
Changes in Gene Expression Underlie the Diversification
of the LORELEI Gene Family in the Brassicaceae

Item Type text; Electronic Dissertation

Authors Noble, Jennifer Ashley

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 20:16:03

Link to Item http://hdl.handle.net/10150/634257

http://hdl.handle.net/10150/634257


 
 
 

CHANGES IN GENE EXPRESSION UNDERLIE THE DIVERSIFICATION OF 
THE LORELEI GENE FAMILY IN THE BRASSICACEAE 

 
by 
 
 

Jennifer A. Noble 
 
 

__________________________ 
Copyright © Jennifer A. Noble 2019  

 
 

A Dissertation Submitted to the Faculty of the 
 
 

SCHOOL OF PLANT SCIENCES 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2019 





3 
 

Acknowledgements 
I would like to thank my advisor, Dr. Ravi Palanivelu, for his mentorship and 

patience. Thank you for encouraging me to pursue opportunities and 

collaborations, for teaching me to think critically, and for helping me grow as a 

scientist. 

A special thanks to my dissertation committee members for their advice and 

inspiration. Thank you, Dr. Rebecca Mosher, for providing critical analysis of my 

research and for fostering a progressive workplace environment for women in 

Plant Sciences. Thank you to Dr. Mark Beilstein for providing your expertise in 

phylogenetic and evolutionary biology and for encouraging me to pursue research 

questions in comparative genomics. I would like to thank Dr. Ken Feldmann for his 

insightful feedback and enjoyable discussions. Thank you to Dr. Frans Tax for your 

support and guidance throughout my graduate studies. 

I would like to also thank Dr. Karen Schumaker for two years of service on my 

Ph.D. and qualifying examination committees.  

Thank you to Dr. David Galbraith for his service on my qualifying examination 

committee.  

Thank you to Dr. Alice Cheung and members of her research group for 

collaborations and discussions regarding the first chapter of my dissertation.  

Thank you to Dr. Shin-han Shiu and his former graduate students for their 

collaboration which began back in 2013, during late-night discussions at the 

Frontiers and Techniques in Plant Sciences Course at Cold Spring Harbor. 

A special thank you to Dr. Stacey Harmer for her advice and feedback on the third 

chapter of my dissertation. 

I would like to thank the participants, TAs, guest speakers, and instructors during 

the Frontiers and Techniques in Plant Sciences Course at Cold Spring Harbor in 

2013. Dr. Shin-han Shiu, Dr. Mark Johnson, Dr. Stacey Harmer, and Dr. Julin 



4 
 

Maloof did an excellent job as course instructors to create a fun and educational 

environment that allowed for collaborations and friendships to develop. 

Thank you to the members of the Pabebamowo research meetings. Thank you for 

creating a welcoming academic space to practice presentations and receive 

constructive criticism. 

Thank you to the IGERT program in Comparative Genomics at the UA for 

encouraging me to push out of my comfort zone and explore the field of 

comparative genomics. I would also like to thank the former members of my IGERT 

and Plant Sciences cohort Dr. Evan Forsythe and Dr. Justin Schaffer for their 

friendship and support during the time we spent together during our graduate 

studies. 

I would like to thank Shelley Hawthorne and Georgia Ehlers for their support for 

NSF Graduate Research Fellows at the University of Arizona.  

Thank you to past and present graduate students in the School of Plant Sciences, 

for creating a supportive community during my graduate studies. I would like to 

especially thank Kelly Dew-Budd for her friendship and discussions about research 

and career goals. 

I would like to thank all the administrative staff and graduate student advisors for 

their support throughout my graduate studies. Thank you, Dr. Betsy Arnold, Dr. 

Ramin Yadegari, and Dr. Shelley McMahon, for your support and guidance. A 

special thanks to Georgina Lambert, who has always had answers to my questions 

and was always there to provide a helping hand. 

I would like to thank all the past and present members of the Palanivelu Lab. Thank 

you to the undergraduates (especially Ashley Bright and Sarah Hancock) that I 

have mentored for helping me grow as a teacher and scientist. A special thank you 

to Dr. Xunliang Liu and Dr. Yanbing Wang, thank you for your insight and advice 

and for your life-long friendship. Thank you to Dr. Meenakshisundaram (Meechu) 

Palaniappan for teaching me the importance of work life balance and to enjoy life. 



5 
 

Thank you to Mónica Costa and Domenico Aiello, for your friendship and support. 

A special thank you to Nick Desnoyer, for being a great friend and colleague during 

our graduate studies together. 

I would like to thank the past and present members of the Society for the 

Advancement of Chicanos and Native Americans in Sciences (SACNAS) UA 

Chapter. Thank you for acting as my support system for over ten years and for 

creating a network of Latinx and Native American Scientists in our community.  

I would like to thank the Ronald E. McNair Achievement Program, especially Nura 

Dualeh and Dr. Andrew Huerta. Thank you for your support and guidance 

throughout my undergraduate career and for encouraging me to pursue a Ph.D.  

My involvement with the SACNAS UA Chapter and the Ronald E. McNair 

Achievement Program at the UA would not have been possible without the support 

and encouragement of Dr. Maria Teresa Velez, who dedicated her life towards 

encouraging underrepresented students to pursue higher education. I would like 

to give special thanks and remembrance to Dr. Velez for supporting me and for 

teaching me how to embrace both my culture and my dreams to be a scientist. 

I would like to acknowledge various funding support that was indispensable to me 

and made my work possible: IGERT Comparative Genomics Program at the 

University of Arizona; NSF Graduate Research Fellowship; The University of 

Arizona Graduate and Professional Student Council Research and Project Grant; 

the Boynton Graduate Fellowship; and the University of Arizona Graduate College 

Office of Diversity and Inclusion.  

I would like to thank my friends and family for their patience and understanding 

during my graduate studies. To my parents, for their love and support throughout 

my childhood and my education, and for encouraging me to pursue a career in 

STEM, as I became the first in my family to obtain a degree in STEM field and the 

first get a Ph.D. To my sister, for her strength and compassion and over 25 years 

of friendship. To my dearest friends: Kelsey Arnold, Kristle Magadia, and Fatemma 



6 
 

Rashwan-Soto for their patience and support. To my grandparents, whose hard 

work and determination for a better life provided the foundation for me to pursue 

my dreams as a scientist. To my loving husband, Matthew Noble, for being a great 

father and for being my best friend. Thank you for your unwavering support and 

for believing in me. And finally, I would like to thank my child, Ryan, for teaching 

me the strength and persistence that comes from being a mother. You have taught 

me to never stop learning, to enjoy the beauty of life, and to appreciate every 

second of time with you that I am given.



7 
 

Table of Contents 

List of Figures ................................................................................................... 13 

List of Tables .................................................................................................... 15 

Abstract ............................................................................................................. 16 

Introduction ....................................................................................................... 18 

Double fertilization requires multiple cell-cell interactions between the pollen 

tube and the pistil ............................................................................................ 18 

Synergid cells are accessory cells in the female gametophyte that mediate PT-

ovule interactions important for double fertilization .......................................... 19  

LORELEI functions with FERONIA at the FA during PT reception .................. 20 

LRE has three paralogs in A. thaliana ............................................................. 21 

Main Research Question One: How are LRE and LLG1 maintained post gene 

duplication in the Brassicaceae? ..................................................................... 22  

Main Research Question Two: How are differences in selective pressures 

between LRE and LLG1 affecting the functions of LRE in PT-ovule 

interactions? .................................................................................................... 23 

Main Research Question Three: How does regulatory subfunctionalization 

influence transcriptional regulation of LRE in synergid cells? .......................... 24 

Concluding remarks ......................................................................................... 25 

References ...................................................................................................... 26 

Chapter One: Evolutionary and Functional Characterization of a Critical 
Plant Cell Signaling Complex .......................................................................... 32 

Abstract ........................................................................................................... 33 

Introduction ...................................................................................................... 34  

Results............................................................................................................. 38 

LRE and LLG1 are maintained in the Brassicaceae family ........................... 38  

LRE and LLG1 have distinct expression in A. thaliana  ................................ 38 

The single copy LRE/LLG1 ortholog in Cleome violacea shows broad 

expression in both vegetative and reproductive tissue  ................................ 40 



8 
 

LRE and LLG1 are functionally exchangeable in A. thaliana development  . 41 

The single copy LRE/LLG1 ortholog in Cleome violacea (Clevi-LRE/LLG1) 

fully complemented vegetative defects in llg1, but only partially 

complemented reproductive defects in lre  ................................................... 43 

Discussion ....................................................................................................... 44 

Expression divergence may have influenced the retention of LRE and its 

paralogs  ....................................................................................................... 44 

LRE and LLG1 can perform each other’s molecular functions ..................... 46 

The LRE gene family may be co-evolving with CrRLKs and RALF families  48 

Methods ........................................................................................................... 49 

Identifying CDS for the LRE and LLG1 orthologs  ........................................ 49 

LRE and LLG1 CDS alignments and phylogenies  ....................................... 50 

Plant materials and growth conditions .......................................................... 50 

Cloning transgenic constructs ....................................................................... 51 

Plant transformation ..................................................................................... 52 

Isolation of single-locus insertion lines ......................................................... 52 

Scoring cYFP in mature unpollinated pistils.................................................. 52 

Seed set scoring ........................................................................................... 53 

Pollen tube reception assays ........................................................................ 53 

GUS staining of pLRE::GUS and pLLG1::GUS transgenic plants ................ 54 

RNA isolation and RT-PCR of Cleome violacea ........................................... 54 

Image processing ......................................................................................... 55 

Genomes and accession numbers ............................................................... 55 

Acknowledgements ......................................................................................... 55 

Tables .............................................................................................................. 57 

Figure Legends ................................................................................................ 63 

Figures............................................................................................................. 67 

References ...................................................................................................... 76 

Chapter Two: LORELEI is Important for Suppression of Incompatibility 
Responses in Inter-Lineage Crosses in the Brassicaceae ........................... 84 

Abstract ........................................................................................................... 85 



9 
 

Introduction ...................................................................................................... 86  

Results............................................................................................................. 89 

The LRE clade, but not the clade of its most closely related paralog (LLG1), 

experienced positive selection post gene duplication ................................... 89  

Amino acids E47 and R120 in LRE show strong signatures of positive 

selection ....................................................................................................... 90 

LRE-E47P-cYFP and LRE-R120T-cYFP complement lre mutant  

phenotypes ................................................................................................... 92 

LRE-R120T-cYFP is not sufficient to overcome PT reception defects in inter-

lineage crosses between A. thaliana and S. irio ........................................... 93 

LRE is important for optimal PT attraction in inter-lineage crosses between A. 

thaliana and S. irio ........................................................................................ 94 

Non-Lineage I pollen tube growth induces contact-independent changes in 

the filiform apparatus of lre mutant synergid cells ......................................... 95 

Discussion ....................................................................................................... 97 

Callose suppression in the FA may point to neofunctionalization in LRE ..... 97 

LRE-E47P-cYFP and LRE-R120T-cYFP complemented PT reception defects 

in lre-7 mutants when pollinated by A. thaliana  ........................................... 98 

Loss of LRE underlies PT attraction defects in inter-lineage crosses between 

A. thaliana and S. irio  ................................................................................ 100 

The role of LRE in callose suppression in ovules in inter-lineage crosses is 

PT-dependent and does not require physical contact between the PT and the 

ovule ........................................................................................................... 101 

Synergid cells can sense and respond to non-lineage PTs before they reach 

the ovules ................................................................................................... 102 

Methods ......................................................................................................... 103 

Identifying orthologs of LRE and LLG1 ....................................................... 103 

LRE and LLG1 CDS alignments and phylogenies ...................................... 104 

PAML analysis ............................................................................................ 105 

Plant materials and growth conditions ........................................................ 105 

Cloning transgenic constructs ..................................................................... 106 



10 
 

Plant transformation ................................................................................... 106 

Isolation of single-locus insertion lines ....................................................... 107 

Seed set scoring ......................................................................................... 107 

Pollen tube reception assays ...................................................................... 107 

Image processing ....................................................................................... 108 

Genomes and accession numbers ............................................................. 108 

Acknowledgements ....................................................................................... 108 

Tables ............................................................................................................ 109 

Figure Legends .............................................................................................. 113 

Figures........................................................................................................... 117 

References .................................................................................................... 126 

Chapter Three: Synergid Cell Expression of LORELEI is Controlled by the 
SEEL Motif and Members of the MYB-related REVEILLE Transcription 
Factor Family .................................................................................................. 135 

Abstract ......................................................................................................... 136 

Introduction .................................................................................................... 137  

Results........................................................................................................... 140 

The LORELEI promoter contains an 8bp motif that is similar to the “Short 

Evening Element” ....................................................................................... 140  

The SEEL motif in the LRE promoter is important for LRE expression in 

synergid cells .............................................................................................. 142  

The REVEILLE transcription factor family binds to the SEEL motif ............ 144  

Identification and reproductive phenotypic characterization of rve transcription 

factor mutants ............................................................................................. 145  

LRE expression was reduced in rve transcription factor mutants ............... 147  

RVE1-GUS complemented vegetative phenotypes, but could not restore LRE 

expression to wild-type levels in pistils ....................................................... 148  

Discussion ..................................................................................................... 150 

The SEEL motif is important but not essential for LRE expression in synergid 

cells  ........................................................................................................... 150 



11 
 

FER and EVN, genes that are expressed in synergid cells and function in PT 

reception, also contain a SEE(L) motif in their promoters  .......................... 151 

Partial reductions of LRE expression in rve mutants may be due to 

redundancy within the RVE TF family  ........................................................ 152 

Synergid cell functions that are important for double fertilization may be 

circadian clock-dependent  ......................................................................... 154 

Methods ......................................................................................................... 155 

Mapping known cis-regulatory elements to LORELEI and its paralogs ...... 155 

Processing of expression datasets to identify synergid enriched cis-regulatory 

elements ..................................................................................................... 156 

Synergid co-expression clusters and TF binding motif enrichment ............. 156 

Identifying REVEILLE genes in Arabidopsis thaliana homologous to 

PK02532.1, a TF in Cannabis sativa known to directly bind to the SEEL motif 

in vitro ......................................................................................................... 157 

Phylogenetic relationship among REVEILLE genes in Arabidopsis ............ 158 

Plant materials and growth conditions ........................................................ 158 

Cloning transgenic constructs ..................................................................... 159 

Plant transformation ................................................................................... 160 

Isolation of single-locus insertion lines ....................................................... 160 

Scoring GFP expression in mature unpollinated pistils ............................... 161 

RNA isolation and RT-qPCR ...................................................................... 161 

Seed set scoring ......................................................................................... 163 

Pollen tube reception assays ...................................................................... 163 

Transient expression of pRVE1::RVE1-GUS in Nicotiana benthamiana .... 163 

Hypocotyl elongation assays ...................................................................... 164 

GUS staining of pRVE1::RVE1-GUS transgenic plants .............................. 164 

Image processing ....................................................................................... 165 

Accession numbers .................................................................................... 165 

Acknowledgements ....................................................................................... 165 

Tables ............................................................................................................ 166 

Figure Legends .............................................................................................. 175 



12 
 

Figures........................................................................................................... 181 

References .................................................................................................... 195 

  



13 
 

List of Figures 

Chapter One 

Figure 1. The LRE and LLG1 clades are maintained in the Brassicaceae  

family ............................................................................................................... 67 

Figure 2. pLRE::GUS and pLLG1::GUS showed non-overlapping expression in 

vegetative and reproductive tissues. ............................................................... 68 

Figure 3. Clevi-LRE/LLG1 is expressed in vegetative and reproductive  

tissues ............................................................................................................. 70 

Figure 4. LLG1-cYFP and Clevi-LRE/LLG1-cYFP are expressed in synergid 

cells and localize to the FA. ............................................................................. 71 

Figure 5. LLG1-cYFP complemented reproductive defects in lre. ................... 72 

Figure 6. Clevi-LRE/LLG1-cYFP partially complements reproductive defects in 

lre. ................................................................................................................... 74 

Chapter Two 

Figure 1. The LRE clade experienced positive selective pressures post gene 

duplication. .................................................................................................... 117 

Figure 2. LRE-E47P-cYFP complements lre mutant phenotypes when 

pollinated with Col-0 pollen. ........................................................................... 118 

Figure 3. LRE-R120T-cYFP complements lre mutant phenotypes pollinated by 

Col-0 pollen. .................................................................................................. 120 

Figure 4. LRE is important for optimal PT attraction in inter-lineage crosses 

between A. thaliana and S. irio. ..................................................................... 122 

Figure 5. Callose accumulates in the micropylar end of the female gametophyte 

in inter-lineage crosses between lre-7 pistils and S. irio pollen. ..................... 123 

Figure 6. Model for the role of LRE in suppression of callose accumulation in 

intraspecific and inter-lineage crosses. .......................................................... 124 

Chapter Three 

Figure 1. The SEEL motif is important for synergid cell-expression of  

LORELEI. ...................................................................................................... 181 



14 
 

Figure 2. Majority of single-locus insertion T1 lines carrying the SEEL motif 

deletion or alteration showed a reduction in the percentage of GFP-positive 

ovules. ........................................................................................................... 183 

Figure 3. Multiple Sequence Alignment of the REVEILLE (RVE) TF family in 

Arabidopsis and PK02532.1, a TF transcription factor in Cannabis sativa that 

directly binds to the SEEL motif in vitro. ........................................................ 184 

Figure 4. The REVEILLE (RVE) TFs are the most closely related Arabidopsis 

homologs to PK02532.1, a TF in Cannabis sativa that directly binds to the 

SEEL motif in vitro. ........................................................................................ 185 

Figure 5. rve1 mutants are knock-down alleles of RVE1. .............................. 186 

Figure 6. rve5-1 is a knock-down allele of RVE5. .......................................... 187 

Figure 7. rve6-2 is a knock-down allele of RVE6. .......................................... 188 

Figure 8. Viable seed set decreased the rve1-2 mutant. ............................... 189 

Figure 9. Pollen tube-ovule interaction and seed set defects in rve1-2 mutant 

pistils are female parent-specific. .................................................................. 190 

Figure 10. LRE expression was decreased in rve1, rve5, and rve6 ovules. .. 191 

Figure 11. RVE1-GUS localized to the nucleus and complemented short 

hypocotyl length phenotype in rve1-1. ........................................................... 192 

Figure 12. pRVE1::RVE1-GUS did not restore LRE expression in rve1-1 ovules 

back to wild-type levels. ................................................................................. 194 

 

  



15 
 

List of Tables 

Chapter One 

Table 1. Genes and genomes used in this study ............................................. 57 

Table 2. Enhanced transmission of the pLRE::LLG1-cYFP transgene through 

the lre-7 female gametophyte .......................................................................... 59  

Table 3. Enhanced transmission of the pLRE::Clevi-LRE/LLG1-cYFP transgene 

through the lre-7 female gametophyte ............................................................. 60 

Table 4. List of primers used in this study ....................................................... 61 

Chapter Two 

Table 1. Post gene duplication, the LRE clade, but not the LLG1 clade, 

experienced higher selective pressures ........................................................ 109 

Table 2. Five amino acids in LRE show signatures of positive selection ....... 110  

Table 3. Pollen tube attraction defects in inter-lineage crosses is associated 

with callose deposition in the FA ................................................................... 111 

Table 4. List of primers used in this study ..................................................... 112 

Chapter Three 

Table 1. The Short Evening-Element Like (SEEL) motif identified using the CIS-

BP database is a modified version of the previously characterized EE motif 166 

Table 2. The SEEL motif and other EE variants are conserved in putative 

orthologs of LRE in the Brassicaceae ............................................................ 167  

Table 3. Single-locus insertion T1 lines with deletions or alterations to the 

SEEL motif in the promoter of the pLRE::GFP construct show decreased 

numbers of GFP-positive ovules compared to pLRE::GFP T1 lines. ............. 168 

Table 4. Single-locus insertion homozygous T3 lines with deletions or 

alterations to the SEEL motif in the promoter of the pLRE::GFP construct show 

decreased numbers of GFP-positive ovules compared to pLRE::GFP lines. 169 

Table 5. The SEE(L) motif is present in the promoters of additional synergid 

cell-expressed genes that function in PT reception ....................................... 171  

Table 6. List of primers used in this study ..................................................... 172  



16 
 

Abstract  
Sexual reproduction in flowering plants relies on cell-cell interactions 

between the pollen grain and the pistil, the female reproductive organ. After 

pollination, the pollen grain develops a pollen tube to transport the two immotile 

sperm cells through the pistil tissues to fertilize the female gametes contained 

within a female gametophyte in an ovule. The first direct contact between the male 

gametophyte and the female gametophyte occurs during pollen tube reception, 

which involves pollen tube growth arrest and release of sperm cells. Since pollen 

tube reception is a key pre-zygotic barrier in interspecific crosses, studying the 

genes that mediate this process can assist in establishing or overcoming species 

barriers.  

