
Sector: Transforming Bioenergy & Agriculture with Synthetic Biology 

 
Use Case for Cells for Conversion: Synthetic Sexual Reproduction - Apomixis 

End Product: Technologies that could fix genetic complexity in plants/crops to create hybrid vigor 
 
Organism(s) if applicable: Plants/crops 

Terrestrial plants do not have the ability to move so their ability to adapt to changing environments 
(temperature, water, and sunlight) requires precise genetic regulatory mechanisms that control their 
growth and development, nutrient composition, and yield.  Can mixing of these regulatory mechanisms 
across plants species generate plants and crops that have the potential to generate optimal food, feed, 
and fiber that would support the agricultural needs of U.S. and the world in the future? 

Sexual reproduction mixes genes among parents and provides genetic diversity in subsequent progeny, 
key for survival and fodder for evolution. Sexual reproduction is detrimental to the propagation of hybrid 
crops though, as mixing the genes leads to progeny that will be inferior to the hybrid parent. Khanday et 
al. (see supplemental reading) have developed an asexual-propagation trait that allows a hybrid plant to 
reproduce clonally, with the progeny also carrying the desirable genome-wide heterogeneity. They 
accomplish this by silencing genes encoding the BABYBOOM transcription factor (BBM1-3) and 
introducing a BBM1 gene expressed solely in the egg cell. This leads to embryo development in the 
absence of fertilization and clonal progeny, although seed production still requires fertilization to 
generate the endosperm. This work, which builds on previous studies that have shown the capacity of 
BBM1 to induce somatic embryos from vegetative tissues, shows that seed propagation from hybrid rice 
varieties can occur without genetic segregation. Apomixis (asexual seed formation) is the process by which 
a plant bypasses meiosis and fertilization, resulting a plant that develops as a maternal clone. Many 
flowering plants have shown this trait; however no major seed crops have been shown capable of 
apomixis. 

Desired outcome(s) that stretch current capabilities 

• Develop genetic or molecular tools to fix genetic hybrids across outcrossing species 
• Understand the mechanisms of apomixis 
• Understanding of hybrid vigor in plants and relationship to yield 
• Understanding of self-compatibility and self-incompatibility in plant sexual reproduction 

 

 

 

 

 

 

 



Sector: Transforming Bioenergy & Agriculture with Synthetic Biology 

Use Case for Cells for Conversion: Metabolic Engineering of C3 Plants to C4 plants 

End Product: Ability to maximize plants ability to fix CO2 leading to C3 plants that can function in like C4 
plants in photosynthetic efficiency 

Organism(s) if applicable: Plants/crops 

Terrestrial plants do not have the ability to move so their ability to adapt to changing environments 
(temperature, water, and sunlight) requires precise genetic regulatory mechanisms that control their 
growth and development, nutrient composition, and yield.  Can mixing of these regulatory mechanisms 
across plants species generate plants and crops that have the potential to generate optimal food, feed, 
and fiber that would support the agricultural needs of U.S. and the world in the future. 

Over 3 billion people depend on rice for survival across the globe. Due to predicted population increases 
and a general trend towards urbanization, land that currently provides enough rice to feed 27 people will 
need to support 43 by 2050. In this context, rice yields need to increase by 50% over the next 35 years. 
Given that traditional breeding programs have hit a yield barrier, the world (South Asia and sub-Saharan 
Africa in particular) is facing an unprecedented level of food shortages.  
 
Rice is evolutionarily a C3 plant.  In C3 plants, the bundle sheath cells do not contain chloroplasts. In C4 
plants, the bundle sheath cells contain chloroplasts. In C3 plants, the carbon dioxide fixation takes place 
only at one place. In C4 plants, the carbon dioxide fixation takes places twice (one in mesophyll cells, 
second in bundle sheath cells).  Because of this inherent difference, C4 plants are more efficient.at fixing 
CO2 than C3 plants.  Therefore, the introduction of C4 traits into current C3 rice is predicted to increase 
photosynthetic efficiency by 50%, improve nitrogen use efficiency and double water use efficiency.  

Desired outcome(s) that stretch current capabilities 

• Develop genetic or molecular tools to transform C3 plants to C4 plants for enhanced CO2 
assimilation 

• Ability to enhanced grain and biomass yield in C3 crops (such as rice) 

 

 

 

 

 

 

 

 

 



Sector: Transforming Bioenergy & Agriculture with Synthetic Biology 

Use Case for Cells for Conversion: Metabolic Engineering of Lignin Synthesis and Composition 

End Product: Ability to efficiently control the composition of lignin synthesis or regioselect lignin types 

Organism(s) if applicable: bioenergy crops or other plants where lignin composition is important 

Lignin provides structural support, a mechanical barrier against microbial infestation and facilitates 
movement of water inside plant systems. It is the second most abundant natural polymer in the terrestrial 
environments other than cellulose.  Lignin is one of the most important secondary metabolite which is 
produced by the phenylalanine/tyrosine metabolic pathway in plant cells.  It possesses unique routes for 
the production of bulk and specialty chemicals with aromatic/phenolic skeletons. Natural lignin 
composition in plants is widely diverse in many respects : (1) type and frequency of monomer (p-
hydroxyphenyl(H)-, guaiacyl (G) - and syringyl(S) -propane) units, (2) type and frequency of interunit 
bonds, (3) shape, size, and (4) linkages between lignin and polysaccharides. This diversity is found also in 
different kinds of cells of different plant species.  

The commercial applications of lignin are limited due to this diversity and it is often recognized for its 
negative impact on the biochemical conversion of lignocellulosic biomass to fuels and chemicals. 
Understanding of the structure of lignin monomers and their interactions among themselves, as well as 
with carbohydrate polymers in biomass, is vital for the development of innovative biomass deconstruction 
processes and thereby valorization of all biopolymers of lignocellulosic residues, including lignin. 

Desired outcome(s) that stretch current capabilities 

• Chemical or regulator mechanisms that can limit the diversity of specific types of lignin that 
are produced in plants 

• Capabilities of post-harvest triggers that allow lignin populations to convert to a specific 
type that is conducive to sustainably conversion of biomass for biofuels and bio-products 
production (via engineered microbes or enzymes) 
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Heterosis, the observation that first generation hybrids outcompete the parental 14 

lines, is widely used in increasing the productivity and yield of agricultural 15 

crops1,2. However, heterosis is lost in the following generations because of genetic 16 

segregation. In addition, the high cost of hybrid seed production hinders the 17 

application of heterosis in many crops. Clonal reproduction through seeds could 18 

be revolutionary for agriculture by allowing self-propagation of F1 hybrids3,4. 19 

Here we show that heterozygosity of F1 hybrid rice can be fixed and thus 20 

propagated without additional crossing. First, we showed that multiplex editing 21 

of three key meiotic genes5,6 in hybrid rice leads to the production of clonal 22 

diploid gametes and tetraploid seeds. Next, editing of the MATRILINEAL (MTL) 23 

gene that involved in fertilization7,8 results in the induction of haploid seeds in 24 

hybrid rice. By simultaneous editing of these four endogenous genes in hybrid 25 

rice using the CRISPR/Cas9 system, we obtained in one generation plants able to 26 

propagate clonally through seeds. This opens the possibility to fix heterozygosity 27 

of hybrid varieties in food crops. 28 

Heterosis (also known as hybrid vigor) is a phenomenon whereby hybrid 29 

offspring of genetically diverse individuals display increased vigor relative to their 30 

homozygous parents. Heterosis has been widely applied in agriculture to dramatically 31 

improve the production and to broaden adaptability of crops1,2. However, the essential 32 

process of hybrid seed production increases the seed cost and even prohibits its 33 

application in many crops. It has been proposed to fix the heterosis of hybrid crop by 34 

introduction of apomixis3. Apomixis is an asexual reproductive strategy where the 35 
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offspring were generated through seeds, but without meiosis and fertilization. 36 

Although it has been described in many flowering plant taxa9, apomixis has not been 37 

reported in major crops. Previously, it was revealed that combined mutations of three 38 

genes that affect key meiotic processes created a genotype called MiMe (Mitosis 39 

instead of Meiosis) in which meiosis is totally replaced by mitotic-like division, 40 

leading to the production of male and female clonal diploid gametes in Arabidopsis 41 

and rice5,6. However, the self-fertilization of MiMe resulted in doubling of ploidy at 42 

each generation. By crossing Arabidopsis MiMe with CenH3-mediated chromosome 43 

elimination line, clonal diploid offspring were obtained4. However, the system still 44 

relies on the crossing between different plants and the CENH3-mediated chromosome 45 

elimination appeared to be difficult to transfer to other species10. Therefore, further 46 

work is required to achieve the aim of heterosis fixation in self-fertilized hybrids.   47 

Firstly, to test the feasibility of MiMe technology in hybrid rice varieties, we 48 

performed experiments on Chunyou84 (CY84), an elite inter-subspecific hybrid rice 49 

from a cross between the maternal Chunjiang 16A (16A), a japonica male sterile line, 50 

and the paternal C84, an indica-japonica intermediate type line (Extended Data Fig.1). 51 

To ensure rapid generation of MiMe in the hybrid CY84 background, we 52 

simultaneously edited the REC8, PAIR1 and OSD1 genes using our previously 53 

developed multiplex CRISPR/Cas9 system11 (Fig. 1a). In the primary transformed 54 

plants, 7 of 32 plants were identified as frameshift triple mutants, and three of them 55 

were analyzed (Extended Data Fig.2). The triple mutant (MiMe) could not be 56 

distinguished from the wild-type CY84 based on its growth or morphology (Extended 57 
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Data Fig.3). To test whether the meiosis was turned into a mitotic-like division, we 58 

investigated the male meiotic chromosome behavior in both wild type and MiMe. In 59 

the wild-type CY84 (Extended Data Fig.4a-f), 12 bivalents were scattered at 60 

diakinesis and aligned along the equatorial plate at metaphase I. The 12 pairs of 61 

homologous chromosomes separated at anaphase I and produced tetrad spores after 62 

the second meiotic division. In MiMe (Extended Data Fig.4g-i), 24 univalents were 63 

found in diakinesis and aligned at metaphase I. In anaphase I, 24 pairs of chromatids 64 

segregated into two groups and produced dyads of spores, suggesting that the meiosis 65 

has been turned into a mitotic-like division. We next examined the ploidy of spores of 66 

MiMe by performing fluorescent in situ hybridization (FISH) analyses using a 5S 67 

rDNA-specific probe, which identifies chromosome 11 of rice. Only one signal was 68 

observed in CY84 spores (n=30), while two signals were constantly observed in 69 

MiMe spores (n=40, Fig. 1b), showing that diploid gametes were generated in MiMe. 70 

We also investigated the fertility of MiMe mutant and found that the panicle seed 71 

setting rate in MiMe was ~81.2% (n=4043), which is comparable to that of wild type 72 

(~79.1%, n=3876), (Fig.1c, Table 1), suggesting that simultaneously editing of these 73 

three genes do not obviously affect fertility in this hybrid variety. The ploidy of the 74 

progeny of MiMe plant was investigated by flow cytometry and all (n=123) were 75 

found to be tetraploid plants (Fig.1d, Table 1). Further, we found that these progenies 76 

(n=123) retained completely the heterozygosity of their parent CY84 for 10 tested 77 

Insertion-deletion (Indel) makers (Fig.1e). And these progenies of MiMe displayed 78 

reduced fertility, increased grain size and elongated awn length compared to wild type, 79 
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all of which being typical characteristics of tetraploid rice (Fig.1f). These results show 80 

that the MiMe phenotype can be rapidly introduced into hybrid rice varieties using 81 

CRISPR/Cas9 genome editing technique. 82 

MiMe clonal gametes participate in normal self-fertilization, giving rise to 83 

progeny with doubled ploidy. This ploidy doubling must be prevented to achieve 84 

apoximis. Recently, it was reported that the MATRILINEAL (MTL) gene, a 85 

sperm-specific phospholipase, triggers haploid induction in maize7,8. To test whether 86 

the homologous gene could be manipulated to induce haploid in self-fertilized hybrid 87 

rice, we edited the MTL gene in CY84 (Fig. 2a). 11 of 32 transformed plants were 88 

identified as frameshift mutants, and three of them were analyzed (Extended Data 89 

Fig.5). The mtl mutants showed normal vegetative growth (Extended Data Fig.3), but 90 

the seed-setting rates significantly reduced to ~11.5% (n=5180, Fig. 2b, Table 1). 12 91 

Indel markers (1 per chromosome) that were polymorphic between the two parents 92 

were used to determine the genotype of the progenies of mtl plants (Extended Data 93 

Table1). In the wild-type CY84 progeny, no plants homozygous at all markers were 94 

found (n=220, Table 1). In contrast, 11 plants among 248 mtl progenies appeared to be 95 

homozygous for all markers (Fig. 2c, Table 1). Flow cytometry results showed that 9 96 

of these plants were indeed haploid, while 2 were diploid, presumably resulting from 97 

spontaneous doubling of haploid embryos (Fig. 2d, Table 1). To further classify the 98 

genotype of those identified plants, the whole genomes of 2 haploids, 2 doubled 99 

haploids of mtl progenies, and 2 offspring plants of wild-type CY84 were resequenced 100 

with a depth of 30-fold. A total of 78,909 single nucleotide polymorphisms (SNPs) 101 
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that differed between two parents were screened out for detailed genotype analysis. 102 

Whole genome sequencing revealed that the haploids and doubled haploids were 103 

homozygous at all loci (Fig. 2e), and recombinant compared to the parental genome, 104 

suggesting that they are respectively derived from a single gamete. The haploid plants 105 

showed reduced plant height, decreased glume size and loss of fertility, while the 106 

doubled haploid plant displayed normal vegetative and reproductive growth (Fig. 2f). 107 

The results demonstrated that haploid plants can be generated by self-fertilization of 108 

hybrid varieties. 109 

Since turning meiosis into mitosis and paternal genome elimination is possible in 110 

self-fertilized hybrid rice, we next test the possibility of inducing heterozygosity 111 

fixation without additional crossing in hybrid rice by simultaneously editing four 112 

genes, namely OSD1, PAIR1, REC8 and MTL in CY84 (Fig. 3a-b). Among 22 113 

transgenic plants, three were identified by DNA sequencing as osd1/pair1/rec8/mtl 114 

quadruple mutants (namely Fix, Fixation of hybrids) and used for further analysis 115 

(Extended Data Fig.6). The Fix mutants grew normally during the vegetative stage 116 

(Fig. 3c). During reproductive stage, the male meiotic chromosome behavior was 117 

investigated and found to be indistinguishable from that of MiMe (Extended Data 118 

Fig.4j-l). The panicle seed setting percentage was found to be ~4.5% (n=5850) (Table 119 

1, Fig. 3c), which is slightly lower than that of the mtl mutant. In the progeny 120 

seedlings, the ploidy was investigated using flow cytometry. Among 145 progeny of 121 

Fix mutants, 136 were identified as tetraploid and 9 as diploid (Fig. 3d, Table 1). To 122 

investigate whether the heterozygosity was fixed in these diploid offspring, the 123 
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genomes of 2 diploid and 2 tetraploid offspring plants of Fix were resequenced with 124 

an average of 30× coverage. Bioinformatic analysis revealed that all the 78,909 125 

SNPs were heterozygous in both these diploid and tetraploid progeny plants, and were 126 

thus genetically identical to the hybrid rice CY84 (Fig. 3e). Finally, we investigated 127 

the phenotype of the potential clonal plants of Fix. All these 9 diploid plants displayed 128 

normal glume size and awn length, and showed a reduced seed setting (~10%, 129 

n=2726), which were similar to their parent Fix plants (Fig. 3f). Taken together, the 130 

diploid progeny of Fix plant displayed the same ploidy, the same heterozygous 131 

genotype, and the similar phenotype with the parent Fix plants, implying that Fix is 132 

able to produce clonal seeds and fix the heterozygosity of hybrid rice.  133 

Our findings revealed that hybrids can be self-propagated through seeds by 134 

targeted editing of four endogenous genes in rice hybrid varieties. Simultaneous 135 

editing of REC8, PAIR1 and OSD1 genes does not have obvious adverse effects on the 136 

growth and reproduction of the hybrid. On contrast, the MTL gene used to induce 137 

paternal genome elimination has impacts on rice fertility and is not fully penetrant; 138 

further work is thus required to allow this technology to reach the rice fields. However, 139 

the findings in this study revealed a strategy to fix heterozygosity in rice. Considering 140 

the establishment of multiplex genome editing technology in many other crops along 141 

with the conservation of these four genes, the strategy might extend heterosis 142 

application in agriculture. 143 

  144 
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Methods 145 

Plasmid construction. The plasmids expressing the CRISPR/Cas9 system were 146 

constructed via the isocaudamer ligation method, as previously described11. The 147 

modified single guide RNAs (sgRNAs) scaffold and ACTIN1 promoter-driven Cas9 148 

were used to increase the mutation rate in this study12. Briefly, the double-stranded 149 

overhangs of target oligoes (listed in Extended Data Table1) were ligated into the 150 

