al.

2016). Since pollen exine and anther cuticle are two

important lipidic protective layers of microspores, the

involvement of OsACOS12 in the biosynthesis of both

layers indicated a crucial role of OsACOS12 in male

reproductive development. This binary function of OsA-

COS12 corresponded well with its specific expression in

tapetum and microspore (Fig. 9), and with the specific

localization of OsACOS12 protein to the tapetum and

anther locule (Li et al. 2016). This result supports previous

findings that rice anther cuticle and pollen exine share

common lipidic components and that rice genes associated

with lipid metabolism has developed both conserved and

diverged functions from their Arabidopsis orthologues (Li

et al. 2010; Li and Zhang 2010; Fernández Gómez et al.

2015; Shi et al. 2015). The results also imply that the

OsACOS12-mediated upstream lipid biosynthetic pathway

is required by both pollen exine and anther cuticle forma-

tion. The mutation of OsACOS12 affects not only anther

wax but also anther cutin in osacos12 mutant, which was

not reported in Li’s recent study in Indica rice (Li et al.

2016).

Nevertheless, the functional network of OsACOS12 in

rice anther and pollen development remains unclear; the

only report is that the expression of OsACOS12 along the

pollen development is significantly reduced in gamyb-4

mutant (Supplementary Figure 3). Future investigations

need to be focused on in silico analysis of the expression of

OsACOS12 in mutants of known PCD or lipid metabolism-

associated transcription factors, as well as identifying

potential upstream genetic regulators using genetic and

molecular approaches. Interestingly, OsACOS12-mediated

lipid biosynthesis pathway seems to be regulated by a

feedback regulation mechanism, which is evidenced by the

enhanced expressions of DPW, CYP704B2, and CYP703A3

genes that are known to be associated with anther cuticle

and pollen exine (Fig. 10). DPW is an acyl fatty acid

reductase converting de novo synthesized fatty acids to

fatty alcohols for effective diffusion out of plastids (Shi

et al. 2011), and it is a complementary mechanism to

OsACOS12-mediated export of fatty acids from plastids.

When OsACOS12 is mutated, the expressions of DPW in

osacos12 mutant are enhanced. The expressions of

CYP704B2 and CYP703A3, two genes encoding in chain

hydroxylase, are also increased in osacos12 mutant, likely

due to the feedback regulation of lipid metabolism to

compensate for the lost function of OsACOS12. These

findings, together with the reduction of all detected x-hy-
droxyl fatty acids, indicate that the preferred substrates of

OsACOS12 are fatty acids, which is not as broad as those

of ACOS5 and NtACOS1.

OsACOS12 is an important component of tapetum

PCD process that is required for timely tapetal cell

degradation

It is well known that interference of tapetum PCD process

can result in male sterility in plants, because PCD-induced

degradation of tapetum is essential for pollen development.

This process is tightly regulated, and can be affected by

both internal and external factors (Parish and Li 2010).

Therefore, Tapetum degeneration provides a useful model

system for investigation of molecular mechanisms

responsible for plant PCD. Previous studies on Arabidopsis

ACOS5 revealed that although acos5 mutant displays

abnormal pollen wall formation and aborted pollen grain

development, there is no observable abnormality of tape-

tum, and the expression of ACOS5 is prior to the initiation

of tapetum degeneration. Thus, ACOS5 affects pollen
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development via a metabolic pathway without affecting

tapetum development and function (de Azevedo Souza

et al. 2009). Similarly, tapetum changes were not reported

in tobacco NtACOS1 RNAi mutant (Lin 2012; Wang et al.

2013) and the Indica rice either (Li et al. 2016).

In contrast, the mutation of OsACOS12 in our study

causes aberrant tapetum development. The PCD-induced

tapetum degradation is notably delayed in osacos12 mutant

anthers, as TEM and TUNEL assays clearly show late

appearance of tapetel cell shrinkage and DNA fragmenta-

tion (Figs. 2, 3). The analyses of the expression patterns of

OsACOS12 by in situ hybridization, GUS staining, and

qRT-PCR also provide evidence for the involvement of

OsAOCS12 in tapetum development (Fig. 9). The analysis

of the expression patterns of three known tapetum PCD

regulators (TDR, EAT1, and OsAPI5) in osacos12 mutant

further demonstrates that mutation of OsACOS12-disrupted

tapetum PCD. Therefore, not only does OsACOS12 affect

tapetum and microspore-specific metabolic pathways that

are associated with pollen exine and anther cuticle for-

mation, but also interfere development of tapetum, which is

distinct from ACOS5 and NtACOS1. Because OsACOS12 is

sensitive to low temperature (Yuan et al. 2011) in a

developmental stage-dependent manner, and tapetum

development is most sensitive to abiotic stress (Parish et al.