LORELEI (LRE) is a putative glycosylphosphatidylinositol (GPI)-anchored 

membrane protein important for pollen tube reception in Arabidopsis thaliana. LRE 

and its most closely related paralog, LORELEI-LIKE GPI-ANCHORED PROTEIN 

1 (LLG1), arose from the alpha whole genome duplication event in the 

Brassicaceae. By binding to FERONIA, a member of the receptor-like kinase family 

first discovered in Catharanthus roseus, LRE and LLG1 perform similar molecular 

functions; still, lre and llg1 mutants do not show overlapping mutant phenotypes.  

In the first chapter of my dissertation, I hypothesized that LRE and LLG1 

were retained because they split the expression patterns of the ancestral single 

copy gene (LRE/LLG1). To test this hypothesis, I studied the expression of LRE, 

LLG1, and the single copy LRE/LLG1 ortholog in Cleome violacea. I determined 

that regulatory subfunctionalization of the ancestral expression domains was one 

mechanism to explain why LRE and LLG1 were maintained after gene duplication. 

To investigate if LRE and LLG1 also split the molecular functions of the ancestral 

LRE/LLG1, we performed reciprocal complementation experiments and found that 

LRE and LLG1 can perform each other’s functions. Although the single copy 

LRE/LLG1 ortholog in Cleome violacea could fully complement llg1 phenotypes, it 

only partially complemented lre mutant phenotypes. This finding suggested that 
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the LRE and LLG1 clades may have experienced differences in selective 

pressures.  

In the second chapter of my dissertation, I showed that the branch leading 

to the LRE clade experienced positive selection while the branch leading to the 

LLG1 clade experienced purifying selective pressures. By exploring the amino acid 

residues in LRE that are under positive selection, I identified a residue in the LRE 

clade that showed a lineage-specific conservation pattern. I used this residue to 

uncover a previously uncharacterized role for LRE in sensing of approaching 

pollen tubes by the synergid cells. This residue can be useful in testing if LRE 

acquired new functions (neofunctionalization) post gene duplication. 

Another prediction from the findings in the first chapter is that changes in 

cis-regulatory elements in the promoters of LRE and LLG1 genes underlie the 

differences in the expression of these two genes. In my final chapter, we identified 

a motif that was present in the LRE promoter but not in the promoters of its 

paralogs. We called this motif the Short Evening Element-Like (SEEL) motif. I 

showed that SEEL motif is important for synergid cell expression of LRE. I also 

investigated the importance of the MYB-related REVEILLE transcription factor 

family in A. thaliana in regulating LRE expression in synergid cells, as these 

transcription factors are known to bind to the SEEL motif. I found that mutants of 

synergid cell-expressed REVEILLEs showed reduced LRE expression.  

My dissertation provides insight into how regulatory subfunctionalization 

can cause diversification of regulatory elements of gene duplicates, which may 

lead to evolution of new functions post gene duplication. 
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Introduction 
 
Double fertilization requires multiple cell-cell interactions between the pollen 
tube and the pistil 

Unlike sperm cells in animals, sperm cells in flowering plants are immotile 

and overcome this mobility limitation by relying on the male gametophyte, or pollen 

grain, to form a tube that delivers the sperm cells to the female gametes (reviewed 

in (Li et al., 2018)). After being released from the anther, a mature pollen grain 

containing two sperm cells will reach the stigma on top of a pistil, or female 

reproductive organ (reviewed in (Johnson et al., 2019)). This marks the beginning 

of sexual reproduction (Chapman and Goring, 2010). After the pollen grain lands 

on the stigma, it will hydrate and develop a pollen tube (PT) to complete PT 

germination (Chapman and Goring, 2010). The PT will continue to grow through 

the pistil tissues, carrying the two sperm cells into an ovary, where the ovules are 

located (Johnson et al., 2019). The PT will enter an ovule through the micropylar 

opening of the female gametophyte, the structure that contains the two female 

gametes (the egg cell and the central cell) and five accessory cells that facilitate 

double fertilization (Yadegari and Drews, 2004)). After the PT enters the micropylar 

end of the female gametophyte via one of the two accessory cells called the 

synergids, the PT will arrest growth and burst (Capron et al., 2008; Escobar-

Restrepo et al., 2007; Huck et al., 2003; Rotman et al., 2003). PT burst causes the 

release of the two sperm cells, allowing one of the sperm cells to fertilize the egg 

cell, and the other to fertilize the central cell, thus completing double fertilization 

(Denninger et al., 2014; Hamamura et al., 2014; Hamamura et al., 2011; Leydon 

et al., 2015; Mori et al., 2006; Ngo et al., 2014; von Besser et al., 2006). The 

fertilized egg cell, or zygote, will initiate embryogenesis and the fertilized central 

cell will become the endosperm, which accumulates nutrients for the growing 

embryo, or future seedling (Lau et al., 2012).  

Double fertilization is essential for the formation of seeds. Understanding 

this process is important because the majority of the food that we consume comes 

from seeds. As the world’s population is predicted to increase to ten billion people 



19 
 

by the year 2050, and the percentage of arable land continues to decline, we must 

develop new technologies and agricultural methods to increase seed yield with 

fewer resources. One approach to increase seed yield is to increase the 

percentage of successful fertilization events in staple crops. By first understanding 

how double fertilization works in model systems, such as Arabidopsis thaliana, we 

can then apply this knowledge to increase seed yield in staple crops. Another way 

that plant reproduction research in basic plant models can help is by identifying 

ways to overcome species barriers to create novel hybrids or create new barriers 

to avoid unwanted pollinations. This can be achieved by studying signaling that 

mediates pollen tube growth, guidance, and reception, each of which is a key pre-

zygotic barrier in reproduction (Escobar-Restrepo et al., 2007; Takeuchi and 

Higashiyama, 2016; Wang et al., 2016; Williams EG, 1982). 

 

Synergid cells are accessory cells in the female gametophyte that mediate 
PT-ovule interactions important for double fertilization 
 The synergid cells are located at the micropylar end of the female 

gametophyte and mediate interactions between the male and female gametophyte 

(Johnson et al., 2019). The two synergid cells share a Filiform Apparatus (FA) at 

the micropylar end of the two cells (Willemse and van Went, 1984). The FA is a 

cell wall-rich structure with finger-like projections that extend into the cytoplasm to 

increase surface area of the plasma membrane at the micropylar end of the 

synergid cells (Chao, 1971; Jensen, 1965; Kasahara et al., 2005; Willemse and 

van Went, 1984). The increased surface area in FA is directly responsible for 

enhancing secretion of peptides from the synergid cells and control PT attraction, 

PT reception, and prevention of polytubey (Higashiyama et al., 1998; Higashiyama 

et al., 2001; Huck et al., 2003; Leydon et al., 2015; Maruyama et al., 2015; Okuda 

et al., 2009; Rotman et al., 2003; Sandaklie-Nikolova et al., 2007; Takeuchi and 

Higashiyama, 2012; Völz et al., 2013). Characterization of synergid cell structure 

and function in other species, such as Gossypium hirsutum (family Malvaceae), 

Rhododendron spp. (family Ericaceae), and Torenia fournieri (family 
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Linderniaceae), demonstrates that synergid cell roles in double fertilization are 

conserved (Jensen, 1965; Okuda et al., 2009; Williams et al., 1984). 

Identification of proteins that mediate cell-cell interactions involved in PT 

attraction and PT reception has also led to enhanced understanding of pre-zygotic 

barriers in interspecific crosses. For example, A. thaliana synergid cells secrete 

small cysteine-rich peptides called LUREs that promote intraspecific PT attraction 

(Takeuchi and Higashiyama, 2016; Wang et al., 2016; Zhong et al., 2019). In A. 

thaliana, LURE peptides from synergid cells bind to LURE receptors (PRK6, 

MDIS1, and MIK1/2) expressed in the PT to direct PT growth to the FA (Takeuchi 

and Higashiyama, 2016; Wang et al., 2016). LURE receptors in PTs of a related 

Brassicaceae family member, Capsella rubella, are not able to recognize the 

LUREs from A. thaliana LURE1 in a semi in-vivo assay; however, if given the 

receptor to receive A. thaliana LUREs (AthPRK6), the C. rubella PTs can now be 

attracted to A. thaliana LURE1 (Takeuchi and Higashiyama, 2016). This suggests 

that ligands and receptors between the synergid cells and the PTs co-evolve to 

make PT attraction a pre-zygotic barrier in interspecific crosses. Furthermore, this 

finding supports the strategy of targeting signaling complexes involved in pre-

zygotic barriers to overcome or reinforce species barriers. Interspecific crosses 

between members of the Ericaceae or the Brassicaceae show PT reception 

defects, suggesting that PT reception is another pre-zygotic barrier (Escobar-

Restrepo et al., 2007; Williams EG, 1982). However, it remains unclear how this 

PT reception barrier is reinforced. Perhaps ligands from the PT interact with a 

receptor complex in the synergid cells to allow the growth arrest and burst of 

intraspecific PTs. It is likely that the proteins involved in this process also co-evolve 

and make PT reception a key pre-zygotic barrier, as it is the penultimate step 

preceding double fertilization.  

 
LORELEI functions with FERONIA at the FA during PT reception 

 LORELEI (LRE) is a putative glycosylphosphatidylinositol (GPI)-anchored 

membrane protein important for PT reception, which involves PT growth arrest and 

burst (Capron et al., 2008; Liu et al., 2016). The failure to arrest PT growth in lre 



21 
 

mutants leads to a 70% reduction in fertilized ovules (Capron et al., 2008; Liu et 

al., 2016; Tsukamoto et al., 2010). LRE localizes to the FA and has functions prior 

to and during PT arrival (Li et al., 2015; Liu et al., 2016). Before PT arrival in mature 

unpollinated pistils, LRE chaperones FERONIA (FER), a member of the 

Catharanthus roseus receptor-like kinase (CrRLK) family, named because of its 

initial discovery in Catharanthus, to the FA (Li et al., 2015). Upon reaching the FA, 

LRE and FER interact with a RAC/ROP complex to produce reactive oxygen 

species (ROS), which may be important for PT lysis in the synergid cells (Li et al., 

2015). After PT arrival, LRE is important for regulating calcium dynamics in 

response to the PT (Ngo et al., 2014). Additionally, LRE and FER are predicted to 

interact with ligands from the PT to induce PT growth arrest; however, identification 

of these ligands requires further study.  

  Loss of function fer mutants also show high percentages of ovules with PT 

reception defects (70%; (Liu et al., 2016)). PT reception defects in the lre fer double 

mutant remain around 70%, suggesting that LRE and FER both function in the 

same pathway (Liu et al., 2016). In-vitro binding assays suggest that LRE and FER 

can bind to each other’s extracellular domains (Li et al., 2015). Based on these 

findings, it is likely that LRE and FER form a co-receptor at the FA to mediate PT 

reception. Unlike FER, which is expressed throughout plant development and has 

many pleiotropic phenotypes, LRE expression is primarily restricted to the female 

gametophyte before fertilization, with strongest expression in the synergid cells (Li 

et al., 2015; Tsukamoto et al., 2010; Wang et al., 2017).  

 

LRE has three paralogs in A. thaliana 
LRE has three paralogs in A. thaliana: LORELEI-LIKE GPI-ANCHORED 

PROTEINS 1, 2, and 3 (LLG1, LLG2, and LLG3). LRE expression is the most 

tightly restricted, while its paralogs are expressed throughout plant development 

and share overlapping expression patterns (Tsukamoto et al., 2010; Wang et al., 

2017). LLG1 is the most closely related paralog to LRE (Tsukamoto et al., 2010). 

LLG1 guides FER to the plasma membrane in vegetative tissues and forms a co-

receptor complex with FER to perform similar molecular functions as the LRE/FER 
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co-receptor complex (Li et al., 2015). In roots, the LLG1/FER co-receptor complex 

binds to the ligand, RAPID ALKALINIZATION FACTOR 1 (RALF1) (Li et al., 2015). 

It is predicted that LLG1 and FER predominately work together to mediate 

development because llg1 and fer mutants both show pleiotropic phenotypes 

which include reduced plant size, root hair defects, disruption of hormone 

responses, and insensitivity to RALF1 (Li et al., 2015). The fer mutant phenocopies 

both llg1 and lre mutant phenotypes suggesting that fer functions in both co-

receptor complexes (Capron et al., 2008; Escobar-Restrepo et al., 2007; Huck et 

al., 2003; Li et al., 2015; Rotman et al., 2003; Tsukamoto et al., 2010). The 

conservation of the LRE/LLG1/FER co-receptor complex suggests that in synergid 

cells the LRE/FER co-receptor complex binds to at least one of the 39 known RALF 

ligands in A. thaliana to initiate PT reception, but further studies are required to 

identify these ligands (Ge et al., 2017; Sharma et al., 2016). 

 

Main Research Question One: How are LRE and LLG1 maintained post gene 
duplication in the Brassicaceae? 

 In this dissertation, I investigated the mechanisms to explain why LRE and 

LLG1 are maintained after gene duplication in the Brassicaceae (Chapter One). 

Since the mutant phenotypes of lre and llg1 in A. thaliana do not overlap, I 

hypothesized that subfunctionalization of expression patterns and/or molecular 

functions of the ancestral single copy gene (LRE/LLG1) explained the retention of 

LRE and LLG1 in A. thaliana. Using cell-specific expression analysis in A. thaliana, 

I found that LRE and LLG1 showed non-overlapping expression patterns in pistils. 

I also predicted expression of the LRE/LLG1 using RT-PCR of the single copy 

LRE/LLG1 from Cleome violacea, a member of the Cleomaceae—a family closely 

related to the Brassicaceae that did not experience the duplication event that gave 

rise to LRE and LLG1 (Beilstein et al., 2006; Beilstein et al., 2008; Beilstein et al., 

2010; Cheng et al., 2013). Expression of LRE/LLG1 in C. violacea was similar to 

both A. thaliana LRE and LLG1 expression. Taken together, I concluded that 

regulatory subfunctionalization of LRE and LLG1 is one mechanism that explains 

their retention post duplication. Based on these findings, I proposed that changes 



23 
 

in cis-regulatory elements contributed to division of the ancestral expression 

domains and investigated cis-regulatory elements uniquely found in the LRE 

promoter compared to its paralogs (in the third chapter of my dissertation). 

To test if subfunctionalization of molecular functions also contributed to 

retention of LRE and LLG1 in the Brassicaceae, we performed reciprocal 

complementation experiments in collaboration with Dr. Alice Cheung at the 

University of Massachusetts at Amherst. We determined that LRE and LLG1 could 

fully perform each other’s functions. Additionally, we investigated the ability of the 

single copy LRE/LLG1 in C. violacea to complement lre and llg1 mutant 

phenotypes. While the single copy LRE/LLG1 from C. violacea fully complemented 

A. thaliana llg1 mutant phenotypes, it only partially complemented fertility defects 

in lre mutants. Perhaps differences in selective pressures explain these differences 

in the extent of complementation; in the second chapter of my dissertation, I 

investigated this possibility. 

 

Main Research Question Two: How are differences in selective pressures 
between LRE and LLG1 affecting the functions of LRE in PT-ovule 
interactions? 

In the second chapter of my dissertation, I investigated the differences in 

selective pressures between the LRE clade and the LLG1 clade, and concluded 

that the LRE clade, but not LLG1 clade, experienced positive selection. Genes with 

signatures of positive selection often experience neofunctionalization – the 

acquisition of function(s) not present in the ancestral species (Ohno, 1970). This 

may explain why LRE/LLG1 in C. violacea could only partially complement lre 

mutant phenotypes in Chapter One. Residues with strong signatures of positive 

selection can contribute to acquisitions of new functions (Beilstein et al., 2015). To 

explore the possibility that residues with strong signatures of positive selection may 

be important for novel LRE functions, I investigated the importance of Arginine 120 

in A. thaliana (LRE-R120), one of the five amino acid residues that is under positive 

selection. LRE-R120 also had an interesting lineage-specific conservation pattern, 

which suggested that LRE may be important in inter-lineage crosses.  
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To understand the role of LRE in inter-lineage crosses, I first performed 

crosses between A. thaliana pistils with pollen from Sisymbrium irio (a member of 

Extended Lineage II) (Beilstein et al., 2006; Beilstein et al., 2008). When A. 

thaliana pistils were pollinated with S. irio pollen, a majority of ovules showed PT 

reception defects. I anticipated that A. thaliana lre mutants would show decreased 

PT reception defects in inter-lineage crosses with S. irio after expressing LRE-

R120T, in which the R120 residue in A. thaliana LRE was changed to a residue 

found in S. irio LRE (threonine, T). Surprisingly, we found that both lre and LRE-

R120T pistils pollinated by S. irio showed increased PT attraction defects, which 

occurs before PT reception, implicating LRE in PT attraction in inter-lineage 

crosses. Additionally, callose accumulation occurred in the FA of lre and R120T 

pistils pollinated by S. irio. Callose was present in the FA even when an ovule did 

not make direct physical contact with the PT, suggesting that ovules sense PTs 

even from a distance and that this perception of PTs in the synergids is LRE-

dependent. In the future, identification of the PT attraction phenotype in inter-

lineage crosses involving lre mutants will be useful to test the hypothesis if LRE 

acquired a new function post gene duplication. 

 

Main Research Question Three: How does regulatory subfunctionalization 
influence transcriptional regulation of LRE in synergid cells? 

In the final chapter of my dissertation, we obtained additional evidence in 

support of our conclusion that subfunctionalization of expression is one 

mechanism to explain the retention of LRE and LLG1 in the Brassicaceae post 

gene duplication. Changes in expression patterns of gene duplicates can occur 

through changes in cis-regulatory elements (Arsovski et al., 2015; Ye et al., 2016). 

In collaboration with Dr. Shin-han Shiu from Michigan State University, we 

identified a cis-regulatory element in the LRE promoter, which we named as the 

Short Evening Element-Like (SEEL) motif. This element was present only in the 

promoter of LRE, but not in its paralogs. We confirmed that the SEEL motif is 

necessary for synergid cell expression of LRE. Additionally, we investigated 

whether REVEILLE (RVE) transcription factors, which are known to bind to the 
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SEEL motif, regulated LRE expression in synergid cells. We found that LRE 

expression decreased in mutants of synergid cell-expressed RVEs. Further 

investigation is required to determine how RVEs regulate LRE expression, and 

how RVEs and the SEEL motif are involved in the synergid cell gene regulatory 

network.  