SK-sgRNA vectors digested with AarI. Then the sgRNAs of OSD1 (digested with 151 

KpnI and SalI), PAIR1 (digested with XhoI and BglII) and REC8 (digested with 152 

BamHI and NheI) were assembled into one pC1300-ACT:Cas9 binary vector 153 

(digested with KpnI and XbaI) using T4 ligase to obtain the vector 154 

pC1300-ACT:Cas9-sgRNAOSD1-sgRNAPAIR1 -sgRNAREC8 for generation of MiMe. 155 

The sgRNA of MTL (digested with KpnI and NheI) was assembled into 156 

pC1300-ACT:Cas9 binary vector (digested with KpnI and XbaI) to obtain the vector 157 

pC1300-ACT:Cas9-sgRNAMTL for generation of mtl. The sgRNA of MTL (digested 158 

with KpnI and NheI) was assembled into 159 

pC1300-ACT:Cas9-sgRNAOSD1-sgRNAPAIR1-sgRNAREC8 vector (digested with KpnI 160 

and XbaI) to obtain the vector pC1300-ACT:Cas9-sgRNAOSD1-sgRNAPAIR1- 161 

sgRNAREC8-sgRNAMTL for generation of Fix. 162 

Rice transformation and growth conditions. The hybrid rice Chunyou 84 (CY84) 163 

was used as the host variety in this study. The generation of transgenic rice, by 164 

Agrobacterium-mediated transformation with the strain EHA105, was performed by 165 

the Biogle company (Hangzhou, China). 166 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/496042doi: bioRxiv preprint first posted online Dec. 13, 2018; 

http://dx.doi.org/10.1101/496042


9 
 

The T0 generation of transgenic plants were grown in the transgenic paddy fields 167 

of the China National Rice Research Institute in Hangzhou, China (at N 30.32
。

, E 168 

120.12
。

) in the summer of 2017. The T1 plants were grown in greenhouse in the 169 

winter of 2017. 170 

Detection of genome modifications. Genomic DNA was extracted from 171 

approximately 100 mg of rice leaf tissue via the CTAB method. PCR was conducted 172 

with KOD FX DNA Polymerase (Toyobo, Osaka, Japan) to amplify the genomic 173 

regions surrounding the target sites. The primers are listed in Extended Data Table1. 174 

The fragments were sequenced by the Sanger method and decoded by the degenerate 175 

sequence decoding method13. 176 

Cytological analyses. Young panicles of meiosis stage were harvested and fixed in 177 

Carnoy’s solution (ethanol:glacial acetic, 3:1). Microsporocytes undergoing meiosis 178 

were squashed in an acetocarmine solution. Slides were frozen in liquid nitrogen and 179 

the coverslips were removed with a blade quickly. Chromosomes were counterstained 180 

with 4’,6-diamidinophenylindole (DAPI) in an antifade solution (Vector Laboratories, 181 

Burlingame, CA). Microscopy was conducted using an Olympus BX61 fluorescence 182 

microscope with a microCCD camera. 183 

Fluorescence in situ hybridizaiton (FISH) analysis was conducted as described 184 

previously14. The plasmid pTa794 was used as FISH probe to quantify the 5S rDNA. 185 

Genotyping with Indel Markers. Insertion-deletion (Indel) markers to distinguish 186 

genotypes of heterozygote and homozygote were designed based on the 187 

whole-genome sequences of C84 and 16A. The primers are listed in Extended Data 188 
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Table1. The genotyping was performed by normal PCR program using 2× Taq Master 189 

Mix (Novoprotein Scientific, China), and the PCR products were detected using 5% 190 

agarose gels. 191 

Flow cytometry determination of DNA content in leaf cell nuclei. The ploidy of 192 

leaf cell was determined by estimating nuclear DNA content using flow cytometry. 193 

All procedures were done at 4 ºC or on ice. Approximately ~ 2 cm2 of leaf tissue was 194 

chopped using a new razor blade for 2 to 3 minutes in 1 ml LB01 Buffer (15 mM Tris, 195 

2 mM Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCl, 20 mM NaCl, 196 

0.1% Triton X-100, 15 mM -mercaptoethanol, pH 7.5, filter through a 0.22 m 197 

filter). The homogenate was filtered through the 40-μm nylon filter followed by 198 

centrifugation (1200× rpm, 5 min) to collect the nuclei. The supernatant was 199 

discarded and the pellet was resuspended with 450 μL of fresh LB01 Buffer, then 25 200 

μl of 1 mg/ml propidium iodide (PI, Sigma P4170) and 25 μl of 1 mg/ml DNase-free 201 

RNase A (Sigma V900498) were added to stain the DNA. The stained samples were 202 

incubated on ice in darkness for 10 minutes prior to analysis. The samples were 203 

analyzed using BD Accuri C6 flow cytometer, with the laser illumination at 552 nm 204 

and 610/20 nm filter. The gating strategy was provided in Supplementary Information. 205 

Samples with the same result of CY84 were deemed as diploids, which the first peak 206 

of relative fluorescence at ~100 (x10,000). And the samples with the first peak of 207 

relative fluorescence at ~50 (x10,000) were deemed as haploids, while samples with 208 

the first peak of relative fluorescence at ~200 (x10,000) were deemed as tetraploids. 209 

Whole genome re-sequencing and genotype calling. The 150-bp paired-end reads 210 
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were generated by Illumina Hiseq2500, covering approximately an average depth of 211 

30× for each sample. The short-read sequence data have been deposited in the NCBI 212 

Sequence Read Archive (SRP149641, SRP149677). The raw paired-end reads were 213 

first filtered into clean data using NGSQCtookit v2.3.315. The cutoff value for 214 

PHRED quality score was set to 30. Clean reads of each accession were aligned 215 

against the rice reference genome (IRGSP 1.0) using the software SOAPaligner ( soap 216 

version 2.21) 16 with the parameters of ‘-m 200, -x 1000, -l 35, -s 42, -v 5’ and ‘–p 8’. 217 

To get high-quality SNPs, reads that could be mapped to different genomic positions 218 

were excluded by SOAPsnp17. Uniquely mapped single-end and paired-end results 219 

were used in the SNP calling. Genotype calling was carried out in the whole genome 220 

region using these SNPs which are heterozygous in the parent. The window size (the 221 

number of n consecutive SNPs in a window) was 0.1 K. And the recombination map 222 

was constructed for each chromosome. 223 

Data availability. Whole genome sequencing data are deposited in the NCBI 224 

Sequence Read Archive (SRP149641, SRP149677). Patent applications have been 225 

filed relating to work in this manuscript. 226 
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Table1 Ploidy analysis of the progeny of CY84, MiMe, mtl and Fix lines 274 

 275 
       

  Line Seed setting percentage 
Progeny 

tested 

Haploid+DH 

(%) 

Diploid 

(%) 

Tetraploid 

(%) 

  #1 77.2% (1151/1490) 65 0 65 0 

CY84 #2 81.3% (951/1170) 73 0 73 0 

  #3 79.1% (962/1216) 82 0 82 0 

  #1 81.9% (1178/1439) 35 0 0 35 (100%) 

MiMe #2 79.2% (877/1108) 43 0 0 43 (100%) 

  #3 82.1% (1228/1496) 45 0 0 45 (100%) 

 #1 9.1% (101/1103) 77 6+0 (7.8%) 71 0 

mtl #2 13.6% (217/1601) 90 2+1 (3.3%) 87 0 

  #3 11.3% (280/2476) 81 1+1 (2.5%) 79 0 

 #1 3.7% (63/1725) 39 0 2 (5.1%) 37 

Fix #2 5.2% (124/2373) 64 0 3 (4.7%) 61 

  #3 4.3% (76/1752) 42 0 4 (9.5%) 38 
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 277 

Figure 1|Turning meiosis into mitosis in hybrid rice variety Chunyou84 (CY84). 278 

a, Schematic diagram of the structure of CRISPR/Cas9 vector targeting OSD1, PAIR1 279 

and REC8. b, The chromosomes of CY84 and MiMe were probed by 280 

digoxige-nin-16-dUTP-labled 5S rDNA (red signal, indicated with white arrow) in 281 

spores, showing one signal in wild-type CY84 and two signals in MiMe. Scale bars, 5 282 

m. c, Panicles of wild-type CY84 and MiMe. The fertility of MiMe is as high as that 283 

of wild-type CY84. Scale bars, 2 cm. d, Ploidy analysis of CY84 (left) and the 284 
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progeny of MiMe (right) by flow cytometry, which is found to be diploid and 285 

tetraploid, respectively (Table 1). e, Genotype analysis of the paternal C84, maternal 286 

Chunjiang 16A (16A), hybrid variety Chunyou84 (CY84) and the progeny siblings of 287 

MiMe. 10 Indel markers distributed on chromosomes 1 and 8 were used to identify the 288 

genotype of the offspring of MiMe. Positions of markers (brown) and centromeres 289 

(black) are indicated along the chromosomes. For each marker, plants carrying the 290 

C84 allele are in red, plants carrying the 16A allele are in blue, while plants with both 291 

C84 and 16A alleles appear in yellow. Each row represents one plant, and each 292 

column indicates a locus. f, Panicles and grain shape of CY84 and the progeny of 293 

MiMe. The progeny of MiMe displayed reduced fertility, increased glume size and 294 

elongated awn length. Scale bars, 2 cm. 295 
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 297 

Figure 2|Generation of haploid inducer line by editing the MTL gene in hybrid 298 

rice variety CY84. a, Schematic diagram of the structure of CRISPR/Cas9 vector 299 

targeting MTL. b, Panicles of the WT and mtl in CY84 background. The fertility was 300 

decreased in mtl, white arrow indicates aborted seed, and red arrow shows fertile seed. 301 

Scale bars, 2 cm. c, Determination of the genotype of haploids, doubled haploids (DH) 302 

and recombinant inbred diploids (RID) using 12 Indel markers (1 per chromosome). 303 

Plants homozygous at all markers in the progeny siblings of mtl were identified as 304 

haploid or DH. d, Ploidy analysis of the haploid and DH by flow cytometry (Table 1). 305 

e, Whole genome sequencing of the haploid, DH and RID plants. 12 blocks represent 306 

12 chromosomes. The SNPs of C84 allele are in red, the SNPs of 16A allele are in 307 

blue, and co-existence of both alleles are in yellow. f, Panicles of wild-type CY84 and 308 

mtl progeny, including RID, haploid and DH plants. Scale bars, 2 cm. 309 
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 311 

Figure 3|Fixation of rice heterozygosity by multiplex gene editing in hybrid rice 312 

variety CY84. a, The model of fixation of heterozygosity of hybrid. In normal sexual 313 

reproduction (left), recombinant inbred embryos are generated by fusion of 314 

recombined haploid gametes. The clonal reproduction strategy (right) is based on two 315 

components: meiosis is turned into mitosis to produce clonal diploid gametes (MiMe), 316 

and the genome of male gamete is eliminated by knocking out the MTL gene. The 317 

progeny of self-fertilized Fix is genetically identical to the hybrid parent. b, 318 

Schematic diagram of the structure of CRISPR/Cas9 vector simultaneously targeting 319 

OSD1, PAIR1, REC8 and MTL. c, Comparison of the morphology and panicles of 320 

CY84 and Fix (osd1 pair1 rec8 mtl). The fertility was decreased in Fix. An aborted 321 

seed is indicated with white arrow, and a normally developed seed is indicated with 322 

red arrow. Scale bars, 5 cm. d, Ploidy analysis of the progeny of Fix by flow 323 

cytometry, including tetraploid (left) and diploid (right), respectively. e, Whole 324 

genome sequencing of the diploid and tetraploid progenies of Fix. The SNPs of C84 325 
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allele are in red, the SNPs of 16A allele are in blue, and co-existence of both alleles 326 

are in yellow. 12 blocks represent 12 chromosomes. The diploid and tetraploid 327 

progenies of Fix are heterozygous, identical to CY84. f, Comparison the morphology 328 

and panicles of wild-type CY84 and the diploid progeny of Fix. Both plants were 329 

grown in the glasshouse. The clonal Fix displayed normal growth except the reduced 330 

fertility, which is similar to that of parent Fix plant. Scale bars, 5 cm. 331 
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A male-expressed rice embryogenic trigger 
redirected for asexual propagation through seeds
Imtiyaz Khanday1,2, Debra Skinner1, Bing Yang3, Raphael Mercier4 & Venkatesan Sundaresan1,2,5*

The molecular pathways that trigger the initiation of embryogenesis 
after fertilization in flowering plants, and prevent its occurrence 
without fertilization, are not well understood1. Here we show in rice 
(Oryza sativa) that BABY BOOM1 (BBM1), a member of the AP2 
family2 of transcription factors that is expressed in sperm cells, has 
a key role in this process. Ectopic expression of BBM1 in the egg 
cell is sufficient for parthenogenesis, which indicates that a single 
wild-type gene can bypass the fertilization checkpoint in the female 
gamete. Zygotic expression of BBM1 is initially specific to the male 
allele but is subsequently biparental, and this is consistent with 
its observed auto-activation. Triple knockout of the genes BBM1, 
BBM2 and BBM3 causes embryo arrest and abortion, which are fully 
rescued by male-transmitted BBM1. These findings suggest that the 
requirement for fertilization in embryogenesis is mediated by male-
genome transmission of pluripotency factors. When genome editing 
to substitute mitosis for meiosis (MiMe)3,4 is combined with the 
expression of BBM1 in the egg cell, clonal progeny can be obtained 
that retain genome-wide parental heterozygosity. The synthetic 
asexual-propagation trait is heritable through multiple generations 
of clones. Hybrid crops provide increased yields that cannot be 
maintained by their progeny owing to genetic segregation. This 
work establishes the feasibility of asexual reproduction in crops, 
and could enable the maintenance of hybrids clonally through seed 
propagation5,6.

Understanding the molecular pathway that underlies the initia-
tion of embryogenesis by a fertilized egg cell is a major unresolved 
problem in plant development1. In animals, the initiation of embryo-
genesis depends upon defined maternal factors7. In plants, two con-
trasting models have been proposed: one suggests that the two parental 
genomes contribute equally8, whereas the other considers that the 
maternal genome has the primary role in early embryogenesis9,10. The 
identity and parental origin of the specific factors in plants that trigger 
zygotic development are as yet undetermined. We have previously used 
rice to elucidate transcriptome dynamics during the zygotic transition11 
and found that BABY BOOM (BBM)-like transcription factors of the 
APETALA 2/ETHYLENE RESPONSE FACTOR (AP2/ERF) superfam-
ily12 are expressed in zygotes after fertilization, which suggests a poten-
tial role in the initiation of embryogenesis (Extended Data Table 1a). 
BBM genes from Arabidopsis thaliana and Brassica napus can ectopi-
cally induce somatic embryos13; however, a role for these genes in the 
initiation of zygotic embryos has not been established2. We first deter-
mined that ectopic expression of BBM1—a BBM-like gene expressed 
in rice zygotes—also resulted in somatic embryos, both by examining 
their morphology and by using embryo marker genes (Extended Data 
Fig. 1a–d). Because BBM1 expression increases with the age of the 
zygote11 (Extended Data Table 1a), we investigated whether its expres-
sion is autoregulated, by inducing a constitutive BBM1–glucocorticoid 
receptor (GR) fusion in somatic tissues using dexamethasone (DEX) 
(Extended Data Fig. 1e). Quantitative PCR after reverse transcription 
(RT–qPCR), using allele-specific primers, showed that the expression 
of endogenous BBM1—but not the BBM1-GR fusion transgene—was 

highly induced after 24 h of DEX treatment (Extended Data Fig. 1f–h).  
This expression was maintained in the presence of the protein- 
biosynthesis inhibitor cycloheximide (CYC), indicating that BBM1 auto- 
activation is likely to be direct (Extended Data Fig. 1h). Auto-activation 
might be a conserved feature of BBM genes, because B. napus BABY 
BOOM can activate the expression of Arabidopsis BBM14.

Our previous study of hybrid zygote transcriptomes11 indicated that, 
although most zygotic transcripts were from the female genome, a few 
de novo transcription factors—including BBM1—had male-derived 
transcripts. We used RT–PCR amplification across single nucleotide 
polymorphisms (SNPs) in BBM1 to confirm that, at 2.5 h after pol-
lination (HAP) (corresponding to karyogamy), only the male BBM1 
allele is expressed in reciprocal crosses of indica and japonica cultivars11 
(Extended Data Fig. 2a). These results were confirmed in isogenic 
zygotes in the japonica Kitaake cultivar. We reciprocally crossed wild-
type plants to transgenic plants that carried a translational fusion of the 
BBM1 genomic locus to GFP (BBM1-GFP) (Extended Data Fig. 2b). 
Zygotes at 2.5 HAP displayed GFP expression only if the BBM1-GFP 
transgene was transmitted from the male parent (Fig. 1a). Consistent 
with this observation, in BBM1-GFP selfed progeny, GFP was detected 
in only about half of the zygotes, instead of the three-quarters ratio 
that would be expected if there is no parent-of-origin bias (Fig. 1a). 
Subsequently, GFP expression can be detected from the female allele 
in 6.5 HAP zygotes, corresponding to mid-to-late G2 phase (Extended 
Data Fig. 2c, d). Because BBM1 is capable of auto-activation of its own 
promoter (Extended Data Fig. 1h), the late expression of BBM1 from 
the female allele might result from earlier expression of BBM1 from 
the male allele. Other redundantly acting BBM genes might also con-
tribute to this delayed activation (see below). BBM1 expression con-
tinues through the later stages of embryo development (Extended Data 
Fig. 2e). In gametes, BBM1 RNA can be detected by RT–PCR in sperm 
cells but not in egg cells (Extended Data Fig. 2f), which is consistent 
with RNA sequencing data15 (Extended Data Table 1a). Furthermore, 
the BBM1–GFP fusion protein was expressed in sperm cells, which 
suggests that both transcription and translation of BBM1 can occur in 
male gametes before fertilization (Extended Data Fig. 2g).