2012), further elucidation of OsACOS12 functions and

underlying mechanisms for its roles in male fertility would

help to reduce crop yield loss, and help breeders to obtain

new male sterile varieties for hybrid seed production.

The evolution of OsACOS12 and its conserved

function

A previous phylogenetic study on adenylate-forming pro-

teins in Arabidopsis, poplar, and rice classifies ACOS to

the second group containing both bona fide 4CL proteins

and 4CL-like ones that are apparently specific to land

plants. All ACOS members are present in angiosperms and

mosses only, and individual ACOS member has only a

single copy in its genome. Different from most land plant-

specific members in the group, sequences of ACOS pro-

teins do not contain a consensus PTS1 (peroxisomal target

sequence) at their C-termini, which can target the proteins

to peroxisomes. Therefore, ACOS proteins are likely non-

peroxisomal, and most closely related to true 4CL proteins

(de Azevedo Souza et al. 2008). The true biochemical and

developmental functions of ACOS were not clear until

ACOS5 in Arabidopsis (de Azevedo Souza et al. 2009) and

NtACOS1 in tobacco (Lin 2012; Wang et al. 2013) were

investigated, which demonstrated that ACOS function is

not like 4CL, instead it regulates the biosynthesis of lipid

for pollen exine formation. Because similar enzymes are

evolutionarily conserved in both angiosperms and

Physcomitrella, ACOS represents a group of ancient and

conserved enzymes in land plants. It is hypothesized that

ACOS and 4CL proteins are recruited from lipid metabo-

lism during early land plant evolution, to perform impor-

tant functions in reproductive development, since

dysfunction of ACOS enzymes often results in male

sterility (Li et al. 2010; Chen et al. 2011; Shi et al. 2011;

Yang et al. 2014). Expressions of all reported ACOS genes

are preferentially in tapetal cells (Lin 2012; Bolaños-Vil-

legas et al. 2013) or male flowers (de Azevedo Souza et al.

2008), which is well consistent with their functions in

fertility.

In the present study, we confirmed that OsACOS12 is a

cytoplasmic acyl CoA synthetase and an ancient land plant-

specific enzyme with important functions in pollen devel-

opment. Unlike its orthologous genes in dicots such as

Arabidopsis and tobacco, OsACOS12 can play important

roles in rice tapetum development and anther cuticle for-

mation. Therefore, it has retained conserved ACOS func-

tions among angiosperms while developed divergent

functions during evolution. The phylogenetic analysis has

revealed more ACOS orthologous genes presenting in other

agronomic important crops including soybean, sorghum, and

maize (Fig. 8), which highlights the need for comparative

studies of more ACOS members among different species to

fully understand their biochemical, physiological, and evo-

lutionary functions in the future. Although in vivo activity of

OsACOS12 has not been determined, in vitro enzyme

activity assay clearly shows that OsACOS12 can take fatty

acids with different carbon length or hydroxyl groups as

substrates with CoA to make fatty acyl-CoAs that have

multiple fates in the early upstream lipid metabolism for

male fertility. It will also be interesting to investigate the

biosynthesis of tetraketide a-pyrone in the future. Tetrake-

tide a-pyrone is the downstream end product of ACOS

enzymes and important structural components of pollen

sporopollenin in Arabidopsis and tobacco. The level of

tetraketide a-pyrone is significantly reduced in NtACOS1

RNAi mutant (Wang et al. 2013). Sequential enzymatic

assays using NtACOS1-NtPKS1 or NtACOS1-NtPKS1-

NtTKPR1 indicated that NtACOS1 takes fatty acids (in-

chain and x-hydroxyl) of various chain lengths to generate

fatty acyl-CoAs for NtPKS1-mediated reactions, and the

resulting products serve as substrates in the next reactions for

NtTKPR1. This is similar to the metabolic pathway in Ara-

bidopsis for the generation of reduced tetraketide a-pyrone
(Grienenberger et al. 2010; Kim et al. 2010). Recombinant

rice OsPKS1 and OsTKPR1 have also been reported to

function downstream of NtACOS1. Thus, a metabolic

pathway that starts from the formation of fatty acyl-CoAs by

ACOS, continues with sequential condensations by PKS1/2,

and ends with reduction by TKPR1/2 is likely conserved and

indispensable for male reproduction in land plants.
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