 

Concluding remarks: 
Results from evolutionary and functional analyses in this dissertation 

provide insight into how regulatory subfunctionalization may be critical for the 

evolution and specialization of the LRE/LLG/FER/RALF complex. Bioinformatics 

analysis performed in this dissertation suggest that the LRE/FER complex in 

synergid cells may be co-regulated by the cis-regulatory elements contributing to 

differences in expression between LRE and LLG1. Together, these findings 

demonstrate that gene duplicates under regulatory subfunctionalization can 

experience differences in selective pressures, allowing for the specialization and 

retention of these genes.  
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Abstract: 
LORELEI (LRE), and its most closely related paralog LLG1 (LORELEI-LIKE 

GPI-Anchored Protein 1) are products of the alpha whole genome duplication that 

occurred at the base of the plant family Brassicaceae. In Arabidopsis thaliana, LRE 

and LLG1 are differentially expressed and lre and llg1 mutants exhibit non-

overlapping phenotypes. Despite their divergent expression patterns and unique 

phenotypes, LRE and LLG1 both interact with FERONIA, a member of the 

Catharanthus roseus receptor-like kinase subfamily. We hypothesized that LRE 

and LLG1 were maintained after duplication because the two genes split the 

expression domains of the ancestral single copy gene through regulatory 

subfunctionalization. In support of this hypothesis, we found that LRE and LLG1 

displayed non-overlapping expression patterns in A. thaliana pistils and vegetative 

tissues respectively, while the single copy ortholog in Cleome violacea was 

expressed in both pistils and vegetative tissues. In addition, we performed 

promoter swaps for LRE and LLG1 followed by reciprocal complementation assays 

and found that the fusion transgenes can substitute for each other during A. 

thaliana development. Moreover, the single copy ortholog from C. violacea 

complemented A. thaliana lre and llg1 mutant phenotypes. Importantly, LRE, 

LLG1, and the single copy ortholog in C. violacea responded to the ligand RAPID 

ALKALINIZATION FACTOR 1. Together, these results showed that although LRE 

and LLG1 function in the tripartite signaling complex is conserved, the expression 

divergence of the paralogs accounts for their maintenance post gene duplication. 

Evolutionary and functional characterization of LRE and LLG1 in this study 

provides the conceptual and experimental framework to understand the 

combinatorial assembly and function of this critical plant cell signaling complex. 
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Introduction 

Gene duplication provides the underlying genetic material required for 

modification and refinement of existing traits, as well as the evolution of novel 

traits. In addition to whole genome duplication (WGD), local duplications occur and 

arise via segmental duplication, tandem duplication, and transposition (Freeling, 

2009). Angiosperm evolution is replete with multiple instances of WGD; for 

example, the Arabidopsis thaliana genome retains evidence of three historical 

WGD events over the last ~350 million years (Bowers et al., 2003). In A. thaliana, 

nearly 78% of genes are members of families comprising at least two or more 

genes (Guo, 2013), indicating the importance of gene duplication in genome 

evolution and function. Still, not all duplicated copies of a gene are retained post 

whole genome or local duplication, and the fate of the majority of duplicates is 

eventual loss (Panchy et al., 2016). 

A variety of mechanisms have been proposed to explain the retention of 

duplicated genes. Two primary processes underlying retention that have been the 

focus of both theoretical and experimental work are neofunctionalization and 

subfunctionalization (Des Marais and Rausher, 2008; Ohno, 1970). In 

neofunctionalization, novel functions evolve in one copy post duplication as 

mutations in either its regulatory domain (regulatory neofunctionalization), or the 

coding region (coding neofunctionalization) accumulate (Moore and Purugganan, 

2005). In subfunctionalization, the ancestral functions are parsed between the 

duplicates, either through changes in the regulatory, coding, or both regions. When 

the ancestral expression pattern is divided between the duplicates, leading to non- 

or partially overlapping expression of the paralogs, the term regulatory 

subfunctionalization is applied (Force et al., 1999). 

Dissection of the processes underlying the retention of duplicate copies 

requires careful documentation of not only the functions of the observed, retained 

paralogs, but also an estimate of the ancestral state from which they evolved. The 

advent of high-throughput sequencing and large-scale transcriptomic studies has 

allowed broad evaluation of expression divergence in duplicated genes in A. 

thaliana (De Smet et al., 2017; Duarte et al., 2006; Liu et al., 2011; Zou et al., 



35 
 

2009), Glycine max (L.) Merr. (Roulin et al., 2013), and Zea mays (Hughes et al., 

2014). Although these studies generated evidence in support of regulatory 

subfunctionalization and/or regulatory neofunctionalization, they relied on 

computational, comparative approaches to reconstruct ancestral states 

expression. An alternative, robust, experimental approach to gather this critical 

data, which serves as the basis of distinguishing neo- versus subfunctionalization, 

is direct expression analysis of a single copy representative of the gene from a 

species which diverged prior to the duplication event responsible for the 

paralogous copies under investigation. Importantly, if experimental approaches 

indicate that paralog retention was driven by subfunctionalization, it is still possible 

that subsequent evolution of one of the two descendant lineages experienced 

neofunctionalization. In those studies where coding neofunctionalization was 

explored, it was primarily inferred from the number of identified protein-protein 

interactions (Guo, 2013) or based on GO-analysis of genes that have experienced 

regulatory neofunctionalization (De Smet et al., 2017), instead of reciprocal 

complementation experiments with paralogs to test if one paralog can complement 

the loss of function of the second paralog. 

Here we exploit the paralogs LORELEI and LORELEI-LIKE GPI-Anchored 

Protein 1 (LLG1) from A. thaliana (Capron et al., 2008; Liu et al., 2016; Tsukamoto 

et al., 2010) to comprehensively examine the evolutionary fates and mechanisms 

that account for their retention. LORELEI (LRE) is a putative 

glycosylphosphatidylinositol (GPI)-anchored membrane protein that is important 

for pollen tube reception during A. thaliana reproduction (Capron et al., 2008; Liu 

et al., 2016; Tsukamoto et al., 2010). After a pollen grain lands on the stigma of a 

pistil, it will develop a pollen tube (PT) that carries the sperm cells towards an ovule 

containing the female gametophyte (Johnson et al., 2019). In A. thaliana, the egg 

cell and central cell are housed within the female gametophyte, a seven-celled 

structure housed in an ovule (Yadegari and Drews, 2004). The two synergid cells 

are accessory cells in the female gametophyte that are essential for PT attraction 

and PT reception, which includes PT growth arrest and release of sperm cells to 

complete fertilization of the egg and central cells (i.e., double fertilization), a 
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hallmark of angiosperm evolution (Johnson et al., 2019). LRE localizes in the 

synergid cell and binds FERONIA (FER), a member of the CrRLK1L or CrRLK 

receptor-like kinase family first discovered in Catharanthus roseus. Together they 

function as a co-receptor complex at the interface of the synergid cell and PT 

(Kessler et al., 2015; Li et al., 2015). In lre or fer mutant ovules that exhibit PT 

reception defects, PTs continue to grow within the female gametophyte and sperm 

cells are not released (Capron et al., 2008; Escobar-Restrepo et al., 2007; Huck 

et al., 2003; Liu et al., 2016; Rotman et al., 2003). Consequently, these ovules 

remain unfertilized, contribute to the reduction in seed set observed in either 

mutant (Capron et al., 2008; Escobar-Restrepo et al., 2007; Huck et al., 2003; Liu 

et al., 2016; Rotman et al., 2003).   

 LRE has three paralogs LORELEI-LIKE GPI-ANCHORED PROTEINS 1, 2, 

and 3 (LLG1, LLG2, and LLG3) in A. thaliana (Tsukamoto et al., 2010). LLG1 is 

the most closely related paralog to LRE (Tsukamoto et al., 2010). LLG1 localizes 

to the plasma membrane and functions with FER to regulate growth responses in 

vegetative tissues (Li et al., 2015). Although the CrRLK family contains 17 

members, FER is the only member known to interact with LLG1 (Li et al., 2015). 

FER and LLG1 form a co-receptor complex at the plasma membrane and bind to 

the peptide hormone rapid alkalinization factor 1 (RALF1) to regulate root growth 

and development (Li et al., 2015). fer and llg1 mutants show the same pleiotropic 

effects in vegetative tissues, which include reduced rosette size and root length, 

insensitivity to RALF1-dependent growth inhibition in roots, decreased sensitivity 

to abscisic acid in roots, and abnormal root hair development (Li et al., 2015). 

Although llg1 mutants do not show reproductive phenotypes, fer mutants show 

reproductive defects at a similar level as the lre-7 mutant and double mutants of 

fer-4, lre-7 (Liu et al., 2016). These results suggest that LRE and FER function in 

the same pathway to mediate PT reception in reproductive tissue, while LLG1 and 

FER act in vegetative tissue to mediate growth and development.  

Among LRE gene family members, LRE has the most tightly regulated 

expression pattern, with the highest expression in synergid cells and to a lesser 

extent in the egg and central cells of the female gametophyte (Wang et al., 2017). 
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LRE is also expressed in the zygote and proliferating endosperm of seeds 

(Tsukamoto et al., 2010; Wang et al., 2017). Interestingly, LRE expression in seeds 

is primarily from the matrigenic LRE allele, indicating that LRE is imprinted (Wang 

et al., 2017). Conversely, RT-PCR experiments show that LLG1 is expressed in 

nearly all the tissues examined ranging from 8-day-old seedlings to pistils 

(Tsukamoto et al., 2010).   

We hypothesized that differences in cis-regulatory elements evolved post 

gene duplication and led to the divergent expression patterns observed for LRE 

and LLG1. More explicitly, we proposed that regulatory subfunctionalization 

underlies the retention of both copies. To explore our hypothesis in depth, we 

performed expression analyses using pLRE::GUS and pLLG1::GUS 

transcriptional fusions and confirmed that LRE and LLG1 showed non-overlapping 

expression patterns. Additionally, to estimate the expression domains of the single 

copy ancestor, we amplified the single copy ortholog from Cleome violacea (Clevi-

LRE/LLG1) by RT-PCR. C. violacea is a member of the Cleomaceae, which 

diverged from the Brassicaceae prior to the duplication giving rise to LRE and 

LLG1. Results from these experiments indicate that the retention of LRE and LLG1 

in the Brassicaceae is consistent with the model of subfunctionalization. We also 

tested the possibility that LRE and LLG1 also split the molecular functions of the 

ancestral gene by performing cross-complementation experiments of LRE and 

LLG1. We demonstrated that in A. thaliana, LRE and LLG1 can perform each 

other’s functions and showed that a single copy ortholog of LRE and LLG1 in C. 

violacea was able to fully substitute for LLG1 in vegetative tissues but could only 

partially perform the functions of LRE in synergid cells. Based on these findings, 

we concluded that regulatory subfunctionalization greatly contributed to the 

retention of LRE and LLG1 in A. thaliana.  
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Results 
LRE and LLG1 are maintained in the Brassicaceae family 

To understand the evolution of LRE and LLG1, we built a phylogenetic tree 

of LRE, LLG1, and their putative orthologs in the Brassicaceae (Figure 1). LRE 

and LLG1 arose from the alpha whole genome duplication, which occurred after 

the divergence of the Brassicaceae from other families in the Brassicales (Beilstein 

et al., 2010; Bowers et al., 2003; Thomas et al., 2006; Wang et al., 2013). We 

obtained full-length coding sequences (CDS) for A. thaliana LRE, LLG1, and their 

putative orthologs in eleven other species from the Brassicaceae (Table 1; 

methods). We anticipated that we would find only a single copy LRE/LLG1 ortholog 

in the species that we selected from the Caricaceae and Cleomaceae, which 

served as the outgroup and sister group in this analysis, respectively. Indeed, we 

identified only a single copy ortholog in Carica papaya (Caricaceae), Tarenaya 

hassleriana (Cleomaceae), and Cleome violacea (Cleomaceae).  

We generated an alignment of the full-length CDS, then built a phylogenetic 

tree by maximum likelihood (methods). We found that LRE and its orthologs 

formed a distinct clade while LLG1 and its orthologs belonged to another clade 

(Bootstrap values of 100 and 94, respectively) (Figure 1). The single copy 

LRE/LLG1 orthologs from C. papaya, T. hassleriana, and C. violacea, remained 

outside of the LRE and LLG1 clades, suggesting LRE and LLG1 in the 

Brassicaceae diverged from the single copy LRE/LLG1 orthologs (Figure 1). Since 

all eleven species that we obtained from the Brassicaceae had putative LRE and 

LLG1 orthologs, we concluded that LRE and LLG1 were likely conserved 

throughout the Brassicaceae following gene duplication (Figure 1). Our 

phylogenetic analysis also provided us with the opportunity to investigate the 

differences in selective pressures between the LRE and LLG1 clades in the 

Brassicaceae; we pursued this further in Chapter Two. 

LRE and LLG1 have distinct expression in A. thaliana 
Whole genome duplicates are genetically redundant immediately after 

duplication, which is why most gene duplicates are quickly rendered non-functional 
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(Lynch and Conery, 2003). Estimates of duplicate gene survival is about 15% in A. 

thaliana (Blanc et al., 2003; Maere et al., 2005). These findings led us to investigate 

the mechanisms responsible for the retention of the LRE and LLG1 clades in the 

Brassicaceae. Due to the non-overlapping phenotypes of lre and llg1 mutants in 

A. thaliana (Li et al., 2015; Tsukamoto et al., 2010), we proposed that LRE and 

LLG1 were maintained after gene duplication because the two genes split the 

expression patterns and/or molecular functions of the ancestral single copy gene, 

LRE/LLG1.  

First, we explored if differences between LRE and LLG1 expression 

patterns could explain their retention post gene duplication, as limited prior 

knowledge on their expression in A. thaliana indicated that this was a possibility 

(Tsukamoto et al., 2010). RT-PCR experiments indicated that expression of LRE 

is more tightly restricted than LLG1; LRE is primarily expressed in reproductive 

tissues, while LLG1 is expressed throughout plant development (Tsukamoto et al., 

2010). Still, LRE and LLG1 expression also overlapped in at least three tissues: 8-

day old seedlings, unfertilized pistils, and pollinated pistils (Tsukamoto et al., 2010; 

Wang et al., 2017)). Thus, it remained unclear if LRE and LLG1 expression distinct 

at a cell-specific level within these multicellular tissues. To determine if LRE and 

LLG1 showed distinct expression at the cell-specific level, we performed cell-

specific gene expression analysis using transcriptional fusions of LRE or LLG1 

promoters to β-glucuronidase (GUS). We characterized GUS expression in three 

homozygous single-locus insertion lines of pLRE::GUS, and in a previously 

reported pLLG1::GUS line (Li et al., 2015). For cell-specific expression analysis, 

we selected the following tissues where either LRE or LLG1 is expressed 

(Tsukamoto et al., 2010; Wang et al., 2017): 8-day-old seedlings, 21-day-old 

seedlings, unpollinated pistils 24 hours after emasculation (HAE), and pollinated 

pistils at 13.5 hours after pollination (HAP) and 18 HAP (Figure 2). 

 In 8-day-old seedlings, pLLG1::GUS was expressed in true leaves, the 

hypocotyl, and to a lesser extent in roots (Figure 2C). However, we were unable 

to detect GUS staining at this timepoint for any of the three pLRE::GUS lines 

(Figure 2B), which led us to conclude that our GUS expression results were not 
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consistent with the previous RT-PCR results (Tsukamoto et al., 2010). Perhaps 

the LRE promoter sequence used in this construct did not include the cis-

regulatory elements required for expression in 8-day-old seedlings. Alternatively, 

GUS is expressed in these tissues, but at levels beyond detection of our assay. In 

21-day-old seedlings, GUS staining results matched RT-PCR results (Tsukamoto 

et al., 2010). pLLG1::GUS was expressed in newly emerged true leaves (Figure 

2F) and pLRE::GUS was not expressed in any cell or tissues of 21-day-old 

seedlings (Figure 2E).   

In unpollinated pistils, pLRE::GUS was strongly expressed in the synergid 

cells (Figure 2G). After pollination, we observed weaker pLRE::GUS expression in 

the zygote at 13.5 HAP (Figure 2J) and in proliferating endosperm after pollination 

18 HAP (Figure 2L). The cell-specific expression of pLRE::GUS at these stages 

was consistent with the results obtained using pLRE::GFP (Wang et al 2017). We 

found that pLLG1::GUS was expressed only in septum and nectaries in 

unpollinated and pollinated pistils (Figures 2G and 2I-2K). These results 

demonstrated that LRE and LLG1 were not expressed in the same cells in pistils. 

These findings were consistent with our hypothesis of subfunctionalization and 

suggested that changes in cis-regulatory elements may be responsible for the 

differences in expression between A. thaliana LRE and LLG1, a possibility that I 

investigated further in Chapter Three. 

The single copy LRE/LLG1 ortholog in Cleome violacea shows broad 
expression in both vegetative and reproductive tissue 
 We demonstrated that pLRE::GUS and pLLG1::GUS show non-overlapping 

expression patterns in pistils of A. thaliana, which offered experimental evidence 

in support of our subfunctionalization hypothesis. Another prediction from our 

hypothesis is that the single copy LRE/LLG1 ortholog would be expressed in both 

vegetative and reproductive tissues of the ancestral plant. For this, we chose to 

characterize the expression pattern of the single copy LRE/LLG1 ortholog in C. 

violacea, a member of the Cleomaceae family. We performed RT-PCR on cDNAs 

isolated from the following stages of C. violacea: rosette leaves from 30-day-old 

plants (equivalent in size to 21-day-old A. thaliana rosette leaves, a stage when A. 
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thaliana LLG1, but not LRE, is expressed (Tsukamoto et al., 2010)), mature 

emasculated pistils without ovules that still included the septum and nectaries, and 

ovules isolated from mature emasculated pistils (Figure 3). We found that the 

single copy LRE/LLG1 ortholog in C. violacea (Clevi-LRE/LLG1) is expressed in 

all developmental stages that we tested and that Clevi-LRE/LLG1 expression 

encompasses all the expression domains of A. thaliana LRE and LLG1 (Figure 3). 

Additionally, we sequenced the RT-PCR products from each of the tissues and 

confirmed that the presence of full-length transcripts of Clevi-LRE/LLG1. These 

results suggest that the endogenous promoter of the single copy gene contains all 

the cis-regulatory elements necessary to confer expression in the ovules, where 

LRE is expressed, and in vegetative and sporophytic pistil tissues, where LLG1 is 

expressed. Our findings from expression analyses of LRE, LLG1, and Clevi-

LRE/LLG1 support our hypothesis that post gene duplication, LRE and LLG1 

clades have experienced regulatory subfunctionalization.  

LRE and LLG1 are functionally exchangeable in A. thaliana development 
Subfunctionalization of expression domains is not the only outcome 

experienced by gene duplicates, as divisions of ancestral molecular functions 

among paralogs is also possible (Force et al., 1999). To determine if LRE and 

LLG1 also split the molecular functions of the ancestral gene, we introduced LRE 

into the llg1-2 mutant to examine if it can rescue llg1-2 phenotypes and vice versa. 

In collaboration with Dr. Alice Cheung, we demonstrated that pLLG1::LRE-HA can 

fully complement llg1-2 mutant phenotypes (personal communications with Dr. 

Alice Cheung). Notably, we discovered LRE-HA fully complemented insensitivity 

to RALF1 root growth inhibition observed in llg1-2 mutants (personal 

communications with Dr. Alice Cheung). This serves as the first piece of evidence 

that LRE can interact with a member of the RALF family in A. thaliana and suggests 

that the LRE/FER co-receptor complex also requires a RALF (see Discussion). 