The expression of BBM1 specifically from the male genome after 
fertilization, together with its capability to induce somatic embryogen-
esis, suggested that BBM1 could be a trigger of embryo development in 
the zygote (Extended Data Fig. 3a). In naturally apomictic (asexually 
reproducing) Pennisetum squamulatum, an apospory-specific locus 
contains multiple copies of a BABY BOOM-like gene that is expressed 
in egg cells before fertilization and induces parthenogenesis16,17. 
However, it is not known whether the BBM protein from the apomict 
has evolved novel capability in functional domains and interactions 
with other factors16,17, or whether parthenogenesis might simply be 
a consequence of the expression pattern. To test whether wild-type 
rice BBM1 could initiate embryo development without fertilization, 
we ectopically expressed BBM1 under an Arabidopsis egg-cell-specific 
promoter (pDD45)18 that has previously been shown to confer egg-cell 
expression in rice19 (Extended Data Fig. 3b, c). In emasculated flowers, 
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we observed embryonic structures without endosperm development 
(Fig. 1b) in around 12% (n = 98) of ovules of pDD45::BBM1 trans-
formants (hereafter referred to as BBM1-ee, to denote BBM1-egg-cell 
expressed); these structures were absent in wild-type ovules (n = 109). 
Thus, the expression of a single wild-type transcription factor, BBM1, 
can overcome the requirement of fertilization for embryo initiation 
by an egg cell. The observation that a wild-type gene from a sexually 
reproducing plant is sufficient to induce parthenogenesis when mis- 
expressed suggests that asexual reproduction could potentially evolve 
from the altered expression of existing genes within the sexual pathway.

Loss-of-function mutants of BBM-like genes in Arabidopsis and 
related plants have no embryonic phenotypes; consequently, their 
functions in early embryogenesis are as yet undefined2. Of the mul-
tiple BBM-like genes in rice, at least three—BBM1, BBM2 and BBM3 
(Os11g19060, Os02g40070 and Os01g67410, respectively)—are con-
sistently expressed in early zygotes (Extended Data Table 1a). We used 
the CRISPR–Cas9 system to generate bbm1 bbm3 and bbm2 bbm3 
double mutants (Extended Data Fig. 4a, b), both of which were fully 
fertile. Crossing the double mutants and selfing (Extended Data Fig. 4c; 
see Methods) yielded no bbm1 bbm2 bbm3 triple homozygous plants 
(n = 52). However, BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 plants were 
recovered and selfed (Extended Data Fig. 4d). Analysis of the progeny 
showed that approximately 36% failed to germinate (Extended Data 
Table 1b). Genotyping of the germinated seedlings suggested that the 
viability of the bbm1 bbm2 bbm3 triple-mutant seeds was severely 
affected (2 out of 191 viable compared with the expected 48 out of 191; 
Extended Data Table 1b). BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 seed-
lings were also under-represented, which suggests that the viability 
of this genotype is also compromised (Extended Data Table 1b). A 
subset of the non-germinating seeds could be genotyped using their 
endosperm, and were found to be either homozygous or heterozygous 

for bbm1 but not homozygous for BBM1 (Extended Data Fig. 4e). The 
two bbm1 bbm2 bbm3 triple homozygotes showed normal growth with 
no obvious vegetative or floral defects and produced normal seed sets, 
indicating that the BBM1–BBM3 genes are not required for post-em-
bryonic development. However, their progeny seeds failed to germinate 
(Extended Data Fig. 4f), confirming the requirement of BBM1–BBM3 
genes for seed viability.

To test whether the parent of origin affects seed viability, we per-
formed reciprocal crosses of BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 
to BBM1/BBM1 bbm2/bbm2 bbm3/bbm3 plants. When the mutant 
bbm1 allele was provided by the male parent, approximately 31% of 
the bbm1/BBM1 progeny seeds failed to germinate (Extended Data 
Table 1c), whereas all progeny germinated when the bbm1 allele was 
inherited from the female parent (Extended Data Table 1d). Thus, 
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Fig. 1 | Paternal expression of BBM1 in zygotes. a, Paternal allele-
specific expression of BBM1 in isogenic zygotes at 2.5 HAP. Expression 
of BBM1 fused to a GFP reporter was detected by antibody staining. GFP 
expression is observed only when BBM1–GFP is transmitted by the male 
parent (n = 20 for each panel, χ2 test P = 0.039). Left, n = 11/20; middle, 
n = 9/20; right, n = 0/20. Red arrows point to zygote nuclei. WT, wild 
type. Scale bars, 25 µm. b, Development of parthenogenetic embryos 
(red arrowhead) by egg-cell-specific expression of BBM1 in carpels of an 
emasculated BBM1-ee plant at nine days after emasculation (n = 12/98). 
In the absence of fertilization, endosperm development is not observed 
(black arrow). In fertilized control wild-type (4 days after pollination 
(DAP)) carpels, the development of both embryo (em; red arrowhead) and 
endosperm (en; black arrow) is observed (n = 30). Scale bars, 100 µm.
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seed viability depends upon a functional BBM1 allele from the male 
parent, consistent with male-specific expression of BBM1 in zygotes. 
Next we investigated the embryo phenotypes of bbm2 bbm3 prog-
eny seeds segregating for the bbm1 mutation. The bbm1 bbm2 bbm3 
embryos were either arrested early or underwent growth by cell divi-
sion without any corresponding developmental patterning (Fig. 2a). By 
contrast, embryos that were heterozygous (BBM1/bbm1 bbm2/bbm2 
bbm3/bbm3) showed a range of phenotypes—from normal to delayed 
development (Fig. 2b)—as well as the early arrest or unstructured 
growth phenotypes observed in the triple mutant (Fig. 2b, Extended 
Data Fig. 4g). This range of phenotypes might occur by partial rescue 
from late expression of the female BBM1 allele. Additionally, BBM4 
(Os04g42570)—a fourth BBM-like gene that also shows detectable 
expression in male gametes (Extended Data Table 1a)—might provide 
sufficient residual function for partial rescue. The recovery of around 
0.7% of the bbm1 bbm2 bbm3 triple homozygous plants is consistent 
with the hypothesis of residual BBM function being provided by BBM4 
(Extended Data Table 1b).

Together, these data suggest that male-genome-derived expression 
of BBM1—acting redundantly with other BBM genes—triggers the 
embryonic program in the fertilized egg cell. Subsequent activation 
of expression of the female BBM1 allele by the male BBM1 results in 
biallelic expression, with both parental alleles eventually contributing 
to embryo patterning and organ morphogenesis (Fig. 2c). BBM-like 

genes have been shown to promote regeneration from tissue culture, 
suggesting that they act as pluripotency factors20. Our study supports 
a model in which the requirement of fertilization to initiate embryo-
genesis in rice arises from the dependency of the zygote on the male 
gamete for the expression of pluripotency factors after fertilization. 
This is in contrast to embryogenesis in vertebrate animals, in which 
pluripotency factors are maternally provided7. As demonstrated below, 
the requirement for fertilization can therefore be bypassed by driving 
the expression of one such factor from the female gamete.

Haploid plants are efficient tools for the acceleration of plant breeding,  
because homozygous isogenic lines can be produced in one generation 
after chromosome doubling21. The expression of BBM1 in the egg cell 
initiated parthenogenesis in emasculated flowers (Fig. 1b), but the seeds 
aborted in the absence of endosperm (Extended Data Fig. 3d). Self-
pollinated T1 progeny from BBM1-ee transgenic plants were analysed 
to determine whether endosperm development by fertilization could 
produce viable seeds containing parthenogenetically derived haploid 
embryos. We identified haploids by their small size compared with their 
diploid siblings, as well as by their sterile flowers owing to defective 
meiosis22 (Fig. 2d, e, Extended Data Fig. 5a–d). The ploidy of hap-
loid T1 plants was confirmed by flow cytometry (Fig. 2f). The haploid 
induction frequency was 5–10% (T1 plants) and reached around 29% 
in homozygous T2 line 8C—this frequency was maintained through 
multiple generations (Extended Data Table 2a). Thus, misexpression of 
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Fig. 3 | Characterization of asexually derived (apomictic) haploids 
and diploids. a, An S-Apo haploid (left; n = 45) and S-Apo diploid (right; 
n = 57) panicle undergoing anthesis. Scale bars, 1 cm. b, Comparison of 
wild-type (left), S-Apo diploid (middle; n = 57/381) and sexual tetraploid 
(right; n = 324/381) progeny plants. Scale bars, 5 cm. c, d, Schematics 
showing the difference between natural meiosis and MiMe. Whereas 
meiosis and fertilization produce recombined haploid gametes and 
diploid progeny, MiMe leads to the formation of diploid gametes that are 
clones of the mother plant. Parthenogenesis of a diploid egg cell produces 
clonal progeny and fertilization of diploid gametes leads to 4n sexual 

progeny. e, Flow-cytometric DNA histograms for ploidy determination 
of S-Apo plants. An S-Apo haploid (1n, top, n = 30), an S-Apo diploid 
progeny of a diploid S-Apo parent showing a 2n peak (middle; n = 26) 
and a sexual tetraploid progeny of a diploid S-Apo parent shows a 4n peak 
(bottom; n = 90). The x axis is the measure of relative fluorescence and 
the y axis shows the number of nuclei. f, Chromosomal view showing 57 
heterozygous SNPs (position in Mb) identified in the T0 S-Apo mother 
plant of line 1. The SNPs labelled in red are those additionally confirmed 
by PCR.
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the wild-type BBM1 gene in the egg cell is sufficient for the production 
of haploid plants.

Crop yields can be improved markedly by the use of F1 hybrid plants 
that exhibit enhanced vigour (‘hybrid vigour’). If meiosis and fertiliza-
tion are bypassed, hybrids could be propagated through seeds without 
segregation. Asexual propagation through seeds—known as apo-
mixes—is known to occur naturally in more than 400 species, although 
not in the major crop plants23,24. The development of a method to intro-
duce apomixis into crop plants has been described as ‘the holy grail of 
agriculture’5 as it can enable fixation of hybrid vigour and stabilization 
of superior heterozygous genotypes in breeding programs6,25. A genetic 
approach called MiMe, which eliminates recombination and substitutes 
mitosis for meiosis (Fig. 3c, d), has been reported in Arabidopsis3 and 
rice4. In MiMe, a triple knockout of the meiotic genes REC8, PAIR1 and 
OSD1 produces unrecombined diploid male and female gametes. We 
tested the possibility that BBM1-ee-induced parthenogenesis in rice 
combined with MiMe could result in asexual propagation through seeds 
(Extended Data Fig. 5f). The three rice MiMe genes4 were subject to 
genome editing by CRISPR–Cas9 in haploid and diploid plants carry-
ing the BBM1-ee transgene (Extended Data Fig. 6a). Unlike BBM1-ee 
haploids, the MiMe + BBM1-ee haploids were fertile (Extended Data 
Fig. 6c, d) with normal anther development (Fig. 3a), suggesting that 
meiosis was successfully replaced by mitosis. Self-pollination of MiMe 
plants invariably results in doubling of the chromosome number22, 
so the progeny of haploid MiMe plants should be diploid (double 
haploid). However, we obtained haploid progeny from two MiMe + 
BBM1-ee (hereafter denoted S-Apo, for Synthetic-Apomictic) haploid 
mother plants at frequencies of 26% and 15%, due to parthenogen-
esis (Fig. 3e, top, Extended Data Table 2b). These haploid induction 
frequencies were maintained for the next two generations (Extended 
Data Table 2b). These results show that haploid S-Apo plants can be 
propagated asexually through seeds. Additionally, the sexual T1 dou-
ble-haploid (2n) progeny from the haploid S-Apo plants yielded both 
diploid and tetraploid plants in the T2, T3 and T4 generations; the for-
mer class is expected from the successful asexual propagation of double 
haploids (Extended Data Table 2b).

For the clonal propagation of diploid S-Apo plants, we obtained two 
fertile transformants with the requisite six null mutations in three MiMe 
genes (Extended Data Fig. 7a, b). Diploid MiMe rice plants have been 
previously shown—despite reduced seed sets—to produce exclusively 
tetraploid progeny by sexual reproduction and no diploids4 (Extended 
Data Fig. 6c). However, we obtained diploids at frequencies of 11% and 
29% (Extended Data Table 2b) from the progeny of two diploid S-Apo 
(that is, MiMe + BBM1-ee) T0 transformants (Fig. 3b–e, Extended Data 
Fig. 6e). The rest of the progeny were tetraploid (Fig. 3e). The progeny 
of a control MiMe diploid plant were all determined to be tetraploid 
(Extended Data Fig. 6b, c). Because T1 diploid progeny of T0 diploid 
S-Apo parents are predicted to arise from the parthenogenesis of unre-
duced female gametes, they should be clonal with the parent and should 
not exhibit genetic segregation. The T1 diploids were propagated, and 
two more generations (T2 and T3) of diploid clones were identified by 
flow cytometry screening.

To demonstrate clonal propagation, we performed whole-genome 
sequencing on a diploid T0 S-Apo mother plant (line 1), two diploid 
T1 progeny, two T2 diploid progeny of diploid T1 plants and a con-
trol untransformed wild-type plant. Analysis for sequence variants 
identified 57 heterozygous SNPs in unique sequences distributed over 
the genome in the T0 mother plant (Fig. 3f, Supplementary Table 1) 
that are non-variant in the wild-type plant (see Methods). These 57 
SNPs were determined to be heterozygous in all four T1 and T2 diploid 
progeny sequenced. The probability of any single progeny retaining 
heterozygosity by random segregation for just a subset of 22 unlinked 
SNPs on different chromosome arms is P = 2.4 × 10−7. The mainte-
nance of heterozygosity at all 57 loci for two generations confirms that  
the diploid progeny are clonally generated by asexual reproduction. The 
T0 S-Apo mother (line 1) is additionally biallelic for mutations in the 
PAIR1 and REC8 genes, as were all T1, T2 and two T3 diploid progeny 

tested (Extended Data Fig. 7a). For SNP validation, 11 randomly 
selected SNPs were amplified by PCR followed by Sanger sequencing26 
and found to be conserved in the T0 mother plant and all the T1, T2 and 
T3 progeny tested (Extended Data Fig. 8). The second diploid S-Apo 
transformant (line 5) is biallelic for all three MiMe genes (Extended 
Data Fig. 7b) and also heterozygous for one of the 11 SNPs confirmed 
by PCR for line 1. Five T1 diploid progeny carried an identical set of 
alleles to the T0 mother (Extended Data Fig. 7b). The probability that all 
five progeny would inherit heterozygosity at these four loci by random 
segregation is P = 1.8 × 10−5. These findings from an independently 
generated apomictic parent provide further support for successful 
clonal propagation.