Conversely, to test if LLG1 complemented PT reception and seed set 

defects caused by loss of LRE, we transformed LLG1 fused to citrine YFP (LLG1-

cYFP) under the control of the native LRE promoter into lre-7 mutant plants and 
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first checked for YFP expression and localization in the synergid cells (Figure 4A-

D). In three homozygous single-locus insertion lines, LLG1-cYFP localized to the 

FA and unspecified puncta in the synergid cells similar to LRE-cYFP (Liu et al., 

2016), suggesting that LLG1-cYFP was expressed correctly. Next, we assessed 

the ability of LLG1-cYFP to complement lre-7 fertility defects in these three 

homozygous single-locus insertion lines (Figure 5). In wild-type pistils pollinated 

with wild-type pollen, 97.9% of ovules showed successful PT burst (Figure 5B). 

However, lre-7 mutant pistils showed only 27.5% of ovules with PT burst, while the 

majority of remaining ovules showed PT reception defects (72.2%) (Figure 5B). As 

reported previously, LRE-cYFP complemented PT reception defects, with a 

majority of ovules showing PT burst (95.3%; (Liu et al., 2016)). All three 

homozygous single-locus insertion lines carrying LLG1-cYFP complemented PT 

reception defects (restored PT burst to 91.7%-99.5%; Figure 5B), with no 

significant differences in percentage of ovules with PT burst compared to that in 

wild-type or LRE-cYFP pistils pollinated with wild-type pollen (ANOVA; p = 0.57; 

Figure 5B).  

Since all LLG1-cYFP lines complemented PT reception defects in lre-7 

mutants, we expected that seed set would also be restored to wild-type levels. 

Indeed, all three LLG1-cYFP lines complemented lre-7 seed set defects (restored 

viable seeds to 86.4%-97.6%; Figure 5C) and with no significant difference from 

LRE-cYFP or wild-type (ANOVA; p = 0.18; Figure 5C). Additionally, we also 

measured the transmission efficiency of the LLG1-cYFP transgene to the next 

generation to evaluate the ability of the transgene to complement fertility defects 

in lre-7 mutants. We observed enhanced transmission of LLG1-cYFP through the 

female gametophyte (Table 2). Based on these results, we concluded that LLG1-

cYFP can complement reproductive defects in lre-7 mutants. Taken together, 

these results suggest that LRE and LLG1 can perform each other’s molecular 

functions in A. thaliana development.  
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The single copy LRE/LLG1 ortholog in Cleome violacea (Clevi-LRE/LLG1) 
fully complemented vegetative defects in llg1, but only partially 
complemented reproductive defects in lre 
 Based on our reciprocal complementation experiments in A. thaliana, we 

concluded that LRE and LLG1 can perform each other’s molecular functions. If so, 

the functions performed by LRE and LLG1 were likely similar to those of the single 

copy LRE/LLG1 ortholog in C. violacea. To test this prediction, we examined if the 

single copy LRE/LLG1 ortholog in C. violacea could complement both llg1-2 and 

lre-7 mutant phenotypes. We fused the single copy LRE/LLG1 from C. violacea 

(Clevi-LRE/LLG1) to citrine YFP and expressed it under the control of native 

promoter of A. thaliana LLG1 or LRE (personal communications with Dr. Alice 

Cheung and Figure 6A).  

 We found that Clevi-LRE/LLG1 expressed from the LLG1 promoter fully 

complemented hypocotyl length and root hair defects found in llg1-2 seedlings 

(personal communications with Dr. Alice Cheung). Clevi-LRE/LLG1 also fully 

complemented llg1-2 insensitivity to RALF1 root growth inhibition (personal 

communication with Dr. Alice Cheung). This provides the first evidence that the 

tripartite signaling complex, comprised of a LRE gene family member, a CrRLK1L 

family member, and a RALF family member, is also conserved outside of the 

Brassicaceae.  

In all three pLRE::Clevi-LRE/LLG1-cYFP homozygous single-locus 

insertion lines, Clevi-LRE/LLG1-cYFP was weakly expressed and localized only in 

the FA, as the YFP signal was not present elsewhere in the synergid cells (Figure 

4E). This localization pattern of Clevi-LRE/LLG1-cYFP is different from LRE-cYFP 

and more similar to that of FER and EARLY NODULIN-LIKE PROTEIN 14, which 

are both involved in PT reception and localize only to the FA (Escobar-Restrepo 

et al., 2007; Hou et al., 2016). For all three lines, the percentage of ovules with 

normal PT burst was not complemented to wild-type LRE-cYFP levels. 

Furthermore, the percentages of normal PT burst for pLRE::Clevi-LRE/LLG1-cYFP 

lines 10 and 11 were more statistically similar to lre-7 than to wild type (pairwise 

two-tailed t-tests, p > 0.05; Figure 6B). Compared to wild type, Clevi-LRE/LLG1-

cYFP lines showed increased percentages of PT-ovule interaction defects, with 
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the majority of these being PT reception defects (28.9%-39.5%; Figure 6B), which 

suggested that Clevi-LRE/LLG1 was not able to fully complement the PT reception 

defects in lre mutants (Figure 6B). Similar to results from the aniline blue assays, 

all three pLRE::Clevi-LRE/LLG1-cYFP lines could only partially complement seed 

set defects in lre-7 (59.6%-76.7%, Figure 6C). We performed pairwise two-tailed 

t-tests for all three pLRE::Clevi-LRE/LLG1-cYFP lines and showed statistically 

significant increases in seed set compared to lre-7, but seed set in these lines was 

still statistically lower than seed sets in LRE-cYFP and Col-0 (p > 0.05; Figure 6C).  

Transmission efficiency analysis of the progeny of reciprocal crosses 

between Clevi-LRE/LLG1-cYFP heterozygous plants to wild-type plants confirmed 

the transmission efficiency of the transgene was increased when Clevi-LRE/LLG1-

cYFP/+ was used as the female parent compared to lre-7 (1.67-3; Table 3). 

Importantly, we noticed that the transmission efficiency was much lower than that 

observed in LRE-cYFP/+ x Col-0 control crosses (1.67-3 vs 7.79; Table 3). Based 

on these results, we concluded that the single copy LRE/LLG1 in C. violacea 

partially complemented lre-7 mutant phenotypes.  

Discussion 
Expression divergence may have influenced the retention of LRE and its 
paralogs 

Based on our expression analyses, we found that that LRE and LLG1 have 

non-overlapping expression in A. thaliana or what is described as ‘reciprocal 

expression patterns’ (Liu et al., 2011).The combined expression domains of LRE 

and LLG1 likely represent the expression domain of the single copy LRE/LLG1 
ortholog in C. violacea. Cell-specific expression analysis of the single copy 

LRE/LLG1 ortholog in C. violacea is necessary to test this possibility but our RT-

PCR results suggest it is likely the case. Such an analysis will also be useful to 

test if regulatory neofunctionalization has happened since the duplication of LRE 

and LLG1. Regardless, it is reasonable to propose that the complementary 

expression of LRE and LLG1 led to the retention of these paralogs in 
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Brassicaceae, as loss of either copy would risk losing expression and lowered 

fitness (Force et al., 1999).  

If the expression in A. thaliana reflects the expression of orthologs in the 

Brassicaceae, then we predict that the LRE clade is specific to the female 

gametophyte, while the LLG1 clade is more broadly expressed in vegetative and 

sporophytic tissues. These expression patterns are consistent with their mutant 

phenotypes (Capron et al., 2008; Li et al., 2015; Tsukamoto and Palanivelu, 2010; 

Tsukamoto et al., 2010). Neither llg1 or lre mutants in A. thaliana are reported to 

have any defects in male reproductive tissues, where another tripartite signaling 

complex involving members of the CrRLK family and RALFs has been identified. 

We predict that the other two paralogs of LRE in A. thaliana, LORELEI-LIKE GPI 

ANCHORED PROTEINS 2 and 3 (LLG2 and LLG3) may participate in the tripartite 

signaling complex in the male gametophyte. Although no mutants of LLG2 and 

LLG3 have been characterized, available expression data support this prediction. 

In A. thaliana, LLG2 and LLG3 show high expression in pollen and pollen tubes 

(Qin et al., 2009; Schmid et al., 2005; Tsukamoto et al., 2010). LLG2 and LLG3 

may interact at the PT membrane to work with the PT expressed CrRLKs BUPS1/2 

and ANX1/2 (Ge et al., 2017). LLG3 was identified as a secreted protein in a semi 

in-vivo PT secretome (Hafidh et al., 2016). This suggests that LLGs may function 

in the PT at the membrane, or as signals secreted from the PTs. Additionally, cell-

specific expression analysis of LLG2 and LLG3 is required, as RT-PCR 

experiments could not distinguish differences in expression between these two 

genes (Tsukamoto et al., 2010).  

We investigated the possibility that changes in cis-regulatory elements 

contributed to differences in expression of LRE and its paralogs (Chapter Three). 

In Chapter Three, we identified a cis-regulatory element called the Short Evening 

Element-Like (SEEL) motif, which was unique to the LRE promoter compared to 

the promoters of its paralogs that was important for synergid cell expression of 

LRE. Furthermore, we found the SEEL motif was enriched in the promoters and/or 

5’UTRs of other synergid cell expressed genes (including FER) (Chapter Three). 

Although we demonstrated that the SEEL motif is important for LRE expression in 
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synergid cells, it remained unclear if the SEEL motif is sufficient for synergid cell 

expression, or if additional differences in cis-regulatory elements are required to 

confer synergid cell expression of LLG1, LLG2, or LLG3. Nevertheless, we believe 

that the SEEL motif was one of the cis-regulatory elements that contributes to 

regulatory subfunctionalization, because we confirmed the SEEL motif was 

conserved in a few of the promoters of LRE orthologs in the Brassicaceae, which 

suggests the SEEL motif was one of the motifs that was maintained for synergid 

cell expression of LRE (Chapter Three). To investigate this further, 

complementation experiments using these putative LRE orthologs will be required. 

LRE and LLG1 can perform each other’s molecular functions   
In cross-complementation experiments involving LRE and LLG1, we 

demonstrated that LRE and LLG1 can fully complement the mutant phenotypes 

that we tested. Therefore, we concluded that LRE and LLG1 perform similar 

molecular functions by interacting with FER to form a co-receptor that localizes to 

the apoplast to likely regulate cell wall integrity. Our understanding of this pathway 

comes from studying LLG1 and FER in roots. Root hair defects in llg1 and fer 

mutants are attributed to cytoplasmic collapse in growing root hairs, which is likely 

due to weakened cell wall structures (Li et al., 2015). LLG1 and FER function 

together with a RAC/ROP complex to regulate reactive oxygen species production 

in roots; this is one reason why both llg1 and fer mutants show root hair defects 

(Duan et al., 2010; Li et al., 2015). In our study, pLLG1::LRE-HA complemented 

root hair defects (personal communications with Dr. Alice Cheung). This suggests 

that LRE-HA can bind with FER and the RAC/ROP complex to regulate reactive 

oxygen species in root hairs. LLG1 and FER bind to RALF1 to regulate RALF-

mediated growth inhibition responses in vegetative tissues (Li et al., 2015). In our 

study, we concluded that LRE-HA was able to complement insensitivity to RALF1 

in llg1 mutants. This serves as the first evidence that suggests LRE can interact 

with RALFs. No known interactions with RALFs have been reported for LRE; 

further studies to determine which RALFs interact with LRE are required. Although 

we demonstrated LRE-HA can complement llg1 insensitivity to RALF1, the ability 
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of LRE-HA to directly bind to RALF1 in vegetative tissues should be tested in future 

experiments. If LRE shows a difference in binding affinity to RALF1, perhaps the 

structural differences between LRE and LLG1 are important for RALF binding, 

which may confer RALF specificity with particular members of the LRE gene family. 

Additional biochemical experiments to test the ability of LRE and LLG1 to interact 

with different RALFs will gain insight into the specificity of the 

LRE/LLG1/FER/RALF complex. 

In synergid cells, LRE and FER form a co-receptor complex to mediate PT 

reception (Li et al., 2015; Liu et al., 2016). We concluded that LLG1 complemented 

PT reception defects and showed normal localization to the FA (Figure 2D). This 

suggests that the LLG1/FER complex in the FA is able to successfully receive and 

arrest growth of A. thaliana PTs upon entry into the female gametophyte. In the 

work described in Chapter Two, we uncovered a previously uncharacterized role 

for LRE in PT attraction. We demonstrated that LRE is important for receiving PT-

induced signals prior to micropylar guidance when pollinated with S. irio pollen. 

Compared to wild-type pistils pollinated with S. irio pollen, lre mutant pistils 

pollinated with S. irio pollen showed increased PT attraction defects and callose 

deposition at the FA. LRE-cYFP was able to complement PT attraction defects, 

and partially complemented callose accumulation in the FA. To test the ability of 

LLG1 to complement PT attraction defects of the lre mutant in inter-lineage 

crosses, aniline blue assays of lre-7/lre-7 pistils carrying pLRE::LLG1-cYFP 

pollinated with S. irio pollen are required. If these PT attraction defects are 

dependent on the ability of LRE to interact with FER, then it is likely that LLG1 can 

also complement this mutant phenotype. However, if LLG1 cannot complement 

these defects, it may suggest differences in specificity of ligands that interact with 

LRE and LLG1. Additionally, it may also represent a new function that is acquired 

by LRE and not LLG1 and hence can be used to test the neofunctionalization as 

the reason for maintenance of duplicated genes (Ohno, 1970). We discuss this 

possibility further in Chapter Two. 
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The LRE gene family may be co-evolving with CrRLKs and RALF families  
Division of expression is one mechanism that allows duplicated genes to be 

retained (Force et al., 1999). Perhaps the other members of the tripartite complex 

(CrRLKs and RALFs) also show similar divisions of expression domains. Since 

these gene families are considerably larger than the LRE gene family, the 

expression domains for each gene family member may show more overlapping 

regions. For example, in the CrRLK family in A. thaliana, genes that are more 

closely related to each other tend to share overlapping expression patterns and 

often bind to the same RALFs (Boisson-Dernier et al., 2009; Ge et al., 2017; 

Miyazaki et al., 2009). Further phylogenetic analyses combined with expression 

analyses will be required to understand the evolution of expression domains in 

CrRLKs and RALFs families in the Brassicaceae.  

RALFs are ligands that bind to the LLG1/FER co-receptor complex (Haruta 

et al., 2014; Li et al., 2015). In vegetative tissues, RALF1 interacts with FER and 

LLG1 to regulate RALF-mediated growth inhibition to regulate cell expansion 

(Haruta et al., 2014; Li et al., 2015). In PTs, RALF4/19 bind to the CrRLKs 

BUDDHA’S PAPER SEAL (BUPS) 1/2 and ANXUR(ANX)1/2 to maintain PT 

integrity (Ge et al., 2017). It remains unclear if one or more members of the LRE 

gene family form co-receptors with these CrRLKs, in order to bind RALF4/19. In 

synergid cells, LRE and FER form a co-receptor to mediate PT reception but the 

ligand that binds to the co-receptor complex remains unknown (Li et al., 2015; Liu 

et al., 2016). Our results demonstrated that LRE can complement llg1 insensitivity 

to RALF1 (personal communications with Dr. Alice Cheung). Perhaps RALFs are 

one of the ligands that interact with the LRE/FER complex. Evidence for the 

complete tripartite signaling complex exists in vegetative tissues, with some 

components also functioning in PTs and synergid cells (Ge et al., 2017; Haruta et 

al., 2014; Li et al., 2015; Liu et al., 2016; Stegmann et al., 2017). RALFs and 

CrRLKs are members of large gene families, which pose a challenge to study all 

the possible combinations of the co-receptor complex (Kessler et al., 2015; 

Sharma et al., 2016). However, phylogenetic analysis coupled with functional and 
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expression studies, similar to that performed in this study, may offer a viable 

approach in meeting this challenge.  

Proteins that interact with each other tend to have overlapping expression 

patterns (Lemos et al., 2004). Consistent with this finding, FER is expressed in 

both LRE and LLG1 expression domains (Li et al., 2015; Tsukamoto et al., 2010). 

Perhaps CrRLKs and RALFs have co-evolved with members of the LRE family to 

perform their functions in different tissues. In combination with phylogenetics and 

expression analyses, methods such as evolutionary rate covariation (ERC) have 

been used to link co-evolution with functional associations because proteins 

involved in the same pathways tend to co-evolve with each other (Findlay et al., 

2014). ERC analyses identify genes with similar evolutionary rates and expression 

patterns, which can be used to identify and prioritize candidate interacting partners 

to test molecularly (Findlay et al., 2014). Future studies should investigate ERCs 

of the LRE gene family to identify proteins that interact with members of the LRE 

gene family.  

Methods 
Identifying CDS for the LRE and LLG1 orthologs 

CDS of putative orthologs of LRE, LLG1, and single copy LRE/LLG1 

orthologs were obtained through the Comparative Genomics (CoGe) Platform 

using CoGeBLAST (tBLASTx) with A. thaliana LRE or LLG1 nucleotide CDS 

sequences as the search query using standard parameters (Altschul et al., 1990; 

Lyons and Freeling, 2008; Lyons et al., 2008). For each result, if annotations for 

CDS were available, then they were downloaded directly using “FeatView” on 

CoGe. In cases of incomplete CDS or when no CDS annotations were available, 

a 5-7kb region surrounding the sequence of interest was downloaded and then 

aligned to the original BLAST query from A. thaliana LRE and LLG1 to identify the 

entire putative CDS using an exon-by-exon based approach with Geneious 

Alignment (R11.1.2). To identify putative orthologs from our tBLASTx results, we 

performed reciprocal BLASTs to A. thaliana; followed by alignments and 
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phylogenetic trees using A. thaliana LRE, LLG1, LLG2, and LLG3 sequences (see 

below). Putative orthologs were determined based on which A. thaliana paralog 

they were most closely related to. To find LRE/LLG1 single copy genes in 

Tarenaya hassleriana, Cleome violacea, and Carica papaya, we used tBLASTx of 

A. thaliana LRE and LLG1 nucleotide CDS as the search queries. We built an 

alignment of these sequences, LRE, and its paralogs in A. thaliana, and used the 

alignment to build a phylogenetic tree. Only two loci were identified for each 

genome: one corresponding to LRE/LLG1, the other corresponded to LLG2/LLG3, 

therefore we named the single copy genes after their corresponding phylogenetic 

group. We found in polyploid species that there were typically additional copies of 

paralogs. We named these numerically, without any particular numerical 

preference. A list of the genomes and corresponding gene IDs for putative 

orthologs are presented in Table 1. 

LRE and LLG1 CDS alignments and phylogenies 
Alignments were built using the standard parameters for MUSCLE 3.8.425 

in Geneious R11.1.2, followed by manually curation using Geneious (Edgar, 

2004a; Edgar, 2004b). From CDS alignments, we built phylogenetic trees using 

the RAxML 8.2.11 plugin in Geneious with the following parameters: GTR GAMMA 

nucleotide model; rapid bootstrapping and search for best-scoring ML tree 

algorithm, with 100 bootstraps; and starting with a completely random tree 

(Stamatakis, 2014). Phylogenetic trees were rooted with Carica papaya, which 

served as the outgroup. Manual curation was performed in Geneious. 

Plant materials and growth conditions 
A. thaliana and C. violacea seeds were liquid sterilized in the following 

manner: 10-300 seeds were placed into a 1.5mL microcentrifuge tube with 1mL of 

70% EtOH and vortexed for 3 seconds at maximum speed at least 3 times over 

the course of a 3-5-minute period to ensure all seeds were sufficiently exposed to 

the sterilizing solution. The 70% EtOH solution was discarded and replaced with 

1mL of sterilization solution (50% bleach, 0.2% TWEEN-20 (Sigma-Aldrich, 

Catalog # P9416-100ML), then vortexed for 3 seconds at maximum speed, at least 
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3 times during a 3-5-minute period. The sterilization solution was discarded, and 

seeds were washed three times with 1mL of ice-cold autoclaved dH2O each time. 

Using a 1mL pipette, seeds were plated on 1/2X MS plates (Carolina Biological 

Supply Co., Catalog # 195703), with 2% sucrose with corresponding antibiotics. 

Seeds on plates were stratified for 3 days in the dark and at 4°C, then plates 

were moved to a Percival growth chamber maintained at 21°C with continuous 

light (75-100 µmol·m-2·s-1). 10-to-14-day-old seedlings were transplanted to the 

soil and grown in the following condition: 16 hr light (100-120 µmol·m-2·s-1) at 21°C 

and 8 hr dark at 18°C as described (Kessler et al., 2010). Columbia (Col-0) is the 

ecotype of all A. thaliana seeds used in this study. pLRE::GUS was transformed 

into the Col-0 background. pLRE::LRE-cYFP, pLRE::LLG1-cYFP, and 

pLRE::Clevi-LRE/LLG1-cYFP are all in the homozygous lre-7/lre-7 mutant 

background and were selected on plates containing hygromycin B (20 μg/mL; 

PhytoTechnology Laboratories, Catalog # H397) and glufosinate ammonium 

(10µg/mL; Oakwood Chemical, Catalog # 044851). 

Cloning transgenic constructs 
The pLRE::LLG1-cYFP, pLRE::Clevi-LRE/LLG1-cYFP, and pLRE::GUS 

transgenic lines were created by replacing the genomic sequence of LRE in the 

pLRE::LRE-cYFP construct with the gene of interest (Liu et al., 2016). PCR was 

performed with PrimeSTAR® GXL DNA Polymerase (TaKaRa Bio Inc.; Catalog # 

R050A) using primers and DNA templates listed in Table 4. The amplified PCR 

products were cloned into pLRE::LRE-cYFP plasmid linearized with SpeI-HF 

(NEB, Catalog # R3133S) and AscI (NEB, Catalog # R0558S) by using the In-

Fusion HD Cloning Plus system (Clontech, Catalog # 639645). The recombinant 

plasmids were transformed into Stellar™ Competent Cells (Clontech, Catalog # 

636763), and positive colonies were selected on LB plates containing 

Spectinomycin (100 µg/mL, Sigma-Aldrich, Catalog # 85555). 

All constructs generated were sequence verified for the introduced point 

mutations (Eton Bioscience, Inc.) before transforming into Agrobacterium 
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tumefaciens (GV3101 pMP90 strain). The positive colony selected for transforming 

into A. thaliana was also verified by colony PCR for the presence of the transgene. 

Plant transformation 
Transformation solution containing Agrobacterium tumefaciens (GV3101 

pMP90 strain) harboring the desired transgene was sprayed onto A. thaliana 

inflorescences. Hygromycin-resistant T1 transformants were selected as 

described (Harrison et al., 2006). Briefly, T1 seeds were plated and stratified in 

dark at 4°C for 2-3 days. Plates were then placed into in a Percival growth chamber 

set at 21°C with continuous light (70-100 µmol·m-2·s-1) for 5 hours, then placed in 

the dark, at room temperature, for 3 days. Plates were then returned to the Percival 

growth chamber and transformants were selected based on presence of true 

leaves, which were present only in hygromycin-resistant plants. 

Isolation of single-locus insertion lines 
For each construct, at least 10 T1 hygromycin-resistant transformants were 

transplanted to soil. Among these lines, candidate single insertion lines were 

identified based on segregation of resistance to hygromycin B among T2 progeny. 

T1 plants are expected to be hemizygous for the transgene at the insertion locus. 

T1 plants that gave rise to progeny with a 3:1 ratio of resistant to sensitive plants 

were considered as candidate single locus insertion lines. 15 T2 plants of 

candidate lines were transplanted to soil and T3 selfed seeds were collected to 

identify homozygous lines in T3 populations. T2 plants that gave rise to T3 progeny 

that segregated 100% resistance to hygromycin B were considered to be 

homozygous for the transgene. 

Scoring cYFP in mature unpollinated pistils 
We selected lines that were homozygous and contained a single transgene 

insertion site based on segregation of the resistance gene and fluorescence in 

ovules. In order to score YFP expression in mature unpollinated pistils, we first 

selected stage 12c buds (Smyth et al., 1990) for emasculation. 24-30 hours after 

emasculation, the mature unpollinated pistils were removed from the plant and 
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placed on double sided tape. Carpel walls were removed by making two incisions 

along the replum using a syringe needle (27 Gauge Needle, VWR, Catalog # 

BD305109). The pedicel and nectaries were removed, then the transmitting tract 

was partially split lengthwise. Samples were mounted in a 5% glycerol solution 

with a coverslip, and YFP expression in synergid cells was scored using an 

epifluorescence microscope (Zeiss Axiophot) with a GFP filter (excitation HQ 

470/40 and emission HQ 525/50). Pictures were acquired with Picture Frame 

(Optronics). 

Confocal of synergid cells FA were taken using a Leica SP5 confocal laser 

scanning microscope system. For cYFP imaging, samples were excited with a 488-

nm laser line, and emission spectra between 510 and 550 nm were collected. YFP 

images were processed with Leica Application Suite X and ImageJ software 

(http://imagej.nih.gov/ij/). 

Seed set scoring 
Unfertilized, viable, and aborted ovules in pistils and siliques were scored 

as described (Tsukamoto et al., 2010). To ensure that late stage abortion 

phenotypes were also included in the analysis, we wanted to score only siliques 

with viable ovules containing embryos at stages no younger than late bent 

cotyledon stage embryos. 3-5 self-pollinated siliques located between 5th and 15th 

siliques from the bottom of the main branch of an A. thaliana plant were excised 

and placed on a microscope slide with double-sided tape. Carpel walls were cut 

twice along the replum of the silique with a syringe needle to expose both ovaries. 

Pollen tube reception assays 
Aniline blue staining was performed as described (Mori et al., 2006). Pollinated 

pistils were stained for 16-24 hours, mounted in DABS solution with 15% glycerol, 

and sealed with clear nail polish (Sally Hansen, Hard as Nails). Pollen tube-ovule 

interactions were scored under a Zeiss Axiovert 100 fluorescent microscope. 

Images were taken using Metamorph (Version 7; Molecular Devices) using an IR 

filter with auto-exposure settings. 
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GUS staining of pLRE::GUS and pLLG1::GUS transgenic plants 
Tissues were fixed in 80% ice-cold acetone then left on ice or in 4°C until 

cleared (1-2 days). Samples were rinsed on ice in 1mM Yellow Solution [50mM 

sodium phosphate (VWR, Catalog # BDH0298), 0.2% Triton X-100 (VWR, Catalog 

# 82022-978), 1mM potassium ferrocyanide (VWR, Catalog # MK693204), 1mM 

potassium ferricyanide (VWR, Catalog # EM-PX1455-2), at pH 7.0], then incubated 

for 0.5-24 hours in staining solution (37 parts 1mM Yellow Solution to 1 part 1mM 

X-Gluc [cyclohexlammonium salt (Gold Biotechnology, Catalog No. G1281C1) in 

N,N-Dimethylformamide (VWR, Catalog # EM-DX1730-6)] in the dark at 37°C. 

Stained samples were mounted in 50% glycerol and coverslips were sealed with 

clear nail polish to avoid drying. Samples were observed under a Zeiss Axiovert 

100 fluorescent microscope and images were taken using Metamorph (Version 7; 

Molecular Devices) using an RGB filter with autoexposure settings. 

RNA isolation and RT-PCR of Cleome violacea 
The following tissues were collected from C. violacea for RNA isolation: 

rosette leaves from 30-day-old plants, mature pistils 24 HAE with ovules removed, 

and mature ovules 24 HAE removed from the pistils. For each tissue type, 3 

biological replicates were collected. For rosette tissues, 3 rosette leaves were 

collected for each biological replicate. Unlike A. thaliana, where every pistil has the 

potential to mature in every flower, we observed that not all flowers in C. violacea 

will develop a mature pistil. We determined mature pistils alternate every 2-4 

flowers; therefore, to collect pistils and ovules we first monitored the maturation 

pattern and then emasculated 2-3 pistils which may mature. 24 hours later, mature 

pistils were dissected, ovules collected separately from the other pistil tissues 

(septum, transmitting tract, stigma, style, carpel walls, nectaries). 100 ovules were 

collected for each biological replicate. For pistil without ovule tissues, 4 pistils were 

harvested for each biological replicate. All tissues were flash-frozen in liquid 

nitrogen and stored at -80°C until RNA extraction. 

RNA was isolated using RNeasy Plant Mini Kit (QIAGEN, Catalog # 74904) 

according to manufacturer’s instructions and treated with RNase-free DNase I (Life 
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Technologies, Catalog # AM2222) to remove residual genomic DNA Reactions 

were cleaned up using RNeasy MinElute Cleanup Kit (QIAGEN, Catalog # 74204) 

and tested for RNA integrity by Agilent Bioanalyzer 2100 (Agilent Technologies). 

cDNA was reverse transcribed from 550 ng of total RNA using SuperScript™ IV 

First-Strand Synthesis System (ThermoFisher Scientific, Catalog # 18091050). 

PCR was performed with 20ng of cDNA for each reaction, using the 

following PCR cycle conditions: 1. 98°C for 2 minutes; 2. 95°C for 30 seconds, 3. 

56°C for 20 seconds, 4. 72°C for 1 minute 10 seconds, 5. Repeat cycles 2-5 for 34 

cycles, 6. 72°C for 10 minutes, 7. Forever at 4°C. PCR products were analyzed by 

gel electrophoresis of a 1% agarose gel with ethidium bromide in 1X TAE buffer. 

Gel images were processed using ImageJ. Clevi-LRE/LLG1 and the control gene 

Clevi-ACTIN2 were amplified using primers listed in Table 4. Two technical 

replicates of each biological replicate were performed. 

Image processing 
ImageJ was used to assemble image panels, insert scale bars, and prepare 

figures. 

Genomes and accession numbers 
A. thaliana LRE (At4g26466), LLG1 (At5g56170), LLG2 (At2g20700), and 

LLG3 (At4g28280) were obtained from The Arabidopsis Information Resource 

(Version: TAIR10). LRE, LLG1 and LRE/LLG1 orthologs were identified using the 

Comparative Genomics platform (CoGe) (Lyons and Freeling, 2008; Lyons et al., 

2008). Genome references and accession numbers can be found in Table 1. 
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Tables 

Table 1 Genes and genomes used in this study 

Gene Genome version 
Gene ID or 
Genomic 
location 

Source  
(All available 

through 
CoGe) 

Arabidopsis thaliana LRE TAIR 10 At4g26466 TAIR 10 
Aethionema arabicum LRE Aethionema 

arabicum (formerly 
known as 'Dick') 
v2.5; CoGe 

AA10G00475 VEGI 

Arabidopsis lyrata LRE Arabidopsis lyrata 
(v1.0.26) gid: 25868 

CDS:fgenesh2_k
g.7__1600__AT4
G26450.1 

Ensembl 
Plants 

Boechera stricta LRE Boechera stricta (B. 
stricta) (v1.2, 
id34649) 

Bostr.7867s0465.
1.v1.2 

JGI 

Brassica rapa LRE Brassica rapa (v1.5, 
id24668) 

Bra019103 CoGe 

Camelina sativa LRE-1 NCBI id: 51067 vv2 Identified 
manually 

NCBI 

Camelina sativa LRE-2 NCBI id: 51067 vv2 Identified 
manually 

NCBI 

Capsella grandiflora LRE Phytozome 10 (id 
25807) v1.1. 

Cagra.0684s0019
.1.v1.1 

Phytozome 

Capsella rubella LRE Phytozome 10 (id 
53905) v1.0. 

Carubv10006218
m.v1.0 

Phytozome 

Eutrema salsugineum LRE Thellungiella 
halophila (Eutrema 
salsugineum; salt 
cress) (v1, id19492) 

PAC:20194804 JGI 

Leavenworthia alabamica LRE Leavenworthia 
alabamica (formerly 
known as 'Tom') 
(v0.2, id19577) 

LA_C70161, 
Position 13585 

VEGI 

Schrenkiella parvula LRE UIUC, UIUC-LSU: (id 
35496) 

Tp7g24390 CoGe 

Sisymbrium irio LRE Sisymbrium irio 
(formerly known as 
'Harry') (v0.2, 
id19579) 

Identified 
manually 

VEGI 

Arabidopsis thaliana LLG1 TAIR 10 AT5G56170 TAIR 10 
Aethionema arabicum LLG1 Aethionema 

arabicum (formerly 
known as 'Dick') v2.5 

AA25G00150 VEGI 

Arabidopsis lyrata LLG1 Arabidopsis lyrata 
(v1.0.26) gid: 25868 

CDS:fgenesh2_k
g.8__1520__AT5
G56170.1 

Ensembl 
Plants 
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Boechera stricta LLG1-1 Boechera stricta (B. 
stricta) (v1.2, 
id34649) 

Bostr.26833s064
6.1.v1.2 

JGI 

Boechera stricta LLG1-2 Boechera stricta (B. 
stricta) (v1.2, 
id34649) 

Bostr.26833s064
6.1.v1.2 

JGI 

Brassica rapa LLG1 Brassica rapa (v1.5) 
gid: 24668 

Identified 
manually 

CoGe 

Camelina sativa LLG1-1 NCBI id: 51067 vv2 Identified 
manually 

NCBI 

Camelina sativa LLG1-2 NCBI id: 51067 vv2 Identified 
manually 

NCBI 

Capsella grandiflora LLG1 Phytozome 10 (id 
25807) v1.1. 

Cagra.3745s0014
.1.v1.1 

Phytozome 

Capsella rubella LLG1 Phytozome 10 (id 
53905) v1.0. 

Carubv10027253
m.v1.0 

Phytozome 

Eutrema salsugineum LLG1 Thellungiella 
halophila (Eutrema 
salsugineum; salt 
cress) (v1, id19492) 

PAC:20203855 JGI 

Leavenworthia alabamica 
LLG1 

Leavenworthia 
alabamica (formerly 
known as 'Tom') 
(v0.2, id19577) 

Identified 
manually 

VEGI 

Schrenkiella parvula LLG1 UIUC, UIUC-LSU: (id 
35496) 

Tp6g18020 CoGe 

Sisymbrium irio LLG1 Sisymbrium irio 
(formerly known as 
'Harry') (v0.2, 
id19579) 

Identified 
manually 

CoGe, VGI 

Carica papaya LRE/LLG1 University of Hawaii: 
(id 9198) v0.5, 
unmasked 

EVM prediction 
supercontig_12.7
6 

University of 
Hawaii 

Cleome violacea LRE/LLG1 v1, unmasked Clevi.0015s0560.
1.v1.1 

CoGe 
(unpublished) 

Tarenaya hassleriana 
LRE/LLG1 

vv5.1, 
WeberBrautigam 
corrected, unmasked 

Th2v21686 BGI 
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Table 2. Enhanced transmission of the pLRE::LLG1-cYFP transgene through the lre-7 
female gametophyte 

Parents Observed No. of 
progeny 

Transmission Efficiency (TE) 
Analysis 

Female parent+ Male parent+  HygR* HygS* TE 
(R/S) χ2† P-value 

WT LRE-cYFP-23 129 116 1.11 0.34 0.56# 

LRE-cYFP-23 WT 156 31 5.03 47.13 6.641E-
12 

WT LLG1-cYFP-A2 213 171 1.25 2.30 0.13# 

LLG1-cYFP-A2 WT 163 24 6.79 60.05 9.25E-15 
WT LLG1-cYFP-10 60 71 0.85 0.46 0.50# 

LLG1-cYFP-10 WT 179 30 5.97 60.95 5.87E-15 

WT LLG1-cYFP-11 147 79 1.86 10.47 0.001# 

LLG1-cYFP-11 WT 138 16 8.63 57.32 3.71E-14 

+ Line Numbers refer to three independent transformants in the lre-7/lre-7 background 
containing single insertion of the pLRE::LLG1-cYFP transgene. Genotype of each transgenic 
line is heterozygous for the transgene (pLRE::LLG1-cYFP/+) and homozygous for the lre-7 
mutation (lre-7/lre-7) 

* Hygromycin resistant (HygR) and susceptible (HygS) progeny. Hygromycin resistance 
gene is linked to the construct carrying the pLRE::LLG1-cYFP transgene 

TE, Transmission efficiency was calculated as the ratio of hygromycin resistance (R) to 
susceptibility (S) in the progeny of the indicated cross 

† χ2 is calculated based on an expected segregation ratio of hygromycin resistant to 
susceptibility of 1:1 

# No significant deviation from 1:1 segregation through the male gametophyte indicates that 
pollen parent contains a single insertion of the pLRE::LLG1-cYFP transgene. Additional 
details on our protocol to isolate single insertion lines can be found in the methods 
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Table 3. Enhanced transmission of the pLRE::Clevi-LRE/LLG1-cYFP transgene through 
the lre-7 female gametophyte 

Parents Observed No. 
of progeny 

Transmission Efficiency 
(TE) Analysis 

Female parent+ Male parent+  HygR* HygS* TE 
(R/S) χ2† P-value 

WT LRE-cYFP-23 212 182 1.16 1.14 0.28# 

LRE-cYFP Line 23 WT 335 43 7.79 132.56 1.13E-
30 

WT Clevi-LRE/LLG1-
cYFP-10 

127 130 0.98 0.02 0.89# 

Clevi-LRE/LLG1-
cYFP-10 

WT 87 52 1.67 4.49 0.03 

WT Clevi-LRE/LLG1- 
cYFP-11 

150 113 1.33 2.62 0.10# 

Clevi-LRE/LLG1-
cYFP-11 

WT 109 52 2.10 10.44 0.001 

WT Clevi-LRE/LLG1- 
cYFP-12 

90 88 1.02 0.01 0.92# 

Clevi-LRE/LLG1-
cYFP-12 

WT 84 28 3 14.93 0.0001 

+ Line Numbers refer to three independent transformants in the lre-7/lre-7 background containing 
single insertion of the pLRE::Clevi-LRE/LLG1-cYFP transgene. Genotype of each transgenic line 
is heterozygous for the transgene (pLRE::Clevi-LRE/LLG1/+) and homozygous for the lre-7 
mutation (lre-7/lre-7) 
* Hygromycin resistant (HygR) and susceptible (HygS) progeny. Hygromycin resistance gene is 
linked to the construct carrying the pLRE::Clevi-LRE/LLG1-cYFP transgene 
TE, Transmission efficiency was calculated as the ratio of hygromycin resistance (R) to 
susceptibility (S) in the progeny of the indicated cross 
† χ2 is calculated based on an expected segregation ratio of hygromycin resistant to susceptibility 
of 1:1. 