This study demonstrates that asexual propagation without genetic 
segregation can be engineered in a sexually reproducing plant, and 
illustrates the feasibility of clonal propagation of hybrids through seeds 
in rice. Seed formation in this system still requires fertilization to make 
endosperm (Extended Data Fig. 5f). This endosperm is expected to be 
hexaploid owing to fertilization of a tetraploid central cell by a diploid 
sperm cell, whereas the parthenogenetic embryo is diploid, giving a 
3:1 ploidy ratio. This deviation from the normal 3:2 ploidy ratio of 
endosperm to embryo does not appear to be consequential for viability  
or seed size (Extended Data Fig. 6f, g). Additionally, the clonally prop-
agated seeds preserve the 2:1 maternal-to-paternal genome ratio in 
endosperm that is required for seed viability27,28. To engineer a com-
pletely asexual system involving autonomous endosperm formation 
may not be straightforward in a sexually reproducing crop, and nor is 
it essential, as many natural apomicts also form seeds with fertilized 
endosperm23. The efficiency of clonal propagation in our system is in 
part limited by the frequency of parthenogenesis, which could poten-
tially be improved in the future, for example with different promoters. 
An important factor to consider for future rice-breeding strategies is 
that genome-wide heterozygosity may be less critical for yield than 
the incorporation of specific alleles that exhibit full or partial domi-
nance29,30. Nevertheless, hybrids can provide a rapid route to higher 
yields from favourable gene combinations, and have been extensively 
exploited in maize. Because homologous BBM-like and MiMe genes are 
found in other cereal crops, including maize2,20, the methods described 
here for asexual propagation through synthetic apomixis should be 
generally extendible to most cereal crops.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0785-8.
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Methods
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Plant materials and growth conditions. Rice cultivar Kitaake (O. sativa L. subsp. 
japonica) was used for transformations for raising transgenic lines and as a wild-
type control. Wild-type, mutant and transgenic seeds were germinated on half-
strength Murashige and Skoog’s (MS) medium31 containing 1% sucrose and 0.3% 
phytagel in a growth chamber for 12 days, under a 16 h light:8 h dark cycle at 28 
°C and 80% relative humidity. Seedlings were then transferred to a greenhouse and 
grown under natural light conditions in Davis, California.
Chemical treatments. Two-week-old wild-type and BBM1-GR seedlings were 
treated with 0.1% ethanol as mock, 10 µM DEX (Sigma-Aldrich), or 10 µM CYC 
(Sigma-Aldrich) alone or in combination with 10 µM DEX in liquid half-strength 
MS31 salts. Seedlings that were of a similar size and had the same number of leaves 
were selected for the treatments. Individual biological replicates were constructed 
using similar leaf samples collected from four different plants, collected for RNA 
isolation after 24 h. CYC treatments were started 30 min before the DEX treatment 
in the samples that were treated with both reagents.
Plasmid constructs. Full-length coding sequence (CDS) of BBM1 was amplified  
from cDNAs made from rice calli using two sets of primers (KitB1F1 5′- 
CGGATCCATGGCCTCCATCACC-3′, KitB1R1 5′-CCTTCGACCCCA 
TCCCAT-3′ and KitB1F2 5′-GGATGGGATGGGGTCGAAG-3′, KitB1R2 
3′-GGTACCAGACTGAGAACAGAGGC-3′). The two fragments were fused 
together by an overlap PCR. The overexpression construct (BBM1-ox) was 
created by cloning BBM1 coding sequence in pUN vector32 (Extended Data 
Fig. 1a). To create the BBM1–GR plasmid (Extended Data Fig. 1e), BBM1 cod-
ing sequence without the stop codon was cloned in pUGN vector32 for trans-
lational fusion with rat glucocorticoid receptor33. The whole BBM1 locus, 
approximately 3kb upstream sequences and the transcribed region until the 
stop codon were PCR-amplified in two fragments from genomic DNA using 
two primer pairs: pB1F1 5′-CTCGAGGTCAACACCAACGCCATC-3′, pB1R1  
5′- GAAGTCCTCCAGCTTCGGCGC-3′ and pB1F2 5′-TTGATTGTGTTGATG 
TGCAGAGTGGGG-3′, pB1R2 5′-CTCGAGCGGTGTCGGCAAAACC-3′. 
The two fragments were joined at a unique restriction enzyme site, NotI, present 
downstream of the start codon in the sequence. The whole locus was moved to 
a pCAMBIA1300 vector already containing Arabidopsis histone H2B, eGFP and 
nopaline synthase gene terminator (Extended Data Fig. 2b). The construct for 
egg-cell-specific expression of BBM1 was made by cloning BBM1 downstream to 
Arabidopsis DD45 promoter18 and upstream of the nopaline synthase terminator 
(Extended Data Fig. 3b) in pCAMBIA1300.

For genome editing of BBM1, BBM2 and BBM3 genes, single-guide 
RNA (sgRNA) sequences 5 ′-GGAGGACT TCCTCGGCATGC-3 ′ , 
5′-GTATGCAATATACTCCTGCC -3′ and 5′-GACGGCGGGAGCTGATCCTG 
-3′, respectively, were designed by using the web tool https://www.genome.ari-
zona.edu/crispr/ as described34. The sgRNAs were cloned in pENTR-sgRNA 
entry vector. The binary vectors for plant transformations (pCRISPR BBM1 + 
BBM3, pCRISPR BBM2 + BBM3 and pCRISPR BBM1 + BBM2 + BBM3) were 
constructed by Gateway LR clonase (Life Technologies) recombination with 
pUbi–Cas9 destination vector as described35. Three candidate genes (OSD1, 
Os02g37850; PAIR1, Os03g01590 and REC8, Os05g50410) for creating MiMe 
mutations in rice were selected as previously described4 and sgRNAs sequences 
5′-GCGCTCGCCGACCCCTCGGG-3′, 5′-GGTGAG GAGGTTGTCGTCGA-3′ 
and 5′-GTGTGGCGATCGTGTACGAG-3′, respectively, for CRISPR–Cas9-based 
knockout were designed as described34. Vector pCAMBIA2300 MiMe CRISPR–
Cas9 (Extended Data Fig. 6a) for plant transformations was constructed as 
described35, except the resistance marker in the destination vector pUbi–Cas9 was 
changed to kanamycin (Neomycin Phosphotransferase II). pCAMBIA2300 MiMe 
CRISPR–Cas9 was transformed in embryogenic calli derived from pDD45::BB-
M1#8c haploid inducer lines (Extended Data Fig. 3b). Rice transformations were 
carried out as previously described36 at the University of California-Davis plant 
transformation facility. T0 plants were grown in a greenhouse and screened for 
MiMe mutations. T1 plants obtained from seeds were subjected to ploidy deter-
mination and genotyping for MiMe mutations.
Generating bbm1 bbm2 bbm3 mutants. Rice embryogenic calli were transformed 
with pCRISPR BBM1 + BBM3, or pCRISPR BBM2 + BBM3. The transformants 
that carried the bbm1 bbm3 and bbm2 bbm3 double mutations generated by 
genome editing (Extended Data Fig. 4a, b) did not show any phenotypic abnor-
malities and were fertile. The two double mutants were crossed and selfed; however, 
no bbm1 bbm2 bbm3 triple-homozygous plants were recovered in the F2 generation 
(Extended Data Fig. 4c). However, plants heterozygous for BBM1 (bbm1/BBM1) 
but homozygous mutant for both bbm2 and bbm3 could be recovered, and their 
progeny were analysed in detail (Extended Data Fig. 4d).

Genotyping. Genotyping of BBM1, BBM2 and BBM3 mutants was carried out  
by PCR-amplifying DNA at the mutation site with primers BBM1 SeqF 5′- 
TTGATTGTGTTGATGTGC-3′ BBM1 SeqR 5′-GAGAGACGACCTACTTG 
GTGAC-3′; BBM2 SeqF 5′-TAGCTAGCTTGTTAATAGATCATAG-3′, 
B B M 2  S e q R  5 ′ - T C ATAT C T C AG T G T G ATAG T C T G - 3 ′ ;  a n d 
BBM3  S eqF 5 ′ -ATGCTGCTGCTC C GAGAAG-3 ′ ,  BBM3  S eqR 
5′-GCTTAGTGCTCCAAACCTCTC-3′. Sanger sequencing26 of the three PCR 
amplicons of 464 bp, 262 bp and 547 bp, respectively, for the three genes was  
carried out at the University of California-Davis DNA-sequencing facility. Because 
a 1-bp deletion mutation in BBM1 disrupted an SphI restriction-enzyme site 
(Extended Data Fig. 4d), all further genotyping of BBM1 for mutational anal-
ysis was performed with restriction digestion of the PCR amplicon with SphI 
(Extended Data Fig. 4e). For genotyping developing seeds of 5 DAP onwards, 
endosperm was used for genotyping and embryos were collected for mutant phe-
notype analysis. DNA fragments at the mutation sites of three MiMe genes were 
PCR-amplified with primers OSD1 F 5′-TTACTTGGAAGAGGCAGGAGCC 
-3′, OSD1 R 5′-ACCTTGACGACTGACGTGATGTC-3′; PAIR1 F 5′-GTGG 
TGTGGTGTGT TCAGGAG-3 ′ ,  PAIR1  R  5 ′ -TGGAATCCCCAA 
TCAGTAAGGCAC-3′; and REC8 F 5′-GCACTAAGGCTCTCCGGAATTCTC-3′, 
REC8 R 5′-AATGGATCAAGGAGGAGGCACC-3′. PCR amplicons of 364 bp, 
344 bp and 326 bp—for OSD1, PAIR1 and REC8, respectively—were subjected to 
Sanger sequencing26 for mutation analysis.
Emasculation, crosses and pollinations. Flowers from BBM1-ee T0 transgenic 
rice lines were emasculated around the anthesis stage, bagged and allowed to grow 
for another nine days after emasculation. Carpels were collected and fixed for 
analysis in formaldehyde (10%)–acetic acid (5%)–ethanol (50%). A translational 
fusion consisting of the BBM1 genomic locus to GFP (BBM1–GFP; Extended Data 
Fig. 2b) was introduced into the inbred japonica (Kitaake) cultivar by transfor-
mation. Plants hemizygous for the BBM1–GFP transgene were then reciprocally 
crossed to wild-type plants. Flowers from wild-type or BBM1–GFP transgenic 
plants were hand-pollinated around the anthesis stage and carpels were collected 
2.5 and 6.5 HAP.

For phenotypic analysis of mutant embryos, self-pollinated flowers from 
mutant plants were scored for anthesis, and collected 5 or 10 DAP. For crosses of 
bbm1 bbm3 and bbm2 bbm3 plants, only T2 progeny plants in which the CRISPR–
Cas9 transgene had already segregated out were used as parents. For all crosses 
of bbm1 bbm3 with bbm2 bbm3 plants, and for the reciprocal crosses between 
BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 and BBM1/BBM1 bbm2/bbm2 bbm3/bbm3 
plants, panicles used as females were emasculated and bagged with pollen donor 
panicles. The bags were gently finger-tapped (twice a day) for the next two days. 
Male panicles were removed, and female panicles were left bagged to make seeds. 
F1 seeds were collected four weeks after pollination.
Immunohistochemistry and toluidine blue staining. Owing to the difficulty 
of imaging GFP fluorescence in early rice zygotes through the carpel tissue, we 
used antibodies against GFP to detect zygote expression in sectioned rice carpels. 
Collected carpels were fixed in formaldehyde (10%)–acetic acid (5%)–ethanol 
(50%). Tissue embedding and sectioning was performed as described previously37. 
Immunohistochemistry was carried out using standard protocols38, except an anti-
gen-retrieval step was also included. Antigen retrieval was performed by micro-
waving the slides in 10 mM sodium citrate buffer (pH 6.0) for 10 min. Rabbit 
anti-GFP antibody ab6556 (Abcam) was used as the primary antibody and goat 
anti-rabbit alkaline phosphatase conjugate A9919 (Sigma) was used as the second-
ary antibody. For toluidine blue staining, after rehydration, sections crosslinked to 
glass slides were stained with 0.01% toluidine blue for 30 s.
Flow cytometry. Nuclei for fluorescence-activated cell sorting (FACS) analysis 
were isolated by a leaf-chopping method described previously39. The isolated nuclei 
were stained with propidium iodide at 40 µg ml−1 in Galbraith’s buffer. FACS 
analysis and DNA-content estimation was carried out using a Becton Dickinson 
FACScan system using standard protocols40,41. DNA histograms were gated out 
for the initial debris.
Alexander staining of pollen grains. Stamens were collected just before anthesis. 
Anthers were put on a glass slide in a drop of Alexander’s stain containing 40 µl of 
glacial acetic acid per millilitre of stain42. Anthers were covered with a coverslip 
and slides were heated at 55 °C on a heating block, until the visible staining of 
pollen was observed.
Library preparation and sequencing. PCR-free DNA libraries were prepared 
from a wild-type Kitaake control plant, the T0 S-Apo line 1 mother plant, two T1 
and two T2 progeny clones from S-Apo line 1 with 500 ng of input DNA, using 
NuGEN Celero DNA-Seq kit, following the manufacturer’s instructions. Samples 
were multiplexed and six libraries per lane were run on Illumina HiSeq platforms 
at the University of California-Davis Genome Center.
Whole-genome DNA sequencing and statistical analysis. Adaptor removal and 
quality trimming of 150-bp paired-end reads was performed using Trimmomatic 
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0.3843 resulting in 13–16 gigabases of sequence for each library. The reads were 
aligned to the O. sativa reference genome (Nipponbare, Release 7.0)44 using bwa 
mem45. To discover variants that were heterozygous in the T0 mother plant (line 
1), the variant finder GATK4.0 HaplotypeCaller was used in single-sample mode46 
and selecting only for SNPs. Repeated elements of the genome were masked from 
analysis using annotated repeats from http://www.phytozome.org (Osativa_323_
v7.0.repeatmasked_assembly_v7.0.gff3). Variants were retained for analysis after 
filtering on the basis of mapping quality (MQ = 60), QualByDepth (QD >2), 
StrandOddsRatio (SOR <1.8), unfiltered read depth (10 ≤ DP ≤ 40) and fraction 
of the alternate allele (0.4 ≤ DP ≤ 0.6), with the expectation that a truly heterozy-
gous locus should show roughly equal numbers of read counts for each allele. To 
increase certainty that the set of loci included only true heterozygous SNPs, loci 
which were called heterozygous in the wild-type sample were also discarded. This 
strategy guards against instances in which incorrect read-mapping over multi-
copy regions lead to spurious designation of loci as heterozygous, even though it 
is likely that we also discarded true heterozygous loci in the process. A final list 
of 60 high-quality heterozygous SNPs at 57 loci were analysed for segregation in 
the four progeny clones (T1 clone A, T1 clone B, T2 clone 7 and T2 clone 21). All 
SNPs were called heterozygous by HaplotypeCaller in all the progeny samples 
(Supplementary Table 1).

For statistical analysis of genetic ratios: Either a chi-square goodness-of-fit test 
or a two-tailed Fisher’s exact test was carried out wherever applicable, and the result 
specified in the legend of the relevant figure or table.
RT–PCR and RT–qPCR. All the cDNAs were synthesized using the iScript 
cDNA synthesis kit (BioRad) according to the manufacturer’s instructions. 
RT–PCRs were performed with MyTaq Red Mix (Bioline) and RT–qPCRs 
with iTaq universal SYBR Green supermix (BioRad) using CFX96 Touch real-
time PCR system (BioRad). UBIQUITIN5 (Os03g13170) was used as the 
internal control and fold changes in the relative abundance of transcripts were 
calculated as described previously47. For RT–qPCR, amplifications for each 
gene were performed in two biological replicates, and each biological replicate 
was repeated in three technical replicates for each sample. For BBM1, BBM1 
RT F 5′-TACTACCTTTCCGAGGGTTCG-3′ was used in combination with 
B1RNAi R 5′-GATATC CCAGACTGAGAACAGAGGC -3′ to detect endoge-
nous transcript and with GR RT R 5′-TCTTGTGAGACTCCTGCAGTG-3′ to 
detect BBM1-GR transgenic transcript in RT–qPCR experiments. BBM1intronF 
5′-GTGGCAGGAAACAAGGATCTG-3′ with B1RNAi R which spanned an intron 
was used in RT–PCR experiments. For other genes tested in this study, the following 
primer combinations were used: LEC1A F 5′-GACAGGTGATCGAGCTCGTC-3′, 
LEC1A R 5′-CTCTTTCGATGAAACGGTGGC-3′; LEC1B F 5′-ACAGC 
AGCAGAATGGCGATC-3′, LEC1B R 5′-CTCATCGATCACTACCTGAACG-3′; 
GE F 5′-CAGGAGCACAAGGCGAAGCG-3′, GE R 5′-CTTCGCCTGGATCT 
CCGGGTG-3′; OSH1 F 5′-GAGATTGATGCACATGGTGTG-3′, OSH1 R 5′- 
CGAGGGGTAAGGCCATTTGTA-3′; and UBIQUITIN5 F 5′-ACCACTTCGA 
CCGCCACT-3′, UBIQUITIN5 R 5′-ACGCCTAAGCCTGCTGGTT-3′.
SNP analysis. Detection of SNPs in BBM1 transcripts from hybrid zygotes 
was performed by PCR of 2.5 HAP zygote cDNAs from reciprocally crossed 
rice japonica cultivar Kitaake and indica cultivar IR50, as described previ-
ously11. Primers B1RNAi F 5′-CCTCGAGCAACTATGGTTCGCAGC-3′ 
and B1RNAi R, which amplified a gene-specific fragment of about 600 bp of 
BBM1, contains 5 SNPs between Kitaake and IR50 (Extended Data Fig. 2a). 
The PCR amplicons were Sanger-sequenced26 and chromatograms were ana-
lysed for SNPs. For detection of heterozygous SNPs present in the S-Apo 
mother plants and their progeny, 50 ng of input DNA was used for each PCR 
reaction. Sanger-sequenced26 PCR chromatograms were analysed for the pres-
ence of SNPs. The primers for 11 SNPs analysed are: 1 Chr2 F 5′-TGGGTGCCA 
CGTTATCTAGG-3′, 1 Chr2 R 5′-GGATTTGGCTACCCTCAAGCT-3′; 2 
Chr2 F 5′-GAATGGGCAACTAACAACCGTG-3′, 2 Chr2 R 5′-ACCGTG 
GAAAGGAACAGCTG-3′; 1 Chr3 F 5′-TGCTGAAGGTGACGTTGATCTG-3′, 
1 Chr3 R 5′-CGACGCCAACGAGAAGGA-3′; 2 Chr3 F 5′-GCTCCAGTGCTA 