# No significant deviation from 1:1 segregation through the male gametophyte indicates that 
pollen parent contains a single insertion of the pLRE::Clevi-LRE/LLG1-cYFP transgene. 
Additional details on our protocol to isolate single insertion lines can be found in the Methods 
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Table 4. List of primers used in this study 
Primer 

Number 
Primer 

Description 
Sequence (5' - 3') Template Primer 

Set 
Expected 
Length 

(bp) 
pAthLRE::AthLLG1-cYFP 

1701 pAthLRE::Ath
LRE-cYFP 

 FWD Primer 
1  

AGGCGGCCGCACTAGT
ATCTGTGAGTCATCCTT
TCGAGGAAATC Col-0 gDNA 1701 + 

1958 975 

1958 pAthLRE 
 REV Primer 1  

GAAATTGTTGTTAAAGA
AGCTTGTAAC 

1959 pAthLRE::Ath
LLG1-cYFP 

 FWD Primer 
2  

GCTTCTTTAACAACAAT
TTCATGGAGCTCCTCT
CTAGAGC 

Col-0 gDNA 1959 + 
1960 994 

1960 pAthLRE::Ath
LLG1-cYFP  

REV Primer 2  

ACCTCCAGGCCGGCCT
ACCTCTGCTGATGTC 

1961 pAthLRE::Ath
LLG1-cYFP  

FWD Primer 3  

CAGAGACATCAGCAGA
GGTAGGCCGGCCTG pLRE::LRE-

cYFP 
plasmid 

1961 + 
1962 792 1962 pAthLRE::Ath

LLG1-cYFP  
REV Primer 3  

CAGAAGTTTCAGGTGG
TAATTGTGACGATCGC
TTGTACAGCTC 

1963 pAthLRE::Ath
LLG1-cYFP  

FWD Primer 4  

CACCTGAAACTTCTGC
TGAAGTTAACGCAGCA
ACTACCTCG Col-0 gDNA 1963 + 

1964 108 1964 pAthLRE::Ath
LLG1-cYFP  

REV Primer 4  

TGATTGATCAGAACAA
CTTAACAAAAACCAAAA
GAG 

1965 pAthLRE::Ath
LLG1-cYFP 

 FWD Primer 
5  

GTTGTTCTGATCAATCA
AAGGAAATTGAAAGAG
CCA pLRE::LRE-

cYFP 
plasmid 

1965 + 
1702 158 

1702 pLRE::LRE-
cYFP 

 REV Primer 2 

AGCTGGGTCGGCGCG
CCGGAGGTCAAGTATT
CTTTACACTTGGACACT 

pAthLRE::Clevi-LRE/LLG1-cYFP-3'UTR-AthLRE 
1701 pLRE::LRE-

cYFP 
 FWD Primer 

1 

AGGCGGCCGCACTAGT
ATCTGTGAGTCATCCTT
TCGAGGAAATC Col-0 gDNA 1701 + 

1958 975 

1958 pAthLRE  
REV Primer 1 

GAAATTGTTGTTAAAGA
AGCTTGTAAC 

2283 pAthLRE::Clev
i-LRE/LLG1-

cYFP 
 FWD Primer 

2 

TCTTTAACAACAATTTC
ATGGAGCTCAAAAGCT
TCTC 

Cleome 
violacea  
gDNA 

2283 + 
2290 1187 

2290 pAthLRE::Clev
i-LRE/LLG1-

cYFP  
REV Primer 2 

CACCTCCACCTCCAGG
CCGGCCAATGTTCGCT
GAGGTT 
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2291 pAthLRE::Clev
i-LRE/LLG1-

cYFP  
FWD Primer 3 

CTGGAGGTGGAGGTG
GAGCTGTGAGCAAGG
GCGAG pLRE::LRE-

cYFP 
plasmid 

2291 + 
2292 768 2292 pAthLRE::Clev

i-LRE/LLG1-
cYFP 

 REV Primer 3 

TAGCAGAAGTAGGTGG
GAGAGCAGGACACGAT
CGCTTGTACAGCT 

2293 pAthLRE::Clev
i-LRE/LLG1-

cYFP  
FWD Primer 4 

CACCTACTTCTGCTAAT
ATCAACGCTGCCCATA
TCC Cleome 

violacea  
gDNA 

2293 + 
2288 101 2288 pAthLRE::Clev

i-LRE/LLG1-
cYFP  

REV Primer 4 

ATTTCCTTTGATTGATC
AGAACAACTTGATCAA
GA 

2289 pAthLRE::Clev
i-LRE/LLG1-

cYFP 
 FWD Primer 

5 

TCAATCAAAGGAAATT
GAAAGAGCC 

Col-0 gDNA 2289 + 
1702 148 

1702 pLRE::LRE-
cYFP  

REV Primer 2 

AGCTGGGTCGGCGCG
CCGGAGGTCAAGTATT
CTTTACACTTGGACACT 

pAthLRE::GUS 
1701 pLRE::GUS 

 FWD Primer 
1  

AGGCGGCCGCACTAGT
ATCTGTGAGTCATCCTT
TCGAGGAAATC Col-0 gDNA 1701 + 

2195 984 2195 pLRE::GUS  
REV Primer 1  

GCGGCCGCGAAATTGT
TGTTAAAGAAGCTTGTA
AC 

2196 pLRE::GUS 
 FWD Primer 

2  

CAATTTCGCGGCCGCA
TGTTACGTCCTGTAGA
AACC pLLG1::GU

S in Col-0 
gDNA 

2196 + 
2197 1849 2197 pLRE::GUS  

REV Primer 2  
AGCGTACCGGACTAGT
TCTAGATCATTGTTTGC
CTCCCTG 

2281 pLRE::GUS  
FWD Primer 3  

CTAGAACTAGTCCGGT
ACGCT pLRE::LRE-

cYFP 
plasmid 

2281 + 
2282 255 2282 pLRE::GUS  

REV Primer 3  
AGCTGGGTCGGCGCG
CCGATCTGGATTTTAG
TACTGGATTTTG 

RT-PCR of Cleome violacea 
2468 Cleome 

LRE/LLG1  
FWD Primer 1  

ATGGAGCTCAAAAGCT
TCTCTAG Cleome 

violacea  
gDNA 

2468 + 
2469 cDNA: 504 2469 Cleome 

LRE/LLG1  
REV Primer 1  

TCAGAACAACTTGATC
AAGACCAAGAA 

2466 Cleome 
ACTIN2 FWD 

Primer 1  

ATGGCCGAGGAAGCTG
ATA Cleome 

violacea  
gDNA 

2466 + 
2467 

cDNA: 
1134 2467 Cleome 

ACTIN2 REV 
Primer 1  

TTAGAAGCATTTTCTGT
GGACGATG 
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Figure Legends 
 
Figure 1. The LRE and LLG1 clades are maintained in the Brassicaceae 
family. 
A single copy ortholog of LRE and LLG1 (LRE/LLG1) was identified in Carica 

papaya (outgroup) and two species in the Cleomaceae (Cleome violacea and 

Tarenaya hassleriana) (purple box). In the Brassicaceae, LRE and its orthologs 

formed a distinct clade (blue box) from LLG1 and its orthologs (orange box). The 

phylogenetic tree was generated using a maximum likelihood analysis of full-length 

CDS sequences with 100 bootstrap replicates (Methods). Bootstrap values are 

represented along each branch. 

 

Figure 2. pLRE::GUS and pLLG1::GUS showed non-overlapping expression 
in vegetative and reproductive tissues.  

A-F. pLLG1::GUS is expressed in vegetative tissues, while pLRE::GUS is not. (A-

C) In 8-day-old seedlings, pLLG1::GUS was expressed in true leaves, hypocotyls, 

and roots. (D-F) In 21-day-old seedlings, pLLG1::GUS was expressed in the 

epicotyl, the hypocotyl, and weakly expressed in roots. Scale bar: 20mm 

G. At 24 HAE, pLRE::GUS and pLLG1::GUS were both expressed in pistils but in 

different cell-types. pLRE::GUS was expressed in synergid cells, while 

pLLG1::GUS was expressed in septum. Red rectangle marks the close-up images 

of that area below. Scale bar 200µm 

(H-I) pLRE::GUS is expressed in synergid cells at 24 hours after emasculation 

(HAE) (H) but pLLG1::GUS is not expressed in the ovule (I). Scale bar: 50µm 

(J-M) pLRE::GUS and pLLG1::GUS show non-overlapping expression after 

pollination. Mature unpollinated pistils were pollinated with Col-0 pollen and 

collected at 13.5 HAP (J-K) or 18 HAP (L-M) and stained for GUS activity.  
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(J-K) At 13.5 HAP, pLRE::GUS is expressed in the micropylar end of the female 

gametophyte (J), while pLLG1::GUS continues to be expressed in the septum (K). 

Scale bar: 300µm 

(L-M) At 18 HAP, pLRE::GUS and pLLG1::GUS were both expressed in pollinated 

pistils but in different cell-types. pLRE::GUS was expressed in the zygote and 

developing endosperm nuclei, while pLLG1::GUS was expressed in septum. Scale 

bar: 50µm 

(A-M) Similar results were seen when repeated with at least five biological 

replicates. pLRE::GUS expression was analyzed in three single locus insertion 

lines with at least five biological replicates per line.  

 

Figure 3. Clevi-LRE/LLG1 is expressed in vegetative and reproductive 
tissues.  
RT-PCR of endogenous Clevi-LRE/LLG1 in cDNAs isolated from 30-day-old 

rosette leaves, emasculated pistils without ovules, and ovules from emasculated 

pistils. A homolog of the housekeeping gene in A. thaliana ACTIN2 (Clevi-

ACTIN2), was used as a control. RT-PCR was repeated with two additional 

biological replicates with similar results. 

 

Figure 4. LLG1-cYFP and Clevi-LRE/LLG1-cYFP are expressed in synergid 
cells and localize to the FA. 

A. A diagram of a mature ovule with a 7-celled female gametophyte. Synergid cells 

are located at the micropylar end of the ovule, adjacent to the egg cell. The finger-

like projections of the FA are shown in yellow. A red arrow points to the FA. 

B. In mature unpollinated pistils, LRE-cYFP is expressed in the synergid cells, with 

localization in the puncta in the synergid cell cytoplasm and a strong localization 

in the FA. The ovule is outlined in light gray dashed line, while the female 

gametophyte is outlined in dark gray dashed line. The red rectangle marks the 

synergid cells. Scale bar: 50µm. 
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C. Close-up image of the LRE-cYFP in the synergid cells marked by the red 

rectangle in Figure B, outlined in dark gray dashed line. YFP localizes to the FA 

and puncta in the synergid cells, similar to results from Liu et al., 2016. 

D. Close-up image of the LLG1-cYFP in the synergid cells with YFP localization in 

the puncta and the FA of the synergid cells. 

E. Close-up image of the Clevi-LRE/LLG1-cYFP in the synergid cells. YFP is 

weakly expressed in the FA, but was not present elsewhere in the synergid cells, 

including the puncta. 

C-E. Scale bar: 5µm. 

 

Figure 5. LLG1-cYFP complemented reproductive defects in lre. 

A. A diagram of the pLRE::LLG1-cYFP construct. 

B. Aniline blue assay of LLG1-cYFP complementation of PT reception defects in 

lre mutant pistils. Female parent is listed first in each cross. Pistils were collected 

24 hours after pollination (HAP) and analyzed via an aniline blue assay. The 

average percentages of normal PT burst ovules was compared among different 

crosses using ANOVA. No significant differences in ovules experiencing normal 

PT burst were found among crosses where the female parent was Col-0, LRE-

cYFP, or the three LLG1-cYFP homozygous single locus insertion lines (p-value = 

0.57). As expected, lre-7 displayed significant decreases in normal PT burst 

compared to that in every other cross (p-value = 1.56E-09). 

C. Seed count assay of LLG1-cYFP complementation of seed set defects in lre. 

Selfed siliques in indicated genotypes were counted. The average percentages of 

viable seeds in self-pollinated siliques in the indicated genotypes were compared 

using ANOVA tests. Col-0, LRE-cYFP, and all three LLG1-cYFP lines showed no 

significant difference for the average percentage of viable seeds (p-value: 0.18). 

As expected, percentage of viable seeds in lre-7 was significantly different than 

Col-0, LRE-cYFP, and the three LLG1-cYFP lines (p-value = 1.65E-09). 
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B-C. Number in the middle of each column refers to the number of ovules (B) or 

seeds (C) scored. Lowercase letters on the top of each column in the graph 

designates the groups that are similar to each other (p > 0.05). 

 

Figure 6. Clevi-LRE/LLG1-cYFP partially complements reproductive defects 
in lre.  

A. A diagram of the pLRE::Clevi-LRE/LLG1-cYFP construct. 

B. Clevi-LRE/LLG1-cYFP partially complements PT reception defects in lre mutant 

pistils. Female parent is listed first in each cross. Pistils were collected 24 hours 

after pollination (HAP) and analyzed via an aniline blue assay. 

C. Clevi-LRE/LLG1-cYFP can partially complements lre mutant seed set defects 

in self-pollinated pistils of indicated genotypes. 

B-C. Number in the middle of each column refers to the number of ovules (B) and 

seeds (C) scored. ANOVA tests confirmed Clevi-LRE/LLG1-cYFP lines were not 

similar to LRE-cYFP or Col-0. To determine if these lines partially complemented 

lre seed set defects, pairwise two-tailed t-tests were performed for each graph; 

lowercase letter on the top of each column in the graph designates the groups that 

are similar to each other (p > 0.05). 
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Figures 

 
Figure 1. The LRE and LLG1 clades are maintained in the Brassicaceae 
family. 
A single copy ortholog of LRE and LLG1 (LRE/LLG1) was identified in Carica 

papaya (outgroup) and two species in the Cleomaceae (Cleome violacea and 

Tarenaya hassleriana) (purple box). In the Brassicaceae, LRE and its orthologs 

formed a distinct clade (blue box) from LLG1 and its orthologs (orange box). The 

phylogenetic tree was generated using a maximum likelihood analysis of full-length 

CDS sequences with 100 bootstrap replicates (Methods). Bootstrap values are 

represented along each branch. 
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Figure 2. pLRE::GUS and pLLG1::GUS showed non-overlapping expression 
in vegetative and reproductive tissues.  
(Full figure legend on the next page.)  
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Figure 2. pLRE::GUS and pLLG1::GUS showed non-overlapping expression 
in vegetative and reproductive tissues.  

A-F. pLLG1::GUS is expressed in vegetative tissues, while pLRE::GUS is not. (A-

C) In 8-day-old seedlings, pLLG1::GUS was expressed in true leaves, hypocotyls, 

and roots. (D-F) In 21-day-old seedlings, pLLG1::GUS was expressed in the 

epicotyl, the hypocotyl, and weakly expressed in roots. Scale bar: 20mm 

G. At 24 HAE, pLRE::GUS and pLLG1::GUS were both expressed in pistils but in 

different cell-types. pLRE::GUS was expressed in synergid cells, while 

pLLG1::GUS was expressed in septum. Red rectangle marks the close-up images 

of that area below. Scale bar 200µm 

(H-I) pLRE::GUS is expressed in synergid cells at 24 hours after emasculation 

(HAE) (H) but pLLG1::GUS is not expressed in the ovule (I). Scale bar: 50µm 

(J-M) pLRE::GUS and pLLG1::GUS show non-overlapping expression after 

pollination. Mature unpollinated pistils were pollinated with Col-0 pollen and 

collected at 13.5 HAP (J-K) or 18 HAP (L-M) and stained for GUS activity.  

(J-K) At 13.5 HAP, pLRE::GUS is expressed in the micropylar end of the female 

gametophyte (J), while pLLG1::GUS continues to be expressed in the septum (K). 

Scale bar: 300µm 

(L-M) At 18 HAP, pLRE::GUS and pLLG1::GUS were both expressed in pollinated 

pistils but in different cell-types. pLRE::GUS was expressed in the zygote and 

developing endosperm nuclei, while pLLG1::GUS was expressed in septum. Scale 

bar: 50µm 

(A-M) Similar results were seen when repeated with at least five biological 

replicates. pLRE::GUS expression was analyzed in three single locus insertion 

lines with at least five biological replicates per line.  
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Figure 3. Clevi-LRE/LLG1 is expressed in vegetative and reproductive 
tissues.  
RT-PCR of endogenous Clevi-LRE/LLG1 in cDNAs isolated from 30-day-old 

rosette leaves, emasculated pistils without ovules, and ovules from emasculated 

pistils. A homolog of the housekeeping gene in A. thaliana ACTIN2 (Clevi-

ACTIN2), was used as a control. RT-PCR was repeated with two additional 

biological replicates with similar results. 
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Figure 4. LLG1-cYFP and Clevi-LRE/LLG1-cYFP are expressed in synergid 
cells and localize to the FA. 
A. A diagram of a mature ovule with a 7-celled female gametophyte. Synergid cells 

are located at the micropylar end of the ovule, adjacent to the egg cell. The finger-

like projections of the FA are shown in yellow. A red arrow points to the FA. 

B. In mature unpollinated pistils, LRE-cYFP is expressed in the synergid cells, with 

localization in the puncta in the synergid cell cytoplasm and a strong localization 

in the FA. The ovule is outlined in light gray dashed line, while the female 

gametophyte is outlined in dark gray dashed line. The red rectangle marks the 

synergid cells. Scale bar: 50µm. 

C. Close-up image of the LRE-cYFP in the synergid cells marked by the red 

rectangle in Figure B, outlined in dark gray dashed line. YFP localizes to the FA 

and puncta in the synergid cells, similar to results from Liu et al., 2016. 

D. Close-up image of the LLG1-cYFP in the synergid cells with YFP localization in 

the puncta and the FA of the synergid cells. 

E. Close-up image of the Clevi-LRE/LLG1-cYFP in the synergid cells. YFP is 

weakly expressed in the FA, but was not present elsewhere in the synergid cells, 

including the puncta. 

C-E. Scale bar: 5µm. 
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Figure 5. LLG1-cYFP complemented reproductive defects in lre. 
(Full figure legend on the next page.) 
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Figure 5. LLG1-cYFP complemented reproductive defects in lre. 

A. A diagram of the pLRE::LLG1-cYFP construct. 

B. Aniline blue assay of LLG1-cYFP complementation of PT reception defects in 

lre mutant pistils. Female parent is listed first in each cross. Pistils were collected 

24 hours after pollination (HAP) and analyzed via an aniline blue assay. The 

average percentages of normal PT burst ovules was compared among different 

crosses using ANOVA. No significant differences in ovules experiencing normal 

PT burst were found among crosses where the female parent was Col-0, LRE-

cYFP, or the three LLG1-cYFP homozygous single locus insertion lines (p-value = 

0.57). As expected, lre-7 displayed significant decreases in normal PT burst 

compared to that in every other cross (p-value = 1.56E-09). 

C. Seed count assay of LLG1-cYFP complementation of seed set defects in lre. 

Selfed siliques in indicated genotypes were counted. The average percentages of 

viable seeds in self-pollinated siliques in the indicated genotypes were compared 

using ANOVA tests. Col-0, LRE-cYFP, and all three LLG1-cYFP lines showed no 

significant difference for the average percentage of viable seeds (p-value: 0.18). 

As expected, percentage of viable seeds in lre-7 was significantly different than 

Col-0, LRE-cYFP, and the three LLG1-cYFP lines (p-value = 1.65E-09). 

B-C. Number in the middle of each column refers to the number of ovules (B) or 

seeds (C) scored. lowercase letters on the top of each column in the graph 

designates the groups that are similar to each other (p > 0.05). 
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Figure 6. Clevi-LRE/LLG1-cYFP partially complements reproductive defects 
in lre.  
(Full figure legend on the next page.) 
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Figure 6. Clevi-LRE/LLG1-cYFP partially complements reproductive defects 
in lre.  

A. A diagram of the pLRE::Clevi-LRE/LLG1-cYFP construct. 

B. Clevi-LRE/LLG1-cYFP partially complements PT reception defects in lre mutant 

pistils. Female parent is listed first in each cross. Pistils were collected 24 hours 

after pollination (HAP) and analyzed via an aniline blue assay. 

C. Clevi-LRE/LLG1-cYFP can partially complements lre mutant seed set defects 

in self-pollinated pistils of indicated genotypes. 

B-C. Number in the middle of each column refers to the number of ovules (B) and 

seeds (C) scored. ANOVA tests confirmed Clevi-LRE/LLG1-cYFP lines were not 

similar to LRE-cYFP or Col-0. To determine if these lines partially complemented 

lre seed set defects, pairwise two-tailed t-tests were performed for each graph; 

lowercase letter on the top of each column in the graph designates the groups that 

are similar to each other (p > 0.05). 
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Abstract 
Subfunctionalization of expression patterns can lead to differences in 

selective pressures between gene duplicates post divergence from their ancestral 

gene. LORELEI (LRE) and its most closely related paralog, LORELEI-LIKE GPI-

ANCHORED PROTEIN 1 (LLG1), experienced regulatory subfunctionalization in 

the Brassicaceae family. In this study, we identified differences in selective 

pressures between the LRE and LLG1 clades in the Brassicaceae and investigated 

how these differences may be important for reproductive functions of LRE. We 

showed that the LRE clade experienced relaxed and positive selection post 

duplication, while the LLG1 clade experienced purifying selection, which allowed 

LLG1 to retain a greater amino acid identity with single copy LRE/LLG1 orthologs 

outside of the Brassicaceae. We found that mutating two LRE-specific amino acids 

with strong signatures of positive selection did not disrupt LRE function in pollen 

tube (PT) reception in intraspecific crosses with Arabidopsis thaliana pollen. We 

unexpectedly found that A. thaliana lre ovules carrying one of the LRE-specific 

amino acid changes, in which a Lineage I-specific site (LRE-R120) was mutated 

to Non-Lineage I site (LRE-T120), showed increased PT attraction defects and 

callose deposition in the filiform apparatus of synergid cells when pollinated with 

Sisymbrium irio, a Non-Lineage 1 plant. We determined that the role of LRE in 

callose suppression during inter-lineage crosses is PT-dependent but does not 

require physical contact between the PT and the ovule. These results suggest that 

suppressing an incompatibility response to PTs is the default pathway in synergid 

cells and uncovers a novel role for LRE in PT attraction in inter-specific crosses. 

Our study demonstrated that functional assays guided by evolutionary analysis of 

amino acid residues that are under positive selection is a viable approach to 

identify novel functions of a protein. 
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Introduction 
In Arabidopsis thaliana, the mature female gametophyte is a seven-celled 

structure that consists of two gametes (the egg cell and the central cell) and five 

accessory cells (three antipodal cells and two synergid cells) (Yadegari and Drews, 

2004). The two synergid cells are located next to the egg cell at the micropylar end 

of the female gametophyte and mediate pollen tube (PT)-ovule interactions 

preceding double fertilization (reviewed in (Johnson et al., 2019)). At their 

micropylar ends, the two synergid cells share a specialized structure called the 

Filiform Apparatus (FA). Ultrastructure studies of synergid cells using transmission 

electron microscopy (TEM) from a diverse set of angiosperms (including Scilla 

sibirica (Asparagaceae), Amaranthus hypochondriacus (Amaranthaceae), Torenia 

fournieri (Linderniaceae), Passiflora caerulea (Passifloraceae), and A. thaliana 

(Brassicaceae) (Bhandari and Sachdeva, 1983; Coimbra and Salema, 1999; 

García et al., 2003; Higashiyama, 2002; Kasahara et al., 2005; Sandaklie-Nikolova 

et al., 2007)) show that the FA is a heterogeneous and complex structure 

(reviewed in (Willemse and van Went, 1984)). The FA is comprised of both plasma 

membrane and cell wall, which is abundant in hemicellulose and other complex 

polysaccharides (Chao, 1971; Schulz and Jensen, 1968). Increased surface area 

caused by finger-like projections of the plasma membrane in the FA at the 

micropylar end of the synergid cells facilitates secretion of small peptides important 

for pollen tube-ovule interactions (Johnson et al., 2019). Additionally, these finger-

like projections of the FA extend well into the synergid cell cytoplasm, which allows 

for clusters of endoplasmic reticulum (ER) and mitochondria to be in close 

proximity to the FA, supporting the role of synergid cells as specialized secretory 

cells (Chao, 1971; Jensen, 1965; Kasahara et al., 2005; Willemse and van Went, 

1984). 

In T. fournieri and A. thaliana, LUREs are small cysteine-rich peptides 

(CRPs) that are secreted through the FA to guide pollen tubes (PTs) to the 

micropylar end of the ovule during PT attraction (Kasahara et al., 2005; Okuda et 

al., 2009; Takeuchi and Higashiyama, 2012). Although LUREs from T. fournieri 

and A. thaliana are CRPs important for PT attraction, they are not homologous to 
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each other (Takeuchi and Higashiyama, 2012). In unpollinated A. thaliana pistils, 

LURE peptides are released from the FA of mature ovules, travel along the 

funiculus, and reach the septum (Takeuchi and Higashiyama, 2012). During 

intraspecific crosses, A. thaliana PTs emerge from the transmitting tract into the 

septum of the ovary chamber, detect the diffused LUREs at the base of the ovule, 

and use them to track and reach the ovule micropyle. Leucine-rich repeat (LRR) 

receptor-like kinases MDIS1, MIK1/2, and PRK6 localize to the plasma membrane 

of the PT and recognize LURE peptides, which direct PT growth towards the FA 

(Takeuchi and Higashiyama, 2016; Wang et al., 2016).  

A. thaliana LUREs are species-specific PT attractants, as ovules from A. 

thaliana pistils pollinated with other species pollen show reduced rates of PT 

attraction compared to A. thaliana ovules in intraspecific crosses (Takeuchi and 

Higashiyama, 2012; Zhong et al., 2019). Recently, LURE-related peptides in A. 

thaliana called XIUQIUs have been characterized as non-species specific peptides 

that facilitate PT attraction in inter-specific crosses between A. thaliana pistils and 

A. lyrata pollen (Zhong et al., 2019). The identification of XIUQIUs suggests that 

the default state of A. thaliana ovules is to encourage PT attraction from multiple 

species, perhaps to facilitate hybridization and increase genetic diversity in a 

population; however, additional studies on the mechanisms that control this default 

state are required. 

After a PT enters the female gametophyte, it reaches one of the two 

synergid cells. In this receptive synergid cell, the PT arrests growth and bursts to 

release the sperm cells; these processes are collectively referred to as PT 

reception (reviewed in (Johnson et al., 2019)). Many synergid cell-expressed 

proteins that are important for PT reception localize to the FA, which serves as the 

first point of physical contact between the PT and the female gametophyte 

(Escobar-Restrepo et al., 2007; Hou et al., 2016; Kessler et al., 2010; Li et al., 

2015; Liu et al., 2016). 

LORELEI (LRE) is a putative glycosylphosphatidylinositol (GPI)-anchored 

membrane protein that localizes to the FA and is important for PT reception 

(Capron et al., 2008; Liu et al., 2016; Tsukamoto et al., 2010). lre-7 mutant pistils 
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pollinated with A. thaliana pollen show severe PT reception defects (manifested as 

PT coiling) (Liu et al., 2016). In ovules that exhibit the PT coiling phenotype, PTs 

continue to grow within the female gametophyte and do not release their sperm 

cells. Consequently, these ovules do not get fertilized, which causes a dramatic 

reduction in seed set in the lre-7 mutant (Liu et al., 2016; Tsukamoto et al., 2010).  

LRE has three paralogs in A. thaliana: LORELEI-LIKE GPI-ANCHORED 

PROTEIN (LLG) 1, 2, and 3 (Tsukamoto et al., 2010). Among the LRE gene family 

members, LRE has the most tightly regulated, spatial-temporally restricted 

expression pattern, with the highest expression in the synergid cells (Tsukamoto 

et al., 2010; Wang et al., 2017). While LRE is primarily expressed in reproductive 

tissues, its paralogs are expressed throughout plant development (Tsukamoto et 

al., 2010). LRE and its most closely related paralog, LLG1, are products of the 

alpha whole genome duplication (WGD) that occurred prior to the divergence of 

the Brassicaceae (Bowers et al., 2003; Thomas et al., 2006; Wang et al., 2013). 

LRE and LLG1 function with FERONIA, a member of the Catharanthus roseus 

receptor-like kinase (CrRLK1L) subfamily, to form a co-receptor in the apoplast of 

reproductive and vegetative tissues, respectively (Li et al., 2015; Liu et al., 2016).  

llg1 mutants do not show any notable reproductive defects; conversely, no 

vegetative defects have been detected in lre mutants, suggesting that LRE and 

LLG1 functions do not overlap (Tsukamoto and Palanivelu, 2010; Tsukamoto et 

al., 2010). Despite these differences in mutant phenotypes, we demonstrated that 

LRE and LLG1 can perform each other’s functions (Chapter One). These findings 

coupled with cell-specific expression analyses showed that regulatory 

subfunctionalization is one mechanism for retention of LRE and LLG1 post gene 

duplication. We also determined that the single copy ortholog from Cleome 

violacea (Clevi-LRE/LLG1) can fully complement llg1 mutant functions but only 

partially complements lre mutant functions (Chapter One). One possibility to 

explain why Clevi-LRE/LLG1 cannot fully complement the lre mutant phenotypes 

is that post gene duplication, the LRE clade acquired more non-synonymous 

amino acid substitutions than the LLG1 clade which may have led to differences in 

function. 



89 
 

 In this study, we examined if the LRE and LLG1 clades experienced 

different diversification rates post gene duplication. We found that the branch 

leading to the LRE clade, but not the LLG1 clade, experienced relaxed and positive 

selection. We identified two sites in the extracellular domain of LRE that showed 

strong signatures of positive selection (LRE-E47 and LRE-R120) and mutated 

these sites to study their importance for LRE functions. Although these mutations 

did not disrupt PT reception in intraspecific crosses, we uncovered a novel defect 

in PT attraction along with changes in the FA (manifested as callose accumulation) 

in inter-lineage crosses when lre pistils or lre pistils expressing LRE-T120 were 

crossed to Sisymbrium irio pollen. Interestingly, we found that direct physical 

contact between the FA and S. irio pollen tubes was not required for changes in 

the FA of lre or LRE-R120T-cYFP ovules in these inter-lineage crosses. These 

results provide insight into a formerly unknown signaling mechanism in synergid 

cells that senses an approaching PT without direct physical contact. Our study also 

demonstrates the power of evolutionary analysis-guided functional assays in 

uncovering novel roles of a protein, which can be used to test if 

neofunctionalization has occurred in gene duplicates.  

Results 

The LRE clade, but not the clade of its most closely related paralog (LLG1), 
experienced positive selection post gene duplication 
 Previously, we reported that LRE and LLG1 were maintained post-gene 

duplication; there is at least one putative ortholog of LRE and LLG1 in each of the 

11 additional species that we selected from the Brassicaceae, while the species 

that we investigated from outside of the Brassicaceae family only had a single copy 

of LRE/LLG1 (Chapter One, Figure 1). We noticed that the branch leading to the 

LRE clade in the phylogenetic tree is longer than the branch leading to the LLG1 

clade, which suggests that changes were tolerated and may be a sign of relaxed 

selection in the LRE clade (Figure 1). Relaxed selection allows for acquisition of 

mutations and is often observed immediately after a gene duplication event 
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(Scannell and Wolfe, 2008). Therefore, we tested to see if the branch lengths 

leading to the LRE and LLG1 clades are significantly different from each other 

using a Model C Clade Test in PAML (Bielawski and Yang, 2004). Indeed, we 

found that the branch leading to the LRE clade experienced relaxed selective 

pressures, while the branch leading to the LLG1 clade experienced purifying 

selection (p=0.0012) (Table 1). We explored the possibility that majority of the 

differences we observed could be attributed to Brassica rapa (B. rapa) LRE, which 

had a longer branch length compared to all other LRE orthologs in that clade 

(Figure 1). To test this possibility, we repeated the Model C Clade Test after 

excluding B. rapa LRE and LLG1 and found that the branch leading to the LRE 

clade was still significantly different than the branch leading to the LLG1 clade 

(p=1.43e-4; Table 1), suggesting B. rapa LRE is not solely responsible for the 

differences in selective pressures we observed between these two clades.  

Deleterious mutations often occur in gene duplicates that experienced 

relaxed selection; however, relaxed selection can also lead to positive selection, 

which can ultimately result in neofunctionalization (Panchy et al., 2016). We 

considered the possibility that the branch leading to the LRE clade experienced 

positive selection, as Clevi-LRE/LLG1 could only partially complement PT 

reception defects in lre-7 mutants but could fully complement llg1 phenotypes 

(Chapter One). To test for positive selection along the branches leading to the LRE 

and LLG1 clades, we used the Branch Sites Model Test in PAML (Table 1) (Yang, 

2007). We found that the branch leading to the LLG1 clade was under purifying 

selection (p=0.38; Table 1), while the branch leading to the LRE clade showed 

signatures of positive selection (p=2.30e-3; Table 1. The branch leading to the LRE 

clade still experienced positive selection even after omitting B. rapa LRE and LLG1 

sequences from the analysis (p=3.46 e-2; Table 1). Based on these results, we 

concluded that the LRE clade, but not the LLG1 clade, experienced positive 

selection post gene duplication. 

 

Amino acids E47 and R120 in LRE show strong signatures of positive 
selection 
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Based on the results from the Branch Sites Model Test, we identified five 

residues in the LRE nascent protein that showed strong signatures of positive 

selection (Table 2). In addition to the extracellular domain, the nascent protein 

contains a signal peptide (SP) in the N-terminus that is essential for translocation 

into the ER and is removed after the pre-protein synthesis is completed (Ellis et 

al., 2010). These 5 residues were distributed throughout the nascent LRE protein 

sequence, prior to predicted post-translational processing in the ER. Of these 5 

residues, we selected two residues in the extracellular domain of A. thaliana LRE 

to study further – glutamic acid 47 (E47) and arginine 120 (R120) – as they had 

high scores in the Bayes Empirical Bayes analysis in PAML, even after excluding 

B. rapa LRE and LLG1 (Table 2) (Yang et al., 2005) and because extracellular 

domain of LRE is essential for PT reception (Liu et al., 2016). Notably, these two 

residues showed interesting patterns of conservation. In the 47th amino acid 

position in A. thaliana LRE, which is positioned between the first and the second 

cysteines in the modified eight-cysteine motif (M8CM) that is essential for PT 

reception (Figure 2A), proline is conserved in single copy LRE/LLG1 orthologs and 

in the LLG1 clade. However, in this position, glutamic acid is conserved throughout 

the LRE clade. Thus, 47th amino acid position in LRE has a clade-specific amino 

acid. 

The second residue in LRE we selected to study further was R120, which 

is positioned between the seventh and eighth cysteines in the M8CM (Figure 3A). 

The single copy LRE/LLG1 orthologs and the LLG1 clade have a conserved 

residue (glycine) in position 120 in relation to A. thaliana. However, in the LRE 

clade, the amino acids in this position showed a Lineage-specific conservation 

pattern. LRE orthologs from species outside of Lineage I (henceforth referred to 

as ‘Non-Lineage I’ species) have a threonine, while LRE orthologs from species 

belonging to Lineage I have an arginine (Lineage classification of the 

Brassicaceae, as described in (Beilstein et al., 2006; Beilstein et al., 2008)). Thus, 

120th position in LRE contains an amino acid that not only distinguishes the LRE 

from the LLG1 clade and the single copy orthologs but also distinguishes Lineage 

I LRE from Non-Lineage I LRE within the LRE clade.  



92 
 

 

LRE-E47P-cYFP and LRE-R120T-cYFP complement lre mutant phenotypes 

 To test if E47 and R120 amino acids in A. thaliana LRE are important for 

PT reception, we mutated each of these residues to either the putative ancestral 

state (E47P; Figures 2A, 2B) or to the Non-Lineage I state (R120T; Figures 3A, 

3B) and determined if these point mutants can complement lre-7 mutant 

phenotypes. Synergid cells in lre mutant pistils are defective in PT reception and 

affect double fertilization (Capron et al., 2008; Tsukamoto et al., 2010). LRE-cYFP 

fully complements these lre mutant phenotypes and the fusion protein localizes in 

the FA of synergid cells (Liu et al., 2016). Because of these reasons, we chose 

LRE-cYFP to make either E47P or R120T point mutations and use them in 

complementation tests.  

We transformed the LRE-E47P-cYFP or LRE-R120T-cYFP constructs into 

lre-7 mutant plants and established single locus insertion lines for each construct. 

In three randomly chosen homozygous single locus insertion lines, we used aniline 

blue assays to assess PT-ovule interactions in pistils pollinated with Col-0 pollen. 

All three LRE-E47P-cYFP lines showed normal PT burst (96.88%-100%), 

suggesting that LRE-E47P-cYFP can complement PT reception defects in the lre-

7 mutant (Figure 2C). Additionally, the percentages of viable seed in these lines 

were similar to that in Col-0 and LRE-cYFP self-pollinated pistils (93.58%-96.63%) 

(Figure 2D). When we scored pollen tube-ovule interaction defects in the three 

LRE-R120T-cYFP lines pollinated by Col-0, we found percentages of normal PT 

burst were comparable to Col-0 (91.12%-96.33%), suggesting that R120 is not 

essential for PT reception (Figure 3C). As expected, the percentage of viable seed 

was also complemented in the LRE-R120T-cYFP lines (87.78%-96.81%), with 

percentages of viable ovules similar to LRE-cYFP (Figure 3D). Based on these 

results, we concluded that loss of either E47 or R120 residue is tolerated during 

reception in A. thaliana intraspecific crosses. 
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LRE-R120T-cYFP is not sufficient to overcome PT reception defects in 
inter-lineage crosses between A. thaliana and S. irio 

 LRE-R120T-cYFP demonstrated that LRE-R120 is not essential (i.e. 

R120T mutation is tolerated) for PT reception in intraspecific crosses. Still, this 

amino acid (R) is conserved in all Lineage I LRE orthologs (Figure 3A), which 

raised the possibility that this amino acid may be important for some aspect of A. 

thaliana LRE function. We wanted to test if R120 in A. thaliana LRE perhaps played 

a role in inter-lineage crosses between a Lineage I plant (for example, A. thaliana) 

and a Non-Lineage I plant (for example, Sisymbrium irio). Previous studies show 

that PT reception is an interspecific barrier between species within the Ericaceae 

and the Brassicaceae (Escobar-Restrepo et al., 2007; Williams EG, 1982). We 

hypothesized that changing the R120 residue in LRE to threonine (T) will decrease 

PT reception defects observed in inter-lineage crosses, because S. irio pollen 

tubes will encounter A. thaliana synergids containing LRE with a Non-Lineage I-

specific residue T in its 120th amino acid position (Figure 3A).  

Control crosses between A. thaliana and S. irio established that PT 

reception is one of the barriers in this specific inter-lineage cross, as only 26.76% 

of ovules showed normal PT burst in these inter-lineage crosses (Figure 4). The 

remaining 73.24% of ovules displayed PT-ovule interaction defects, which 

included PT reception defects (manifested as PT coiling; 58.45%) and PT 

attraction defects (manifested as ovules without any pollen tube entering it; 

14.79%) (Figure 4). These results showed that at least two pre-zygotic barriers, 

PT attraction and PT reception, can be scored in inter-lineage crosses between A. 

thaliana and S. irio.  

Next, we performed crosses between A. thaliana lre-7 mutant ovules and 

S. irio pollen tubes for two purposes: to test if LRE plays any role in inter-lineage 

crosses and to determine a base level of PT reception defects in lre-7 pistils 

pollinated with S. irio pollen. We found that a lower number of lre-7 mutant ovules 

showed normal PT burst (17.42%; Figure 4) compared to the amount seen in wild-

type ovules (26.76%; Figure 4). Since LRE functions in PT reception, we expected 

an increase in PT reception defects in A. thaliana lre-7 pistils pollinated by S. irio 
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(lre-7 X S. irio); instead, we detected lower percentages of PT reception defects in 

lre-7 mutant ovules compared to wild-type ovules (48.39% vs 58.45%: Figure 4). 