GAGAGACATC-3′, 2 Chr3 R 5′-AGCCACCCAGTAACCGTTG-3′; Chr4 
F 5′-GATTGGCAAACCAGCTACTGC-3′, Chr4 R 5′-CTGATGGCAAG 
CTGTTGGC-3′; Chr5 F 5′-ATGATCTGCTGCTTGTTTCAATGC-3′, Chr5 R 
5′-TATCCTTCAAGCACCACTGCC-3′; Chr6 F 5′-ACTAATGGGACCACT 
TGACAGC-3′, Chr6 R 5′-TCAGCCTGAGATGGCTTGG-3′; Chr8 F 
5 ′-CAGACTGTGGGACGCTACATG-3 ′ ,  Chr8 R 5 ′-AGAAGATCT 
GGGCAGCAGTC-3′; Chr9 F 5′-GCTGCACCTGTTAGCTATGTGA-3′, Chr9 R 
5′-AGCATCCCAAAAGCACACATG-3′; Chr10 F 5′-TCAGCAGCCTAAGGTT 
GAAGG-3′, Chr10 R 5′-CTGCTGCTGCTTCATGATCAC-3′; and Chr11 F 5′- 
GCAGGAACTATTGCCTCTCATGA-3′, Chr11 R 5′-TCAGTCTCATAGCGCA 
CCAC-3′.
Code availability. Codes for the different analyses are available for non-commer-
cial use from the corresponding author upon request.
Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
Whole-genome DNA sequencing data for S-Apo line 1 mother plant, the four prog-
eny clones from two generations, and the Kitaake wild-type control are available 
from National Center for Biotechnology Information (NCBI) BioProject number 
PRJNA496208. RNA sequencing data from previously published datasets11,15 are 
available from the NCBI Short Read Archive as Project SRP119200 and from the 
NCBI Gene Expression Omnibus under accession number GSE50777.
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Extended Data Fig. 1 | BBM1-induced somatic embryogenesis and 
auto-activation. a, Schematic of binary construct between T-DNA borders 
used for ectopic expression (BBM1-ox). b, Somatic embryo-like structures 
induced by BBM1 ectopic expression in rice leaves (n = 14/20 transgenic 
lines). Scale bar, 1 cm. Inset, magnified view of a somatic embryo; scale 
bar, 0.5 mm. Fourteen of the twenty transgenic plants raised showed the 
development of such embryo-like structures observed on adult seedlings 
from the fourth leaf onwards. c, Confirmation by RT–PCR of ectopic 
BBM1 expression in leaf tissues of transgenic lines. BBM1 is not expressed 
in wild-type leaves (n = 2 independent replicates). d, RT–PCR of embryo 
marker genes to confirm the embryo identity of somatic embryos induced 
by BBM1 overexpression. OsH1, O. sativa HOMEOBOX1; LEC1, LEAFY 
COTYLEDON1 (n = 2 independent biological replicates). e, Schematic 

of plasmid construct for DEX-inducible BBM1–GR expression system. 
f, Schematic showing primer combinations to distinguish between 
endogenous BBM1 and BBM1-GR fusion transcripts. g, RT–qPCR for 
fold changes in BBM1-GR fusion transcript in samples treated for 24 h 
with the indicated reagents, showing essentially no differences between 
treatments. n = 2 independent biological replicates (see Methods), data are 
mean ± s.e.m. and each data point represents the average fold change from 
three replicates. h, Autoactivation of BBM1 in samples treated with DEX 
for 24 h, detected by RT–qPCR. n = 2 independent biological replicates 
(see Methods), data are mean ± s.e.m. and each data point represents the 
average fold change (measured as log2(change in expression)) from three 
replicates.
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Extended Data Fig. 2 | BBM1 expression in zygotes and gametes.  
a, Five SNPs sequenced after RT–PCR amplification (red arrows), showing 
expression only from the male allele in hybrid (J, japonica; I, indica) 2.5 
HAP zygotes (n = 2 biological replicates). b, Schematic of the BBM1-GFP 
binary construct. c, Immunohistochemistry showing expression from both 
male and female BBM1 alleles in isogenic 6.5 HAP zygote nuclei (n = 20), 
as compared to male-specific expression at 2.5 HAP (Fig. 1a). Scale bars, 
25 µm. d, Holistic view of a 6.5 HAP embryo sac showing BBM1–GFP 
expression in the zygote nucleus (left), while in the same embryo sac 
expression is not detected in the dividing endosperm (right). zg, zygote. 

n = 20. Scale bar 100 µm. e, BBM1–GFP expression in globular-stage rice 
embryos (white arrowhead, n = 30). Differential interference contrast 
image (left); fluorescence image (right panel). Scale bars, 200 µm.  
f, RT–PCR showing BBM1 expression in sperm cells; however, the 
transcript is not detected in egg cells (n = 2 independent biological 
replicates). Primers used for detecting BBM1 transcript span an intron 
(see Methods). g, BBM1–GFP expression in sperm cells (white arrowhead 
points to sperm nuclei, n = 20). Differential interference contrast image 
(left) and fluorescent image (right) of a germinating pollen grain showing 
BBM1–GFP expression in the two sperm cell nuclei.
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Extended Data Fig. 3 | Parthenogenesis induction by expression of 
BBM1 in the egg cell. a, Schematic showing wild-type expression pattern 
of BBM1. b, Sketch of T-DNA region of the binary vector used for BBM1 
expression in the egg cell. c, Schematic representation of the hypothesis 
that the expression of BBM1 in the egg cell can induce parthenogenesis. 

d, A degenerating parthenogenetic embryo (BBM1-ee) at 9 days after 
emasculation (red arrowhead). No endosperm development (black arrow) 
is observed in emasculated carpels, leading to the abortion of embryos 
(n = 12/98). Scale bar, 100 µm.
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Extended Data Fig. 4 | CRISPR–Cas9 edited mutations in BBM1, BBM2 
and BBM3 in rice. a, DNA sequences of mutations in bbm1/bbm1 bbm3/
bbm3 plants. b, DNA sequences of mutations in bbm2/bbm2 bbm3/bbm3 
plants. a and b were chosen as parents for crosses to generate the bbm1 
bbm2 bbm3 triple homozygous mutants shown in c and d. c, Mutations in 
the F1 progeny plant. It is heterozygous for BBM1 and BBM2, and biallelic 
for BBM3. d, Mutations in the F2 progeny plant used for genetic analysis. 
The plant is heterozygous for BBM1 with a 1-bp deletion. The BBM2 locus 
has a homozygous 25-bp deletion and 1-bp substitution, and the BBM3 
locus is a homozygous mutant with 1-bp insertion. e, Genotyping of non-
germinating seeds (n = 8). The 1-bp deletion mutation in BBM1 results 

in disruption of an SphI restriction site. f, Seed lethality in bbm1 bbm2 
bbm3 triple homozygous plants. Top, germinating one-week-old wild-type 
seeds (n = 30). Scale bars, 1 cm. A magnified view is shown on the right. 
Bottom, non-germinating seeds of bbm1 bbm2 bbm3 triple homozygous 
plants (n = 70). A zoomed-in image of a non-germinating bbm1 bbm2 
bbm3 seed, one week after plating, is shown on the bottom right. No 
seedling emerged from the embryo site (red arrowhead).  
g, Additional image of a BBM1/bbm1 heterozygous bbm2/bbm2 bbm3/
bbm3 homozygous 10 DAP embryo (n = 3/53) showing no organ 
formation, similar to triple homozygote phenotype (see Fig. 2a). Scale bar, 
100 µm.
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Extended Data Fig. 5 | Haploid induction and synthetic apomixis. 
Haploids shown are derived from BBM1-ee diploids by parthenogenesis.  
a, A control diploid sibling panicle with fertile florets (n = 442 plants). 
Scale bar, 1 cm. b, A haploid panicle with infertile florets (n = 113  
plants). Scale bar, 1 cm. c, Differences in floret and floral organ sizes  
between haploid and control diploid. Left, BBM1-ee haploid; right,  
wild-type control (n = 20). Scale bars, 1 mm. d, Pollen viability in  
haploids as assessed by Alexander staining. Top, control wild-type anther 
with viable pollen (n = 10). Bottom, BBM1-ee haploid anther with  
non-viable pollen (n = 20). Scale bars, 0.5 mm (left) and 200 µm (right).  
e, f, Sexual reproduction compared with asexual reproduction through 

seed (synthetic apomixis). e, Schematic representation of sexual 
reproduction. Gametes form by meiotic recombination and division; 
fertilization and gamete fusion give rise to diploid progeny. f, Synthetic 
apomixis. MiMe omits meiosis and gives an unrecombined and unreduced 
(2n) egg cell. The 2n egg cell is converted parthenogenetically into a 
clonal embryo by BBM1-ee. The endosperm forms in both pathways 
by fertilization of central cell (homodiploid in wild type, tetraploid 
in synthetic apomicts) by a sperm cell (haploid in wild type, diploid 
in synthetic apomicts). The maternal:paternal genome ratio of 2:1 is 
maintained in the endosperm in both the pathways, ensuring normal seed 
development.
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Extended Data Fig. 6 | Asexual propagation through seed in rice.  
a, Top, schematic of the CRISPR–Cas9 plasmid construct used for genome 
editing of the three MiMe rice genes. Bottom, schematic of genome-
integrated pDD45::BBM1 in the BBM1-ee plants. b, DNA histogram of 
flow cytometric peak showing 4n ploidy in T1 progeny (n = 33/33 tested) 
of a control T0 MiMe plant. c, Left, panicle of a control T0 diploid MiMe 
plant with fertile seeds. Middle, a tetraploid T1 MiMe panicle, exhibiting 
complete infertility; that is, no seed filling, and larger flowers (note scale 
bars), with awns (white arrowhead). Awns are normally suppressed in 
most japonica rice cultivars including Kitaake. All T1 MiMe progeny 
(n = 139) were scored for the phenotype of complete infertility and 
presence of awns, including 33 plants that were additionally confirmed 
in b by flow cytometry. Right, panicle of an S-Apo haploid plant showing 

fertile seeds (n = 45). Scale bars, 2 cm. d, Wild-type and S-Apo haploid 
anthers, showing viable pollen (n = 15). Scale bars, 0.2 mm (top) and 100 
µm (bottom). e, Comparison of panicles from wild type (left), with diploid 
clonal progeny (57/381) and sexual tetraploid progeny (n = 324/381) 
from a diploid S-Apo plant (right). The white arrowheads show awns in 
tetraploid. Scale bars, 2 cm. f, Size comparison of progeny seeds from 
control wild type, a synthetic S-Apo haploid, a control MiMe, a synthetic 
S-Apo diploid clone, and an infrequent (3%) filled seed produced by the 
sexual tetraploid progeny of an S-Apo diploid (n = 100 for each genotype). 
Scale bar, 2 mm. g, Comparison of seed size between control MiMe, 
diploid S-Apo line 1, diploid S-Apo line 5 and double-haploid S-Apo line 
DH2 (n = 100 for each transgenic line). No noticeable variation in seed 
size is observed. Scale bars, 2 mm.
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Extended Data Fig. 7 | MiMe mutations and confirmation of clonal 
progeny from S-Apo plants. a, Sequence chromatograms at mutation 
sites of MiMe genes in wild-type, T0 diploid S-Apo mother plant and 
two diploid progeny from each of T1, T2 and T3 generations of S-Apo 
line 1 (n = 7). Red arrows point to mutation sites. PAIR1 and REC8 are 
biallelic whereas OSD1 is homozygous. b, Sequences of the T0 S-Apo 

mother plant and five T1 S-Apo diploid progeny at MiMe mutation sites 
and one heterozygous SNP in apomixis line 5 (n = 6). Red arrows show 
the mutation sites or SNP. All three MiMe mutations—OSD1, PAIR1 and 
REC8—are biallelic. All progeny across different generations in both the  
S-Apo lines have same mutations as the T0 mother plants, indicating 
absence of segregation and thus clonal propagation.
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Extended Data Fig. 8 | Confirmation of SNPs by PCR. Sequence 
chromatograms of 11 SNPs are shown for wild-type, T0 diploid S-Apo 
mother plant and two diploid S-Apo progeny from each of the T1, T2 and 
T3 generations for line 1 (n = 7). All the 11 SNPs were found to be present 

in the T0 mother plant and all the progeny across different generations, 
confirming that there is no segregation; thus clonal propagation. The red 
arrows show the location of the SNP. Chr, chromosome; the numbers 
indicate the position on the respective chromosome.
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Extended Data Table 1 | Functional characterization of BBM genes in rice

a, Expression of four BBM-like genes in rice gametes and zygotes from previous studies11,15 presented as reads per million averaged from three replicates. Z2.5, Z5 and Z9 columns are from isogenic 
japonica zygotes at 2.5, 5 and 9 HAP, respectively. J×I and I×J columns are hybrid zygotes from crosses, the female parent is listed first. EC, egg cell; I, indica; J, japonica; SpC, sperm cell; Z, zygote.  
b, Summary of seed viability in progeny of BBM1/ bbm1 bbm2/bbm2 bbm3/bbm3 mutant plants. A loss of viability was observed, as around 36% (106/297) of seeds fail to germinate. Of the germi-
nated seedlings, only 1% (2/191) were triple homozygotes, instead of the expected 25% if there is no effect of genotype on viability. c, d, Dependence of seed viability on paternal allele transmission 
of BBM1. c, When the bbm1 allele is transmitted by the male parent, around 27% of the genotyped heterozygotes fail to germinate (23/(23 + 62)), despite a functional BBM1 allele inherited from the 
female parent. d, All seeds germinate when the mutant bbm1 allele is transmitted by the female parent (n = 67).
*The chi-square value for goodness-of-fit between the expected Mendelian 1:2:1 ratio and the observed data is 68.623; the corresponding right-tail P value is 1.714 × 10−15.
**The two-tailed Fisher’s exact test P value is 0.0001, for the genotyped non-germinating seeds to contain all heterozygotes and no wild types.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Table 2 | Haploid induction and clonal propagation in rice

a, Haploid induction in BBM1-ee (pDD45::BBM1) transgenic plants. The T0 primary transformants were hemizygous for the BBM1-ee transgene. One diploid T1 plant 8c from transformant 8 was main-
tained as a haploid inducer line up to the T7 generation. b, Identification of synthetic haploid and diploid apomictic progeny from S-Apo (MiMe + BBM1-ee) plants of transformant line numbers 1 and 
2 (haploids), and line numbers 1 and 5 (diploids). For T2 and subsequent generations, propagation was performed by selecting from each generation, haploid and diploid progeny respectively. DH#2 
refers to a doubled haploid derived from self-pollination of T1 plants of the haploid apomixis line 2.

© 2019 Springer Nature Limited. All rights reserved.
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PERSPECTIVE

The Development of C4 Rice: Current
Progress and Future Challenges
Susanne von Caemmerer,1* W. Paul Quick,2 Robert T. Furbank3

Another “green revolution” is needed for crop yields to meet demands for food. The international
C4 Rice Consortium is working toward introducing a higher-capacity photosynthetic mechanism—
the C4 pathway—into rice to increase yield. The goal is to identify the genes necessary to install
C4 photosynthesis in rice through different approaches, including genomic and transcriptional
sequence comparisons and mutant screening.

Astheworld population races
toward 10 billion, agricul-
tural scientists are realizing

that another “green revolution” is
needed for crop yields to meet de-
mands for food. In rice, yield po-
tential is limited by the photosynthetic
capacity of leaves that, as carbohy-
drate factories, are unable to fill the
larger number of florets of modern
rice plants. One potential solution
is to introduce a higher-capacity
photosynthetic mechanism—the C4

pathway—into rice. This is the goal
of researchers in the international C4

Rice Consortium: to identify and en-
gineer the genes necessary to install
C4 photosynthesis in rice (1).

Rubisco, the primary CO2-fixing
enzyme in rice, is a poor catalyst of
CO2 at current atmospheric condi-
tions. It has a tendency of confusing
its substrate CO2with themore abun-
dant O2 as well as being a very slow
catalyst of CO2, turning over only
once or twice per second. Rubisco’s
oxygenase activity requires the re-
cycling of phosphoglycolate in the
photorespiratory pathway, resulting
in an energy cost and loss of previous-
ly fixed CO2. Many photosynthetic
organisms, including cyanobacteria,
algae, and land plants, have de-
veloped active CO2-concentrating
mechanisms to overcome Rubisco’s
inefficiencies (2). Among land plants,
this led to the development of C4

photosynthesis, a biochemical CO2-
concentrating mechanism. C4 pho-

tosynthesis arose multiple times in the past 60
million years in warm semi-arid regions, with early
occurrences coincidingwith low atmospheric CO2

in the late Oligocene (3). During C4 photosyn-
thesis, CO2 is fixed within specialized leaf tis-
sues known as mesophyll cells to produce C4

acids, which diffuse to and are decarboxylated

in another type of specialized tissue, the bun-
dle sheath cells. This process elevates the CO2

concentration in the bundle sheath and inhibits
Rubisco oxygenase activity, allowing Rubisco
to operate close to its maximal rate (Fig. 1). In
comparison with C3 crops such as rice, C4 crops
(such as maize and sorghum) have higher yields
and increased water- and nitrogen-use efficien-
cy (1, 4).

Building the C4 Machinery
In an evolutionary context, the transition from C3

to C4 photosynthesis has occurred independently
in more than 60 different plant taxa (3). Genomic
and transcriptional sequence comparisons of cell-

specific and leaf-developmental gradient trans-
cription profiles between closely related C3 and
C4 species are being used to identify C4-specific
regulatory genes (4). Combining this informa-
tion in parallel with screens of mutagenized C4

Sorghum bicolor and Setaria viridis along with
activation-tagged rice populations hopefully will

1Research School of Biology, Australian National University,
Canberra, ACT 0200, Australia. 2International Rice Research
Institute, Los Banos, Philippines, and University of Sheffield,
Sheffield S10 2TN, UK. 3High Resolution Plant Phenomics Cen-
tre, Commonwealth Scientific and Industrial Research Organi-
zation (CSIRO) Plant Industry, Canberra, ACT 2601, Australia.

*To whom correspondence should be addressed. E-mail:
susanne.caemmerer@anu.edu.au

Fig. 1. (A) C3 photosynthesis fixes atmospheric CO2 into C3 acids with Rubisco in single cells. (C) Two-cell C4
photosynthesis requires spatial separation of fixation of atmospheric CO2 into C4 acids and the donation of CO2 from
these C4 acids to Rubisco. Also shown are light microscopy images of transverse sections of leaves of (B) rice, a C3 plant,
and (D) sorghum, a C4 plant. The rice section shows vascular bundles with few chloroplasts and large numbers of
mesophyll cells between the vascular bundles typical for C3 species. The sorghum leaf section shows chloroplasts in
bundle sheath and only two or three mesophyll cells in between the vascular tissue typical of a C4 species.
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reveal candidate genes in the C3-to-C4 switch that
can be tested in transgenic rice and S. viridis (5).
Because C4 plants can carry out net CO2 assim-
ilation at very low CO2 levels whereas C3 plants
cannot (Fig. 2), we can use growth screens to
identify gain of function in activation-tagged rice
mutants and loss of function in S. viridismutants
(Fig. 2). We are also using the fact that C4 pho-
tosynthesis imparts a distinct carbon isotope sig-
nature on drymatter (6) in a loss-of-function screen
for C4 mutants.

A subset of genes required for the major bio-
chemical components and metabolite transport-
ers involved in the C4 pathway have been cloned
and coupled to suitable promoters to give cell-
specific expression in rice (7). Attempts to install
C4 photosynthesis in plants lacking the appropri-
ate anatomy show that a biochemical approach
alone will not be enough (8). Bundle sheath cells
in rice are smaller than in C4 plants and have less
chloroplasts, and there are a large number of
mesophyll cells between vascular bundles (Fig. 1)
(4). Promising mutants have been identified in
rice that show reduced vein spacing. Combined
with studies of sorghum, we are optimistic that
we will be able to identify the genes controlling
this aspect of anatomy (4, 7).

Lessons Learned and Future Challenges
Although C4 leaves have close veins and high
rates of photosynthesis, C4 photosynthesis is also

naturally supported around widely spaced veins
in maize husk tissue, albeit at lower rates (6).
Thus, a prototype C4 rice may be achievable with
a subset of C4 genes, but a “good” C4 rice will
require substantial fine tuning of biochemistry
and anatomy. Particularly intriguing is the need
for additional metabolite transport across mem-
branes of organelles in C4 photosynthesis (4). A
functional C4-concentrating mechanism in rice
would allow for an approximately two-thirds re-
duction in Rubisco levels, relative to wild-type
rice, but Rubisco would be sequestered in bundle
sheath cells and ideally have a greater catalytic
turnover rate (Fig. 2) (2). Antisense gene suppres-
sion of key photosynthetic enzymes has illumi-
nated C4 metabolism and engineering strategies,
including the surprising find that phosphorylation
of phosphoenolpyruvate (PEP) carboxylase by
the regulatory enzyme PEP carboxylase phos-
phokinase is not needed for C4 function (9). With
the adoption of the C4 model plant S. viridis—
with its short life cycle, small stature, and genome
size—along with advances in efficient transfor-
mation, we anticipate that muchmore will soon be
learned (5). We expect to have a C4 rice prototype
within 3 years. However, we estimate that another
15 years of research are required for optimization
of the phenotype and field testing for C4 rice to
become ready for cultivation in farmers’ fields.

NormanBorlaug’s green revolutionwas based
on just a handful of genes (10). However, the

need for even greater food plant production looms.
The promise of C4 rice has resulted in one of the
largest consortia of plant biologists pursuing a
common goal. We optimistically take on this chal-
lenge, anticipating that advances in our under-
standing of plant metabolism, and C3 and C4

photosynthesis in particular, will better serve hu-
manity in years to come.
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Fig. 2. (A) Modeled changes in CO2 assimilation rate in response to changes
in leaf intercellular CO2 partial pressure for C3 and C4 photosynthesis and for
a hypothetical C4 rice. Curves 1, 2, and 4 have Rubisco levels typically found
in a C4 leaf (10 mmol m−2 catalytic Rubisco sites). Curve 3 shows a typical
response for C3 leaves with three times the Rubisco level of C4 leaves. Curve
1 shows the response of a C4 leaf with C4 Rubisco kinetic properties. Curve 2
models how a C4 leaf with C3 Rubisco kinetic properties would respond (a
hypothetical C4 rice with C3 Rubisco kinetics). The comparison of these two

curves shows the increase in CO2 assimilation rate achieved with C4 com-
pared with C3 Rubisco kinetic properties within a functional C4 mechanism.
Arrows to curves 1 and 3 show intercellular CO2 partial pressures typical at
current ambient CO2 partial pressures for C4 and C3 photosynthesis. To
generate the curves, model equations were taken from (11) and comparative
Rubisco kinetic constants from (12). (B) Growth of 21-day-old rice and
S. viridis seedlings at different ambient CO2 concentrations ranging from 30
to 800 parts per million.
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An “ideal lignin” facilitates full biomass utilization
Yanding Li1,2, Li Shuai1,3, Hoon Kim1,4, Ali Hussain Motagamwala1,5, Justin K. Mobley1,
Fengxia Yue1,4, Yuki Tobimatsu1,4,6, Daphna Havkin-Frenkel7,8, Fang Chen9,10,
Richard A. Dixon9,10, Jeremy S. Luterbacher11, James A. Dumesic1,5, John Ralph1,2,4*

Lignin, a major component of lignocellulosic biomass, is crucial to plant growth and development but is a major im-
pediment to efficient biomass utilization in various processes. Valorizing lignin is increasingly realized as being essen-
tial. However, rapid condensation of lignin during acidic extraction leads to the formation of recalcitrant condensed
units that, along with similar units and structural heterogeneity in native lignin, drastically limits product yield and
selectivity. Catechyl lignin (C-lignin), which is essentially a benzodioxane homopolymer without condensed units,
might represent an ideal lignin for valorization, as it circumvents these issues. We discovered that C-lignin is highly
acid-resistant. Hydrogenolysis of C-lignin resulted in the cleavage of all benzodioxane structures to produce catechyl-
type monomers in near-quantitative yield with a selectivity of 90% to a single monomer.
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INTRODUCTION
Lignin is a polymeric material composed of phenylpropanoid subunits
and is one of the largest sources of naturally produced aromatics on the
planet. Because of its aromatic nature, lignin has a higher energy density
than polysaccharide polymers, as well as a higher potential commercial
value (1). However, because of lignin’s complexity, its efficient utiliza-
tion, either as a polymer or from its derivable small-molecule products,
is currently problematic (1–3).

Although mild depolymerization methods, such as oxidative (4, 5)
and hydrogenolytic (6–8) procedures, have produced encouraging
results in laboratory-scale experiments, their applicability in industrial
processes has been limited.Direct hydrogenolysis, that is, the hydrogena-
tion of unprocessed solid biomass by a heterogeneous metal catalyst,
remains one of the most promising methods for cleaving lignin’s ether
bonds and producing aromatic monomers in high yields (8–10). How-
ever, hydrogenolysis still suffers from product complexity issues. In
most wild-type biomass, the lignin polymer is composed of three phenyl-
propanoid subunits—p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S)—derived by combinatorial radical coupling from the three main
monolignols (p-coumaryl, coniferyl, and sinapyl alcohols). Although
H units are typically at low-levels, this results in at least three different
types ofmonomers (H,G, and S), eachwith a selection of side chains, as
the primary hydrogenolysis products, which makes monomer separa-
tion and utilization difficult. Lignin’s principal alkyl-aryl-ether units
with their b–O–4 interunit bonds (45 to 85%) can be selectively cleaved,
but other linkages including b–5 (1 to 12%), b–b (5 to 12%), 5–5 (1 to
9%), 4–O–5 (~2%), and b–1 (1 to 2%), which are also present in lignins,
remain largely uncleaved (8); carbon-carbon (C–C) and diaryl ether
(4–O–5) units typically result fromdimeric or higher oligomeric products.

The use of extracted lignins rather than whole biomass has the
advantage that thematerial can be fully dissolved in organic solvents,
facilitating catalyst recovery and continuous processing. However,
acidic industrial lignin fractionation is known to cause some b-ether
cleavage and condensation between units via the electrophilic substitu-
tion of acid-generated benzylic carbocation intermediates on the electron-
rich aromatic rings (7, 11), limiting depolymerization yields (Scheme 1A)
(12–14). There are some elegant solutions focusing on suppressing the
condensation reaction, either using a capping agent (7, 15) or using two-
step strategies (4, 5, 11). However, extra chemicals or catalysts are needed
to achieve this goal.

Bioengineered biomass could be used to achieve higher hydrogenoly-
sis yields and simpler product mixtures. For example, the recent use of
formaldehyde protection during lignin extraction from a high-S poplar
lignin (7, 16) that has up to 98% syringyl S units and ~90% b–O–4 link-
ages [from nuclear magnetic resonance (NMR) estimates] prevented
condensation reactions and allowed an unprecedentedly highmonomer
yield (78%) under hydrogenolytic conditions (7). However, even in this
high-S lignin, some 10% of the linkages are C–C bonds that do not
cleave. The use of formaldehyde to protect the lignin from condensation
reactions also resulted in some formaldehyde addition to the ring, com-
plicating the hydrogenolysis products with methyl-substituted aro-
matics. Without formaldehyde, the lignin extracted under acidic
conditions had significant condensation, thwarting the production of
monomers and resulting in a hydrogenolysis monomer yield of only
26% (7). Although new methods for displacing formaldehyde for the
protection from acid-catalyzed condensation reactions, retaining much
of the yield (70%) and producing a simplermonomermix, have recently
been revealed (17), extra protection chemicals remain necessary during
the lignin extraction.
RESULTS
An “ideal lignin” archetype
On the basis of the plethora of information stemming from the lignin
biosynthetic research community over the last decade, andwith the rev-
elations regarding lignins’ structural malleability from studies on lignin
pathway mutants and transgenics as well as on various “natural” plants
discovered to have unusual lignins, researchers have been able to
1 of 10
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contemplate designing lignins for improved utilization (18). It is now
a realistic juncture to posit the characteristics for an ideal lignin ar-
chetype for biomass processing. For the depolymerization of the
polymer tomonomers, lignin should have at least the following three
characteristics. First, if acidic pretreatment is used, then it should be
stable under acidic conditions to prevent condensation and the gen-
eration of undesired new C–C bonds. Second, it should contain only
ether (C–O) interunit linkages in its backbone so that it can be fully
depolymerized. Finally, it should be generated in planta from a single
phenylpropanoid monomer to allow the production of the simplest
array of compounds.
C

A

M1 M3

G
S

Scheme 1. Mechanisms for lignin condensation, C-lignin structure, andmonomerM
benzodioxane structure acts as a “shield” that can protect C-lignin from unwanted a
reaction of M1 to M3.

Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
We have reported the discovery of an unusual catechyl lignin
(C-lignin) present in the seed coats of vanilla (Vanilla planifolia)
(19) and various members of the Cactaceae of the genusMelocactus
(20). In this special case, the lack ofO-methyltransferase (OMT) activity
for conversion from catechyl C to guaiacyl G and, subsequently, on to
syringyl S, aromatic-level precursors, results in 100% C units in the cell
wall (CW). This C-lignin was, somewhat surprisingly, found to be
essentially a homopolymer synthesized almost purely by b–O–4 cou-
pling of caffeyl alcohol with the growing polymer chain, producing
benzodioxanes as the dominant unit in the polymer (Fig. 1A). If it has
particular stability toward biomass pretreatment conditions, then this
B

3 formation. (A) Mechanism of lignin acidolysis and condensation routes. (B) The
cidolysis and condensation reactions. (C) Proposed mechanism for the cyclization
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C-lignin might therefore represent an example of such an ideal lignin
that can, in principle, be depolymerized to a single product by hydro-
genolysis. Furthermore, this substrate has the potential to produce val-
uable catechol monomers, whereas the large majority of monomers
produced from lignin have been S or G derivatives (1, 2). Expanding
the arsenal of lignin-derived platform molecules could play an impor-
tant role in the successful use of this fraction within future biorefineries.
Here, we describe the ideal nature of this lignin via a revised composi-
tional characterization of the vanilla seed coat fiber, new features of the
C-lignin’s reactivity and stability, and our successful attempts at
converting it to monomers in near-quantitative yields.

Acid stability of C-lignin
Because of the lack of an accessible and eliminable benzylic hydroxyl
group in C-lignin units (Scheme 1B), condensation reactions due
to the formation of benzyl cations might be mitigated under acidic
conditions. We therefore examined the acid stability of the polymer
to determine whether acidolytic methods could be used to purify the
lignin. Comparison of the two-dimensional (2D) heteronuclear
single-quantum coherence (HSQC) NMR spectra from the enzyme
lignin (EL) (derived by removing polysaccharides via crude cellulases
treatment) (21) and Klason lignin (KL) showed no significant differ-
ences in the lignin structure (Fig. 1, A and B) (22). TheC-lignin survives
even the harshest of acidic pretreatment methods—the KL isolation
procedure includes a 1-hour treatment in 72% (w/w) sulfuric acid,
followed by dilution to 4% (w/w) sulfuric acid and autoclaving at
121°C for 1 hour—while retaining its original lignin structure. An
efficient acidic lithium bromide (LiBr) pretreatment method was also
used to purify the lignin. This treatment method is known for its quick
and near-quantitative removal of the polysaccharides to give an LiBr
lignin (LBL) (Fig. 1C) (23). Themolecular weight of the LBLwas shown
to be similar to that of the EL (Fig. 2). TheC-lignin polymer appeared to
survive this pretreatment based on the retention of its key lignin struc-
tural features in its NMR spectra and little change in its molecular
weight distribution. On the basis of these results, we can conclude that,
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
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ctober 2, 2019
unlike normal S-G lignins, polysaccharides can be removed via acid
pretreatment from C-lignin without its suffering from unwanted con-
densation reactions. After removing the polysaccharides, the resulting
lignins (EL, KL, and LBL) were completely soluble in various organic
solvents [for example, acetone, dioxane, or tetrahydrofuran (THF)]
mixed with water to match lignin solubility parameters (24). Efficient
lignin solubilization should greatly facilitate continuous processing in
an industrial setting.

Response of C-lignin to traditional degradative methods
To investigate the potential for C-lignin depolymerization, we applied
two traditional lignin degradative analytical methods, alkaline nitro-
benzene oxidation (NBO) and thioacidolysis, to a C-lignin model com-
pound, the caffeyl alcohol dimerD1 (C-dimer), and to the vanilla bean
seed coat CW (Fig. 3 and fig. S3). Although relatively low yields of the
corresponding monomeric products (30 to 60%) were obtained from
the dimeric compound, the use of the CW gave monomeric products
in extremely low yields (<1%). As discussed widely in the past, both
thioacidolysis and alkaline oxidationneed the involvement of a free ben-
zylic hydroxyl group on the lignin side chain (25, 26). It was therefore
concluded that, because of the stability of the 1,4-benzodioxane struc-
ture, especially under the tested acidic and alkaline oxidative conditions,
traditional lignin chemical degradation methods are ineffective for the
depolymerization of C-lignin. A computational approach to evaluate
the bond dissociation energy (BDE) ofC-lignin using density functional
theory models suggested that depolymerization of C-lignin is theoreti-
cally possible (27). Although the benzodioxane b–O–4 bond calculates
to have a slightly higher BDE value than a conventional b–O–4 bond, it
is still much lower than the BDEs of lignin’s C–C bonds (28).

Catalytic hydrogenolysis of C-lignin
We reasoned that hydrogenolysis had the potential to more efficiently
depolymerize C-lignin. We first sought efficient methods for cleaving
dimeric modelD1, rationalizing that, although the corollary is not nec-
essarily true, any reaction conditions that did not produce high yields
from D1 would have little chance of being effective on the polymer.
When hydrogenolysis was applied to the C-dimer D1 and vanilla seed
coat CW, analysis by gas chromatography with flame-ionization detec-
tion (GC-FID) showed that the products were rather simple with dom-
inant productsM1 (catechylpropanol),M2 (catechylpropane), andM3
(chroman-6,7-diol), together with some minor products (Fig. 3). The
major products, M1 and M2, were identified by comparison with
authentic synthetic standards. The initially puzzling minor product
M3, which is a cyclization product from M1, was separated from the
productmixture by silica-gel chromatography, characterized, and struc-
turally identified by NMR and high-resolution mass spectrometry
(MS). Because it was not obvious whether the chromane ring oxygen
originated from the lignin g-OH or from water, the hydrogenolysis
reaction was run in 18O-labeled H2

18O. No 18O was detected in the
productM3, so the cyclization mechanism was concluded to involve
the g-OH via a radical disproportionation reaction (Scheme 1C) (29).
This is the first report of this lignin hydrogenolysis product. The minor
impurity peaks displayed in the chromatograms from the CWmaterials
(fig. S3) were derived from the solvent, polysaccharide, and fatty acid
products, which were identified via GC-MS.

Monomer production data under different conditions are shown in
Fig. 4. Yields are normalized to the total molar concentration of caffeyl
alcohol in C-lignin determined from quantitative 13C NMR (table S2).
Not surprisingly, the monomer distributions were heavily affected by
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the choice of catalyst and solvent (17, 30, 31). Here, we illustrate that
Pt/C showed a slightly higher reactivity, whereas Pd/C and Ru/C
showed a much better product selectivity. More side chain truncation
products were obtained fromC-LBL compared to that fromvanilla seed
coat CW, suggesting that a significant degree of side chain truncation
occurred during the acid pretreatment stage or that the isolated lignin
wasmore accessible to the catalyst. In terms of solvent effects, methanol
produced a slightly higher monomer yield compared to dioxane,
whereas THF gave a substantially lower yield. Both monomer yield
and reaction selectivity were maximized using Pd/C or Ru/C as catalyst
and methanol as the solvent. Retaining or losing the hydroxy group on
the side chain can be controlled by simply changing the catalyst to sat-
isfy the different intended purposes for using the catechyl monomers.
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
Thus, Pd/C produced the catechylpropanol monomerM1 with 89%
selectivity, whereas Ru/C produced the catechylpropane monomer
M2with 74% selectivity. Increasing the hydrogenolysis reaction time
from 3 to 15 hours (table S3, entries 16 to 19) led to an ~10% increase
in lignin conversion and monomer yield. The resulting product oil
mixture after vacuum drying was completely soluble in methanol,
ethanol (EtOH), dioxane, pyridine, and other solvents but only par-
tially soluble in acetone, ethyl acetate, and dichloromethane (DCM)
due to the presence of products from degraded polysaccharides and
other non-lignin components. The mass balance and total organic
carbon (TOC) analyses (Table 1) indicated that volatile products
were minimal or insignificant.

A 2D HSQC NMR spectrum of the total hydrogenolysis product,
which was completely soluble in dimethyl sulfoxide (DMSO)/pyridine
(4:1, v/v), demonstrated that the C-lignin had been completely depoly-
merized, that is, no detectable residual benzodioxane structures re-
mained (fig. S4A). The major products were fully authenticated by
comparison with synthetic compounds M1 and M2 and with authen-
ticated isolated M3. No detectable products from side reactions or re-
condensation were detectable. The GPCmolecular weight profile of the
hydrogenolysis products mixture from C-LBL before and after the hy-
drogenolysis reactions showed a dominant monomer peak (fig. S4B).
The high–molecular weight fractions were separated from monomer
fractions, and the fractions were characterized by HSQC NMR (fig. S7).
The data revealed that only traces of the original benzodioxane structures
from the C-lignin remained in the product and that the high–molecular
weight fractions contained only nonaromatic components present in the
original sample and were therefore not from the lignin proper. It can
therefore be safely concluded that essentially all of the C-lignin in the
sampleswas depolymerized tomonomeric compounds during hydrogen-
olysis. The non-lignin components in the lignin stream were nonextract-
able oils, waxes, or the other (difficult to remove) components in the
sample that are not necessarily associated directly with the phenylpropa-
noid polymer.
DISCUSSION
Prospects for C-lignin and its derived
catechylpropanoid monomers
Catechols in nature are remarkably biochemically active; because of the
interaction of the vicinal phenolic hydroxyl groups, catechols play a vital
role in both biomedical and biomimetic functionalmaterials (32). Their
synthesis is challenging because of the difficulty of transforming phenols
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to catechols; although researchers have recently developed several
catechol synthetic methods (33), applying those methods at scale re-
mains complicated. There is little reference to high-yielding biomass
conversion to catechols, although catechols were reported as hydro-
genolysis products from organosolv lignin of candlenut shells (using
Cu-doped porous metal oxides) in which the cleaving of the aromatic
methoxyl groups during the reaction was claimed (34). Catechols act
as important intermediates for the conversion of lignin-derived mono-
mers to value-added platform chemicals via the bacterial b-ketoadipate
pathway (35). We therefore contend that it would be beneficial, and
more energy-efficient for aromatic metabolism/catabolism, if high
yields of catechols could be obtained directly from lignin.

Our study provides a newperspective for the production of catechols
from a renewable biomass source rather than petroleum. Compounds
M1 and M2 are currently not available in bulk, so their commercial
value is not obvious. However, an enriched diversity of the rawmaterials
from the catechol family would likely provide significant value. A LiBr
pretreatment method is able to convert a fraction of b–O–4 units in
S-G–type lignins into benzodioxanes (36). Large amounts of catechols
are potentially producible ifwe couldproduce benzodioxane-type lignins
in energy crops. We do not yet know if genetically engineered plants,
including plantation trees such as pines and poplars, in which the pro-
duction of lignin is on a large scale, will tolerateC-lignins in stem tissues;
C-polymers have been evidenced in a gymnosperm tracheary element
system, in which OMT activity was down-regulated (37), but have not
yet been found in OMT–down-regulated dicots, and we suspect that
additional activities will need to be suppressed for the synthesis and
deposition of the C-lignin polymer. Given the unique acid-resistant
property of C-lignin, the potential value of the monomeric products,
the homogeneous nature ofC-lignins that is already known to aid lignin
fiber production (38), and the high conversion to catechol monomers
by hydrogenolysis reported here, we suggest that continuing to pursue
the means to produce C-lignins in planta is decidedly worthwhile.

C-lignin therefore has numerous compelling features for a biorefinery
operation aimed at delivering value from its lignin component. It main-
tains its native structure after treatment under even strongly acidic
conditions; acid pretreatment can therefore be applied to vanilla seed
coats to recover the polysaccharide while retaining the native C-lignin
structure. After sufficient pulverization followed by acid pretreatment,
C-lignin could be dissolved in organic solvents, enabling both detailed
NMR analysis and continuous processing schemes.C-lignin can be com-
pletely depolymerized by a hydrogenolytic method to produce simple
monomeric catechols near-quantitatively and, by selecting the catalyst,
with a single monomer accounting for 90% of the monomer product.
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
The yield and selectivity for a single monomer are higher than for any
other lignin or biomass to date (fig. S6). There is therefore considerable
potential for economic hydrogenolysis of C-lignin–rich waste biomass
resources only now being structurally characterized, such as Jatropha
(Jatropha curcas) seed coats (39) and candlenut (Aleurites moluccanus)
shells (40), and via genetic engineering if high levels of C-lignin could
be expressed in traditional biomass sources. Such an approach toward
significantly valorizing lignins and biomass in biorefining processes
would aid process economics.
MATERIALS AND METHODS
C-lignin sample pretreatment
Processing of seed coat material
Vanilla seed and pod were received as a mixture from a natural vanilla
processing plant (Bakto Flavors LLC). The mixture was sifted, and the
lower-density remaining pod powder was blown away using a heat gun
(set on cold). Preparation of vanilla seed coat NMR samples was via
methods described previously (22). Briefly, isolated vanilla seed coats
(4 × 300 mg) were ball-milled (30 × 10 min, 5-min cooling cycle) using
a Retsch PM100 ball mill vibrating at 600 rpm with ZrO2 vessels
containing ZrO2 ball bearings. Preground seed coat was extracted using
a modified Bligh and Dyer extraction (41) to remove oils and extractives.
Modified Bligh and Dyer extraction
Vanilla seed material (100 g in total) was shaker-milled (MM400,
Retsch) at 3600 rpm for 5 min using a 50-ml stainless steel jar and
a single 20-mm ball bearing. The milled sample was transferred to a
1-liter volumetric flask, and amagnetic stir bar was added. Deionized
(DI) water (80 ml), chloroform (100 ml), and methanol (200 ml) were
added, and the mixture was stirred at 50°C for 30 min. To the mixture
was then added 100 ml more of chloroform, and then, after another
30 min, 100 ml of DI water was added. The stirring was continued at
50°C for 24 hours, and the insoluble material was removed by cen-
trifugation (3800 rpm for 15 min), retaining the solids by decanting
off the solvent and keeping the filtrate as well. The residue was extracted
again by the same method. The filtrates were combined, and the sol-
vents were removed by rotary evaporation to produce the extractives
fraction for analysis.
EL from vanilla seed coat
The ball-milled extract-free vanilla seed coat material (1 g) was
placed in centrifuge tubes and digested at 35°C with crude cellulases
[CELLULYSIN cellulases, Trichoderma viride; sample (50 mg/g) in
acetate buffer (pH 5.0); two times over 3 days; fresh buffer and en-
zyme were added each time; catalog no. D00074989, Calbiochem],
leaving all of the phenolic polymers and residual polysaccharides total-
ing 859 mg (85.9%) (table S1).
Acidic LiBr pretreatment of C-lignin from vanilla seed coat
C-LBL was prepared using the acidic LiBr trihydrate method described
previously (23). Briefly, ball-milled extract-free vanilla seed coatmaterial
(1 g) was added into a 40-ml glass vial with a polytetrafluoroethylene
(PTFE) lined cap, together with 4.50ml of acidic 60 weight % (wt%) LiBr
solution containing 0.04 M HCl. The vial was immersed into an oil bath
preheated at 110°C under magnetic stirring. The mixture was filtered
under vacuum and washed with water. The residues were dried at 40°C
under reduced pressure (yield, 72.4%; table S1).

Compositional analysis
KL analysis was performed by the two-stage sulfuric acid hydrolysis
following theNationalRenewable EnergyLaboratory’s standard protocol
Table 1. Mass balance and TOC on hydrogenolysis of C-LBL and its
resulting product oil.
Feed
 CW
 Dissolved C-LBL
Solid recovery*
 55–74%
 ~100%
Oil recovery†
 23–35%
 50–60%
TOC of C-LBL
 —
 62.66 ± 0.23%
TOC of product oil
 —
 61.44 ± 0.34%
*Solid includes recovered CW material and catalyst. †Oil yield on a
CW and C-LBL mass basis.
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(42). Briefly, 0.3 g of biomass (weighed to the nearest 0.1 mg) was
treated in 72% (w/w) H2SO4 at room temperature for 60 min. The
slurrywasdiluted to 4%(w/w)H2SO4 andautoclavedat 121°C for 60min.
After filtration, the acid-insoluble lignin (AIL = KL) and the acid-soluble
lignin were quantitated gravimetrically and spectrophotometrically,
respectively (table S1).Monosaccharides in the KL filtrates (hydrolysates)
were quantitated using high-performance ion-chromatography on a
Dionex ICS-3000 system equipped with an integrated amperometric
detector and a CarboPac PA1 column (4 × 250 mm) at 30°C. DI water
was used as an eluent at a flow rate of 0.7 ml/min according to the fol-
lowing gradient: 0 to 25min, 100%water; 25.1 to 35min, 30%water and
70%0.1MNaOH; and 35.1 to 42min, 100%water. The post-run eluent
of 0.5MNaOHat a flow rate of 0.3ml/minwas used to purge remaining
materials from the column to ensure baseline stability and detector sen-
sitivity (23). Crude protein content was determined from the nitrogen
(N) content using a 6.25 N-to-protein factor (table S1). The total N
was determined using an elemental combustion system (model 4010,
Costech Analytical Technologies). Samples (approximately 10 mg)
were accurately weighed into tin combustion cups using a micro-
balance. After complete combustion, total N was measured as N2 gas.
The compositional analysis results are shown in table S1.

C-lignin characterization and quantification
Lignin characterization by 2D NMR spectroscopy
NMR spectra were acquired on a Bruker Biospin AVANCE III
700 MHz spectrometer fitted with a cryogenically cooled 5-mm QCI
1H/31P/13C/15N gradient probe with inverse geometry (proton coils
closest to the sample), and spectral processing used Bruker’s TopSpin
3.5pl6 (Mac) software. For NMR experiments, ball-milled whole vanilla
seed coatmaterial was swelled inDMSO-d6/pyridine-d5, isolated lignins
and C–DHP (dehydrogenation polymer) were dissolved in 4:1 v/v
DMSO-d6/pyridine-d5, and model compounds were dissolved in
acetone-d6. The central solvent peakswere used as the internal references
(dC/dH: DMSO, 39.5/2.49; acetone, 29.84/2.05 ppm). Standard Bruker
implementations of the traditional suite of 1D and 2D [gradient-selected
and 1H-detected; for example, correlation spectroscopy (COSY), 1H–13C
HSQC (Fig. 1), and heteronuclear multiple-bond correlation (HMBC)]
NMR experiments were used for structural elucidation and assignment
authentication for monomers and dimers. Adiabatic 2D HSQC
(“hsqcetgpsisp2.2”) experiments for ball-milled seed coat material in a
gel state were carried out using the parameters described previously
(22). Processing used typical matched Gaussian apodization in F2
(LB = −0.5; GB = 0.001) and squared cosine-bell apodization in F1.

The characterization of the vanilla seed coat C-lignin was initially
consistent with the previous report (19) but belied some issues. For both
the CW and its EL (derived by removing polysaccharides via crude cel-
lulases treatment) (21), characterization revealed each lignin to be an
almost 100%benzodioxane polymerwith only a trace level of the resinol
(b–b) structure. Although not as high as we previously reported (~80%)
(19), the seed coat sample had a very high KL value (~65%). However,
the 2DHSQCNMR of the so-purified lignins containedmany peaks in
the aliphatic region that were not from the lignin itself (fig. S1). An
alternativemethod (below) was therefore required for lignin quantifica-
tion in these materials.
C-lignin quantification by 13C NMR
Samples for quantitative 13CNMR analysis were prepared by accurately
weighing predried C-LBL samples (100 mg) dissolved in 1-ml internal
standard [1,3,5-trioxane, DMSO-d6 (3.12mg/ml)] solution. TheC-LBL
concentration was also 100.0mg/ml. Relaxation reagent chromium(III)
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
acetylacetonate [Cr(acac)3; ~2mg]was added to the samples to facilitate
the relaxation of the magnetization. Quantitative 13CNMR spectros-
copy was performed as previously described (43). The NMR spectra
were acquired on the 700-MHz spectrometer described above. Relaxa-
tion delays were set to be ~5 times the longest T1 values of carbon signals
(for inverse-gated proton decoupled 13C NMR spectra); in our case, d1 =
12.5 s was used to fully relax of all of the carbons with the aid of the re-
laxation reagent. For the inverse-gated proton-decoupled 13C spectrum,
at least 38 hours (10K scans)were required. Spectral processing used both
Bruker’s TopSpin 3.5pl6 (Mac) and MestreNova 11.0 (Mac) software.
The acquired FIDs were processed typically with a 5-Hz line broadening.
The central solvent peaks were used as the internal references (dC/dH:
DMSO, 39.5/2.49 ppm). Baseline was corrected manually over the
50- to 100-ppm region using TopSpin.

13C NMR ismostly used to quantify low–molecularweight technical
lignins (such as kraft lignin and organosolv lignin) or milled wood
lignins (43, 44). It is difficult to quantify native lignin with 13CNMR for
two reasons. One is the poor solubility of lignin, and the other is the
overlapping peaks from the lignin side chain with polysaccharide peaks.
However, C-LBL is a perfect sample for 13C NMR analysis. First, the
lignin structure is simple; there is only one type of structure in the lignin
backbone—the benzodioxane derived from b–O–4-coupling. The
chemical shifts of the benzodioxane carbons are unique (75 to 80 ppm),
so that there is little chance of signal overlap with other components.
Second, C-lignin is acid-resistant. Unlike the S-G–type lignins, harsh
acid pretreatment can be applied to C-lignin without destroying the
benzodioxane structure. Thus, we can easily remove the polysaccharides
by acid pretreatment, further minimizing the signal overlap problem.
According to the 2D HSQC spectrum of C-lignin (fig. S1), Ca and
Cb have the potential to allow 13C NMR quantification of the phenyl-
propanoid unit derived from caffeyl alcohol in theC-lignin (fig. S2). Cg
cannot be used for the quantification because of the signal overlap with
the unknown peaks (dH, 4.00 to 4.35 ppm; dC, 60.0 to 62.5 ppm). The
aromatic region of C-lignin cannot be used for the quantification be-
cause of the overlap with signals from protein residues (tyrosine and
phenylalanine) (45). Ca andCbmay seem equally good for theC-lignin
quantification; however, when looking at theHSQC spectrumat a lower
contour level, peaks from polysaccharide residues cannot be completely
ignored even after the acidic LiBr pretreatment; the residual C3 and C5

of the cellulose overlap with the Cb of the C-lignin. Because the relaxa-
tion reagentCr(acac)3was added to reduce the experiment time, the line
broadening caused by the relaxation reagent made the overlap between
Cb and the cellulose residues even worse. As a result, Cawas chosen for
the quantification as it hadminimal peak overlap issues. Assuming that
C-lignin is derived from pure caffeyl alcohol, the detailed calculation
was as shown below (table S2)

cCb ¼ cIS � 3
AIS

� ACb

YCA ¼ cCb
rLBL

W ligninðLBLÞ ¼ YCA �MwCA � 100%

W ligninðCWÞ ¼
W ligninðLBLÞ
LBL%

In the equations, cIS (mmol/ml) is the molar concentration of internal
standard (IS; 1,3,5-trioxane), AIS is the peak integral of internal standard
in the quantitative 13C NMR spectrum, cCb (mmol/ml) is the molar con-
centration of caffeyl alcohol unit in theC-lignin polymer,ACb is the peak
integral of Cb in the quantitative 13CNMR spectrum, rLBL (mg/ml) is the
6 of 10

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on O
ctober 2, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

mass concentration of C-LBL sample, YCA (mmol/mg) is the mole
amount of caffeyl alcohol (CA) per milligram of C-LBL, MwCA

(mg/mmol) is the molecular weight of caffeyl alcohol, Wlignin(LBL) is
the weight percentage of C-lignin in C-LBL, LBL% is the weight per-
centage of C-LBL obtained from whole CW, and Wlignin(CW) is the
weight percentage of C-lignin in whole CW.

Lignin depolymerization methods
Alkaline NBO
NBOwas performed as previously described (46). Dimeric model com-
poundD1 (5mg) or extracted vanilla seed coat (40mg) wasmixedwith
nitrobenzene (0.4 ml) and 2 M NaOH (7 ml) in a 10-ml stainless steel
reactor vessel (Taiatsu Techno Co.) and heated at 170°C for 2 hours in
an oil bath. The reactor was then cooled in ice water, and 1ml of freshly
prepared ethyl vanillin (3-ethoxy-4-hydroxybenzaldehyde; 5mg/ml) in
0.1 M NaOH solution was added to the reaction mixture as an internal
standard. The mixture was transferred to a 100-ml separatory funnel
and washed three times with 15 ml of DCM. The remaining aqueous
layerwas acidifiedwith 2MHCluntil the pHwas below3.0 and extracted
with 2× 20ml ofDCMand 20ml of diethyl ether. The combined organic
layers were washed with DI water (20 ml) and dried over MgSO4. After
filtration, the filtratewas collected in a 100-mlpear-shaped flask anddried
under reduced pressure. For the TMS derivatization step, NBO products
were transferred with pyridine (3 × 200 ml) into a GC vial, and N,O-
bis(trimethylsilyl)trifluoroacetamide [BSTFA; 100 ml] was added. The
mixture was heated to 50°C for 30 min. The silylated NBO products
were analyzed by GC-MS and quantified by GC-FID using calibration
curves (fig. S3, A and B).
Thioacidolysis followed by Raney nickel desulfurization
Thioacidolysis was performed as previously described (47). The thio-
acidolysis reagent was prepared freshly by adding 2.5 ml of EtSH and
0.7 ml of BF3 etherate to a 25-ml volumetric flask containing 20 ml of
distilled 1,4-dioxane and then complemented with dioxane to exactly
25ml. Freshlymade thioacidolysis reagent (4.0ml) was added to a 5-ml
screw-cap reaction vial containing extractive-freeCW(40mg) ormodel
compound (15mg) and amagnetic stir bar. The vial capwas screwed on
tightly, and the vial was kept in an oil bath containing a heating block at
100°C for 4 hours with stirring. After the reaction, the vial was cooled in
an ice-water bath for 2 min. A solution of 4,4′-ethylidenebisphenol in
dioxane was prepared and used as an internal standard. The product
mixture was transferred to a separatory funnel and 10 ml of saturated
NaHCO3 solution, along with internal standard solution, was added.
Then, 5 ml of 1 M HCl solution was added to adjust the pH of the
solution to below 3. The aqueous layer was extracted three times with
20 ml of DCM, and the combined organic phase was washed with
saturated NH4Cl, dried over anhydrous MgSO4, and evaporated under
reduced pressure at 40°C. The resulting products were desulfurized via
Raney nickel. Briefly, the thioacidolysis products were dissolved in 3 ml
of distilled dioxane with 1 ml of Raney nickel 3202 (Sigma-Aldrich)
slurry. The mixture was heated at 80°C for 2 hours. After the reaction,
nickel powder was removed using a magnet, and the reaction mixture
was transferred quantitatively with DCM into a separatory funnel
charged with 10 ml of NH4Cl and 10 ml of DCM. Then, 5 ml of 1 M
HCl solution was added to adjust the pH of the solution to below 3. The
aqueous layer was extracted twicewith 10ml ofDCM, and the combined
organic phase was washed with brine, dried over anhydrousMgSO4, and
evaporated under reduced pressure at 40°C. For the TMS derivatization
step, products were transferred with pyridine (3 × 200 ml) into a GC vial,
and BSTFA (100 ml) was added. The mixture was heated to 50°C for
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
30 min. The silylated thioacidolysis products were analyzed by GC-MS
and quantified by GC-FID using calibration curves (fig. S3, C and D).
Hydrogenolysis
Hydrogenolysis was performed as previously described (7). In cases in
which isolated C-LBL was used as a feedstock, 200 mg of C-LBL was
dissolved in 30 ml of methanol or dioxane/water (9:1, v/v) or THF/
water (96:4, v/v) in a 100-ml high-pressure Parr reactor along with
100mg of catalyst (5 wt%Pt/C, Pd/C, or Ru/C). The reactor was stirred
with a mechanical propeller and heated via a high-temperature heating
jacket. Once closed, the reactor was purged three times and then pres-
surized with H2 (40 bar, 4 MPa). The reactor was heated to the desired
temperature and then held at that temperature for the specified residence
time. After the reaction was completed, the reactor was cooled in a water
bath to room temperature. The resulting liquid was filtered through a
nylonmembrane filter (0.8 mm, 47mm;Whatman) and washed with
EtOH. The solvent was removed under reduced pressure at 40°Cwith a
rotary evaporator. The crude products were dissolved in EtOH and
made up to 10ml in a volumetric flask. A 1ml of aliquot was transferred
into three 5-ml vials and then dried under reduced pressure. The dried
samples were used for GC, GPC, and NMR analyses. For GC sample
preparation, the sample was dissolved in 0.9 ml of pyridine and
0.1 ml of BSTFA, incubated at 50°C for 30 min, and then subjected
to GC-FID and GC-MS. For NMR sample preparation (fig. S4A), the
sample was dissolved in 0.6 ml of DMSO-d6/pyridine-d5 (4:1, v/v)
and then transferred to a 5-mmNMR tube for NMR. For GPC sample
preparation (fig. S4B), the sample was dissolved in 1 ml of dimethyl-
formamide (DMF) containing 0.1 M LiBr.

For the cases in which hydrogenolysis was performed directly on the
CWmaterial, 200 mg of preextracted vanilla seed coat was mixed with
30 ml of methanol and 100 mg of the catalyst (5 wt % Pt/C, Pd/C, or
Ru/C). The remaining procedure was performed as described above.

For the cases in which the lignin model compound was used as the
feedstock, a solution of 50 mg of dimer D1 in 30 ml of methanol or
dioxane/water (9:1, v/v) was mixed with 50 mg of the catalyst (5 wt %
Pt/C). The remaining procedure was performed as described above.

Analytical methods
GC-MS qualitative analysis of low–molecular weight products
Samples were dissolved in pyridine, and BSTFA was added for TMS
derivatization. The mixture was heated to 50°C for 30 min. An aliquot
of the sample (1 ml) was injected by an autosampler into a GC-MS
(GC2010/PARVUM2, IC-1 column, Shimadzu Co.) equipped with a
fused silica capillary column (30-m × 0.25-mm film; SHR5XLB capillary
column, Shimadzu Co.) operating in split mode (split ratio of 20:1) to
identify the products. The products were identified by comparison with
the peak retention times and mass spectra of the authentic compounds
and (or) by comparing with entries in the National Institute of Standards
and Technology mass spectral library (fig. S5).
GC-FID quantitative analysis of low–molecular
weight products
The identified major products were quantified by GC-FID (GC-2014,
Shimadzu Co.) using calibration curves derived from authentic synthetic
compounds (table S3). The yields of major hydrogenolysis products
catechylpropanol M1 and catechylpropane M2 were quantified by
using the calibration curves generated fromtheir authentic synthetic stan-
dards. The yields of minor products without a primary hydroxy group
[chroman-6,7-diolM3, catecholM4, 4-methylcatecholM5, 4-ethylcatechol
M6, and 4-(1-propenyl)catecholM7] were calculated by the effective car-
bon number (ECN) method based on the yield of catechylpropane M2,
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whereas the minor product with a primary hydroxy group (caffeyl al-
coholM8) was calculated on the basis of the yield of catechylpropanol
M1. The theoretical ECN of TMS-derivatized catechol M4 (10.0), 4-
methylcatecholM5 (11.0), 4-ethylcatecholM6 (12.0), catechylpropane
M2 (13.0), 4-(1-propenyl)catechol M7 (12.9), chroman-6,7-diol M3
(12.0), catechylpropanol M1 (15.5), and caffeyl alcohol M8 (15.4) was
used for the calculation. The ECN contribution of aliphatic carbon 1.0,
aromatic carbon 1.0, olefinic carbon 0.95, primary alcohol −0.5, and
TMS 3.0 was used as described (7, 17, 48). The detailed calculation
was as follows

nmonomer ¼ Amonomer

AM1or M2
� nM1or M2 � ECNM1or M2

ECNmonomer

nCA ¼ YCA �mLBL

Ymonomer ¼ nmonomer

nCA
� 100%

In the equations, nmonomer (mmol) is the molar amount of monomer
in each analyzed sample, Amonomer is the peak area of monomer in the
GC-FID chromatogram, nM1 or M2 (mmol) is the molar amount ofM1
orM2 in each analyzed sample based on its calibration curve,AM1 or M2

is the peak area ofM1 orM2 in theGC-FID chromatogram, ECNmonomer

is the effective carbon number of monomer, ECNM1 or M2 is the effective
carbon number ofM1 orM2, nCA (mmol) is themolar amount of caffeyl
alcohol in the feedstock, YCA (mmol/mg) is the mole amount of caffeyl
alcohol per milligram of C-LBL from the quantitative 13C NMR analysis
(table S2), mLBL (in milligrams) is the weight of C-LBL in the feedstock,
and Ymonomer is the yield of monomer based on the molar amount of
caffeyl alcohol in the feedstock.
Analytical GPC
Molecular weight distributions of lignins were determined by GPC
using a Shimadzu LC20-AD LC pump equipped with a Shimadzu
SPD-M20A UV-vis detector set at 280 nm and a Polymer Standard
Services GPC column and guard column [PSS PolarSil analytical Linear
S, 8-mm inner diameter (ID) × 5 cm and 5-mm particle size → PSS
PolarSil analytical Linear S, 8-mm ID × 30 cm and 5-mm particle size].
The samples and column compartment were held at 40°C during anal-
ysis. Themobile phase was DMFwith 0.1M LiBr, and the flow rate was
1ml/min.Molecular weight distributions were determined usingWyatt
ASTRA 7 software (Wyatt TechnologyCorporation) via a conventional
calibration curve using a ReadyCal polystyrene kit from Sigma-Aldrich
[catalog no. 76552, M(p) 250-70000].
GPC fractionation of hydrogenolysis product mixtures
Using LBL as a hydrogenolysis feedstock and dioxane/water as the
solvent, the product mixture was dried in vacuo, redissolved in pure
dioxane with sonication, filtered through a PTFE membrane (0.2 mm),
and then subjected to GPC. The GPC conditions here were slightly dif-
ferent from those in the analytical GPC method. For the fractionation,
dioxane was used as the mobile phase instead of 0.1 M DMF/LiBr so-
lution at a slower flow rate (0.3 ml/min) to achieve better fractionation.
Four fractions were separated and collected (fig. S7A). The ultraviolet
(UV) absorption contour map showed that different molecular weight
fractions had completely differentUV absorption properties. Because of
peak overlap, each fraction was characterized by using its 2D HSQC
NMR spectra and subtracting the overlapped fractions’ spectra
(fig. S7, B to E; note that f2 was characterized by subtracting f1 and
f3 from f2, f3 was characterized by subtracting f2 and f4 from f3, and
f4 was characterized by subtracting f3 from f4]. As seen in the NMR
Li et al., Sci. Adv. 2018;4 : eaau2968 28 September 2018
spectra, peaks from some nonaromatic components appear in all
fractions (f1 to f4). The molecular weight of these nonaromatic com-
ponents cannot be measured accurately because of the low GPC res-
olution and peak tailing, and/or the possibility that these nonaromatic
components have a wide molecular weight distribution. Fractions f1
and f2 were almost identical to each other and contained only traces
of aromatic peaks. The highest molecular weight component(s) in
the product mixture was therefore not from lignin but from other
components in the seeds. Fraction f3 contained the major hydrogenol-
ysis productsM1 andM3. This fraction exhibited the strongest UV ab-
sorption in theUV contourmap, whichmeans that it was the dominant
aromatic-containingmixture in the product. Fraction f4 was the other
major hydrogenolysis productM2, which has a slightly lowermolecular
weight compared withM1 andM3. It is inferred that there was a large
amount of high–molecular weight products (the products in f1 and f2),
which are distributed from f1 to f4 because of peak overlap. As these
products lack aromatic rings, they are not from the caffeyl alcohol–
derived phenylpropanoid polymer. Thus, they must be produced from
other components existing in the seed, such as waxes, fatty acids, etc.
These observations support our conclusion that the lignin content
of vanilla seed coats is not determined accurately by KL and other
traditional lignin analytical methods because of these nonextractable,
nonaromatic components.
TOC analysis
A TOC analyzer (TOC-VCPH, Shimadzu Co.) with a solid sample
module (SSM-5000A, Shimadzu Co.) was used to determine the total
carbon content of the vanilla seed coat material and its hydrogenolysis
products, its fractions, and the nonvolatile products. The hydrogen-
olysis products were dried at 50°C for 30min to remove EtOHand then
dried at 50°C in a vacuum oven for 30 min to completely remove water
and EtOH. The dried solid samples (20.00 ± 1.00mg) and hydrogen-
olysis products were measured as solids.

Using LBL as a hydrogenolysis feedstock and dioxane/water as the
solvent, there was no significant change in the carbon content before
(62.66 ± 0.23 wt %) and after (61.64 ± 0.34 wt %) the reaction (±SD,
n = 2). Solvent degradation products (for example, ethylene glycol,
diethylene glycol, etc.) were detected in the product mixture and iden-
tified by GC-MS when dioxane was used as solvent. It is still possible
that some components in theC-LBL can either become volatile or attach
to the catalyst. However, considering that the volatile products (for exam-
ple, methane, ethane, and hexane) have much higher carbon contents
(~75 to 85 wt %) compared with the solvent degradation products (~35
to 45 wt %), the loss of volatile products while introducing solvent degra-
dation products should cause a significant decrease of carbon content. In
our experiment, we did not observe any carbon content decrease nor did
we observe any weight increase of the catalyst. This result suggested that
the loss of volatile products during work-up and the effect of the solvent
degradation products were negligible and also implied that most of the
carbon-containing compounds were retained in the product mixture.

Synthetic model compounds and compound authentication
Synthetic methods are fully described in the Supplementary Materials.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaau2968/DC1
Synthetic model compounds and compound authentication.
Calibration curves and NMR spectra.
Fig. S1. 2D HSQC NMR.
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Fig. S2. Quantitative 13C NMR spectrum of C-LBL.
Fig. S3. NBO and thioacidolysis products.
Fig. S4. 2D HSQC NMR and molecular weight distributions.
Fig. S5. GC-MS total-ion chromatograms of hydrogenolysis monomer products.
Fig. S6. Yield and selectivity data.
Fig. S7. GPC fractionation of hydrogenolysis products from LBL.
Table S1. Compositional analysis of vanilla seed coat CWs.
Table S2. Quantitative 13C NMR analysis of C-lignin content in the C-LBL and CW.
Table S3. Monomer yields from hydrogenolysis.
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