This decrease in PT reception defects is likely caused by the increase in PT 

attraction defects (34.19% vs 14.79%; Figure 4) because ovules with PT attraction 

defects never receive a PT. 

To test our hypothesis that changing the LRE-R120 residue to threonine (T) 

would decrease PT reception defects observed in inter-lineage crosses, we 

performed crosses between A. thaliana lre-7 pistils carrying LRE-R120T-cYFP and 

S. irio pollen. None of the three LRE-R120T-cYFP lines showed percentages of 

normal PT burst higher than the percentages reported from crosses of A. thaliana 

wild-type pistils pollinated by S. irio (Figure 4). These results suggested that the 

residue change from R to T in the 120th amino acid position in LRE is not enough 

to overcome the PT reception defects that we observed in inter-lineage crosses 

between A. thaliana and S. irio (Figure 4). 

LRE is important for optimal PT attraction in inter-lineage crosses between 
A. thaliana and S. irio 

The increase in PT attraction defects in inter-lineage crosses between the 

lre-7 mutant female and S. irio male was unexpected because this defect was not 

reported when A. thaliana lre mutant ovules interacted with A. thaliana wild-type 

pollen tubes (Figures 2C and 3C and (Tsukamoto et al., 2010)). The PT attraction 

defect is a new phenotype in the lre-7 mutant; therefore, we performed additional 

experiments to characterize this phenotype. To confirm that the PT attraction 

defect in inter-lineage crosses is LRE-dependent, we tested if PT attraction defects 

seen in inter-lineage crosses with S. irio could be rescued by supplying a functional 

copy of LRE (LRE-cYFP) to the lre-7 mutant ovules. We found that lre-7 ovules 

carrying LRE-cYFP rescued PT attraction defects, as only 8.03% of ovules have 

PT attraction defects in these crosses. Furthermore, we found that PT attraction 

defects were restored to levels seen in A. thaliana wild-type ovules interacting with 

S. irio pollen tubes (Figure 4). These results suggest that the PT attraction defects 
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in the lre-7 mutant pistils pollinated by S. irio pollen are dependent on loss of LRE 

in ovules.  

We also investigated if LRE-R120T-cYFP can complement PT attraction 

defects in inter-lineage crosses between lre and S. irio. All three single locus 

insertion lines showed PT attraction defects at a rate that was either similar to or 

much higher than the levels detected in the lre mutant (ranging from 31.58%-

61.39%; Figure 4). Concomitant with this increase in PT attraction defects, there 

was also a decrease in the number of ovules with normal PT burst (9.52%-12.06%; 

Figure 4). These results uncovered a new conditional phenotype in the lre-7 

mutant: the pollen tube attraction defect in lre-7 mutants manifested only when 

crossed to S. irio pollen. Furthermore, our data suggests that LRE-R120 is 

important for S. irio PT attraction to A. thaliana ovules.  

Non-Lineage I pollen tube growth induces contact-independent changes in 
the filiform apparatus of lre mutant synergid cells 

One possible explanation for PT attraction defects in the lre-7 mutant pistils 

crossed to S. irio pollen is that the FA in lre synergids is altered and may decrease 

secretion of XIUQUIs, which are important for non-species specific PT attraction 

(Zhong et al., 2019). Alternatively, there could have been a decreased release of 

other unidentified components critical for mediating self- and non-self responses 

in the synergid cells when interacting with pollen tubes (Müller et al., 2016). It is 

known that FER, a co-receptor of LRE, is important for cell wall remodeling (Feng 

et al., 2018) and may be critical for the structural integrity of the FA in the synergid 

cells. Because of these findings, we hypothesized that a comprised FA in lre-7 

mutant ovules led to increased PT attraction defects detected in lre-7 mutant pistils 

pollinated with S. irio. 

We tested if the FA was affected in lre-7 mutant ovules from inter-lineage 

crosses by monitoring callose accumulation in the FA, as callose serves as a 

marker for incompatibility responses (Dumas and Knox, 1983). For this, we used 

the aniline blue staining assay which has been used to probe callose accumulation 

in the FA of synergid cells (Lindner et al., 2015). To examine callose accumulation 
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in intraspecific and inter-lineage crosses, we scored callose deposition in the FA 

of A. thaliana (wild-type or lre-7 mutant) pistils that were pollinated with either A. 

thaliana or S. irio pollen. This assay also stains callose-rich PTs, confounding our 

examination of callose accumulation in the FA. To overcome this issue, we first 

classified ovules from stained pistils into four categories: I) no PT near the 

funiculus or ovule, II) PT nearby the micropylar end but did not enter an ovule, III) 

PT entered an ovule but failed to arrest growth, and IV) PT successfully burst within 

an ovule (Figure 5A-D). We only included categories I and II in our analysis, as 

these are the only two types where we could reproducibly and reliably score 

callose accumulation in the FA without interference from callose-stained PTs.  

Using this experimental strategy, we found no ovules with callose 

accumulation in intraspecific crosses between A. thaliana wild-type pistils and A. 

thaliana pollen (Table 3). We detected ≤1.12% of ovules with callose accumulation 

in A. thaliana wild-type or lre-7 mutant unpollinated ovules, which were collected 

at the same time point in relation to pollinated pistils (Methods). These results ruled 

out the possibility of ovule senescence-induced callose accumulation in the FA 

(Dumas and Knox, 1983). Intraspecific crosses between lre-7 mutant ovules and 

A. thaliana pollen resulted in a nominal increase in the percentage of ovules with 

callose accumulation (18.18%; Table 3). The basis of this slight increase is not 

clear, as it was not reversed even when a functional copy of LRE was introduced 

into the lre-7 mutant ovules (19.23%; Table 3).  

In inter-lineage crosses between A. thaliana wild-type ovules and S. irio 

pollen, we observed callose accumulation only in a small percentage of ovules 

(7.27%, Table 3 and Figure 5E). However, in inter-lineage crosses between A. 

thaliana lre-7 mutant ovules and S. irio pollen, we saw callose accumulation in 

nearly all ovules (96.82%, Table 3 and Figure 5F). This increase was partially in 

lre-7 mutant ovules carrying LRE-cYFP that interacted with S. irio pollen tubes 

(52.14%, Table 3 and Figure 5G), indicating that LRE is involved in preventing 

ovules from accumulating callose in the FA during inter-lineage crosses. To test if 

LRE-R120 influences callose accumulation in inter-lineage crosses, we pollinated 

LRE-R120T-cYFP pistils with S. irio pollen. We found that the callose accumulation 
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seen in lre-7 mutant pistils crossed with S. irio was not complemented, as nearly 

all ovules carrying LRE R120T-cYFP had callose in the FA (95.65%-99.29%, Table 

3 and Figure 5H).  

Inter-lineage crosses revealed unexpected findings related to PT-ovule 

interactions. Our results showed that callose deposition in the FA of the lre-7 

mutant ovules, or the lre-7 mutant ovules carrying LRE-R120T, is S. irio pollen-

dependent because lre-7 unpollinated pistils or lre-7 pistils pollinated with A. 

thaliana pollen do not show such high percentages of callose accumulation in the 

FA (0.45% and 18.18%, respectively; Table 3). Based on these results, we 

concluded that the accumulation of callose is due to alterations in the FA when lre-

7 and LRE-R120T-cYFP pistils were pollinated with S. irio pollen. Additionally, 

because our analysis of callose accumulation in the FA only included categories I 

and II, which consisted of ovules that did not physically interact with a PT, it raises 

the possibility that callose accumulation in the FA of lre synergid cells is triggered 

by the synergid cells sensing an approaching S. irio PT via a contact-independent 

mechanism.  

Discussion 

 Callose suppression in the FA may point to neofunctionalization in LRE 

 LRE and LLG1 split the expression patterns of the single copy ancestral 

gene before duplication, which may have allowed these paralogs to evolve 

independently of one another (Chapter One, Table 1). This may explain why a 

single copy ortholog, Clevi-LRE/LLG1, fully complemented A. thaliana llg1 mutant 

functions, but only partially complemented PT reception defects in A. thaliana lre 

mutants (Chapter One). In this study, we found that the branch leading to the LRE 

clade experienced positive selection. Positive selection can be associated with 

neofunctionalization, or acquisition of new functions from the ancestral state 

(Ohno, 1970). Although we demonstrated in Chapter One that regulatory 

subfunctionalization is one mechanism to explain the maintenance of the LRE and 

LLG1 clades in the Brassicaceae, it does not exclude the possibility that the LRE 
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clade also experienced neofunctionalization following gene duplication, as studies 

have demonstrated subfunctionalization and neofunctionalization are not mutually 

exclusive (He and Zhang, 2005; Vuolo et al., 2016).  

In this study, we identified a previously uncharacterized function for LRE in 

callose suppression in the FA in inter-lineage crosses. This new phenotype can be 

used to test neofunctionalization in LRE and examine if it accounts for retention of 

LRE in the Brassicaceae. If this novel role of LRE function is due to 

neofunctionalization, it will be expected that only LRE, but not LLG1, can function 

in callose suppression in the FA. Such a strategy can be implemented to test 

additional novel functions of LRE or LLG1 as they are uncovered. Our study 

suggests that inter-lineage crosses may serve as a hypersensitive background to 

study the ability of a protein to complement A. thaliana lre mutant phenotypes, 

which may also be useful for studying the function of LRE orthologs and determine 

if LRE functions are conserved within the Brassicaceae.  

LRE-E47P-cYFP and LRE-R120T-cYFP complemented PT reception defects 
in lre-7 mutants when pollinated by A. thaliana  

One possibility to explain why LRE-E47P-cYFP and LRE-R120T-cYFP 

complemented PT reception defects in intraspecific crosses is that these mutations 

did not disrupt or alter the protein structure enough to affect LRE function in PT 

reception. No crystal structures have been solved for LRE or other 8CM proteins 

and predicted structures for LRE by Phyre2 (Kelley et al., 2015) did not produce a 

model with enough confidence to infer residue positions in either a partial or a 

complete 3D protein structure (best model only yielded 49% confidence; 27% 

coverage). For these reasons, we were unable to develop a protein model to 

predict how these non-synonymous changes may alter LRE structure and function. 

Nevertheless, PT reception and viable seed set percentages for LRE-E47P-cYFP 

and LRE-R120T-cYFP were comparable to LRE-cYFP in intraspecific crosses. 

This suggests that extensive structural changes were not caused in LRE-E47P-

cYFP and LRE-R120T-cYFP. 

Another possibility is that these mutants may have altered the sequence in 

the extracellular domain of LRE that binds to FER, but not enough to perturb 
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functions during intraspecific crosses. Although the region in LRE that binds to 

FER is not known, the domain in FER that binds to LRE has been identified. The 

extracellular juxtamembrane region in the extracellular domain of FER is sufficient 

for binding to LRE in yeast two-hybrid assays (Li et al., 2015). In this study, LRE-

E47P-cYFP and LRE-R120T-cYFP fully complemented PT reception in lre mutant, 

suggesting that the binding to FER is not dramatically disrupted in these lines.  

All the results discussed above involved intraspecific complementation. We 

suggest that performing complementation tests in other conditions might reveal the 

importance of LRE-E47 and LRE-R120 in LRE function. It remains unclear if LRE-

E47P is important for additional functions of LRE, or if E47 is plays a role in inter-

lineage crosses like R120. Based on our CDS alignment, we predict that E47 may 

be important for LRE clade-specific functions, rather than a Lineage-specific 

function, as glutamic acid was highly conserved throughout all LRE orthologs in 

the Brassicaceae (Figure 2A).  

Using inter-lineage crosses, we determined that PT attraction defects seen 

in LRE-R120T-cYFP lines occurred at the same levels as lre-7 mutant lines but 

further studies are required to understand how this change affected LRE function. 

Perhaps changing arginine to threonine in the 120th position in LRE created an 

additional phosphorylation site that was detrimental to LRE function in inter-lineage 

crosses. Although phosphorylation of LRE has not been tested, endogenous LRE 

has five predicted phosphorylation sites and two of the five are threonines (Durek 

et al., 2010; Heazlewood et al., 2008). Interestingly all five sites reside outside of 

the M8CM. If phosphorylation sites in the M8CM are not tolerated during inter-

lineage crosses, perhaps the R120T change may have disrupted LRE functions 

and phenocopied the incompatibility response we observed in inter-lineage 

crosses between lre-7 mutants and S. irio. Perhaps LRE-R120T-cYFP disrupted 

the LRE/FER co-receptor complex, preventing reception of S. irio PT signals but 

not enough to prevent A. thaliana PT signals. Further studies utilizing LRE-R120T 

mutants are required to investigate these possibilities. 
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Loss of LRE underlies PT attraction defects in inter-lineage crosses 
between A. thaliana and S. irio 
 In addition to PT reception defects in inter-lineage crosses, we also noticed 

A. thaliana lre-7 mutants showed PT attraction defects, which were previously not 

reported. A. thaliana lre-7 mutants pollinated with S. irio pollen showed increased 

PT attraction defects compared to wild-type pistils pollinated with S. irio (34.2% 

compared to 14.8%; Table 3). Previous studies only examined A. thaliana lre 

mutants in the context of intraspecific crosses, which is likely why PT attraction 

defects have not been reported for any A. thaliana lre allele (Capron et al., 2008; 

Liu et al., 2016; Tsukamoto et al., 2010).  

We observed callose deposition in the FA of ovules in inter-lineage crosses 

where PT attraction defects manifested. In A. thaliana lre-7 mutants pollinated with 

S. irio, the percentage of ovules with callose defects was much higher than in A. 

thaliana wild-type pistils pollinated by S. irio (Table 3). The defects we observed in 

A. thaliana lre-7 mutants were complemented by LRE-cYFP (Table 3 and Figure 

4). Based on these results, we concluded that the loss of LRE causes callose 

deposition in the FA and PT attraction defects. Additionally, LRE-R120T-cYFP 

failed to complement either of these two phenotypes, implicating LRE-R120 in this 

process.  

 In A. thaliana pistils, LRE is involved in PT attraction and regulation of 

callose deposition in the FA during inter-lineage crosses; however, there were 

differences in the extent of complementation of these two phenotypes by LRE-

cYFP. One possibility is that the partial complementation of callose deposition is 

sufficient to overcome all of the PT attraction defects. Another possibility is that 

some of the callose in LRE-cYFP ovules is triggered by an incompatible reaction 

from events not related to PT attraction. Regardless, LRE-cYFP was able to 

complement both phenotypes, which is consistent with the conclusion that loss of 

LRE caused these defects and that callose accumulation and PT attraction defects 

are linked. We propose that the changes in the FA caused by deposition of callose 

during inter-lineage crosses are the basis for the PT attraction defects. The 

following sections will discuss this idea in more detail. 
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The role of LRE in callose suppression in ovules in inter-lineage crosses is 
PT-dependent and does not require physical contact between the PT and the 
ovule 

 In this study, we monitored callose accumulation at 24 hours after 

pollination because the majority of S. irio PTs reached the end of the transmitting 

tract, entered ovary chambers, and interacted with ovules in A. thaliana pistils. In 

inter-lineage crosses between lre-7 mutant pistils and S. irio pollen, we observed 

callose accumulation in the majority of the lre-7 mutant ovules without any PT 

nearby or in ovules with PT attraction defects, where the PT did not enter the ovule 

despite being nearby the micropyle (96.8%; Table 3). Although we showed that 

callose deposition in the FA was found even if the PTs and ovules didn’t physically 

interact with each other, we did not determine the minimum distance between the 

PT and the ovule for callose accumulation. To gain insights into this question, 

simultaneous tracking of S. irio PT growth and callose accumulation in the synergid 

cells over time in lre-7 pistils will be required.  

 We reported callose deposition in the FA without physical interaction 

between S. irio PTs and lre-7 ovules at higher percentages than the percentages 

we observed in intraspecific crosses within A. thaliana (Table 3). This result led us 

to conclude that A. thaliana wild-type ovules can detect self and non-self PTs from 

afar without any physical contact. We propose that diffusible signals from the PTs 

are sensed by the synergid cells before PT attraction is initiated. Perhaps these 

PT signals are induced only when PTs grow in the pistil tissues. For example, in 

A. thaliana, PTs that grow through pistils (in either semi in vivo or in vivo 

conditions), compared to PTs grown in vitro, show differential expression of small 

secreted peptides, like CRPs (Leydon et al., 2017; Qin et al., 2009). In A. thaliana 

inter-accession crosses of the triple myb (myb97,101,120) mutant in Col-0 to 

another accession revealed a class of PT-expressed CRPs (thionins) that are 

MYB-dependent and show differences in expression when pollinated by another 

accession (Leydon et al., 2017). Furthermore, rapid evolution of this CRP family 

suggests that thionins may be important for species recognition in interspecific 

crosses (Leydon et al., 2017). Based on these results, it is likely that thionins and/or 
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other PT-expressed small secreted peptides from S. irio PTs may act as diffusible 

signals that are perceived by A. thaliana synergid cells.  

Additional candidates for diffusible PT signals are PT-expressed RALFs. A 

RALF homolog secreted from fungal hyphae of Fusarium oxysporum (F-RALF) 

suppresses callose accumulation in tomato roots during fungal infection (Masachis 

et al., 2016). In the absence of F-RALF, callose accumulates in roots upon fungal 

hyphae invasion and expression of defense response genes in the infected plant 

increases (Masachis et al., 2016). Interestingly, fer mutants, which are insensitive 

to A. thaliana RALFs, are also insensitive to F-RALFs, and show less signs of 

infection (Haruta et al., 2014; Masachis et al., 2016). Akin to this immune 

suppression, perhaps in pollinated wild-type pistils, RALFs diffuse from PTs, 

interact with the LRE/FER co-receptor complex and suppress the incompatibility 

response observed in synergid cells. Based on these predictions, additional 

studies will be required to test if one or more of PT-expressed RALFs (Ge et al., 

2017) and FER are important for callose accumulation in inter-lineage crosses.  

 

Synergid cells can sense and respond to non-lineage PTs before they reach 
the ovules 

 In inter-lineage crosses, when a Non-Lineage I PT approaches a lre-7 

mutant ovule, the PT fails to be attracted and induces callose deposition in the FA 

of the nearby ovule even before reaching it (Figure 4, Table 3). Callose deposition 

and PT attraction defects occurred together only when lre-7 ovules interacted with 

Non-Lineage I PTs (Table 3). Therefore, we concluded that in inter-lineage 

crosses, the lre-7 mutant is a highly sensitized background that leads to 

exacerbated PT attraction defects and increases in callose deposition in ovules 

(Figure 6). Still, loss of LRE, specifically residue R120 in LRE, does not prevent 

ovules from sensing Non-Lineage I PTs; instead, it only prevents suppression of 

the hypersensitive response (manifested as callose accumulation), which leads to 

defective PT attraction. By studying PT-ovule interactions in two sets of inter-

lineage crosses (i. wild-type A. thaliana pistils pollinated by S. irio and ii. lre-7 A. 

thaliana pistils pollinated by S. irio), we reported a large percentage of lre-7 mutant 
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pistils with PT reception defects along with PT attraction defects. LRE-cYFP could 

fully complement PT attraction defects, but not PT reception defects detected in 

the inter-lineage crosses. 

 Based on these results, we propose that LRE-dependent signaling in 

synergid cells detects approaching PTs and suppresses a default incompatibility 

response (manifested as callose accumulation) in the synergid cells, so the 

interaction between the PT and the ovule can be initiated; otherwise, ovules may 

sense all approaching PTs as foreign and fertilization could be compromised 

(Figure 6). This suggests that the underlying state of a synergid cell is to attract 

both non-self and self PTs; in support of this, A. thaliana XIUQUIs have been 

recently identified as non-specific PT attractants (Zhong et al., 2019) but it remains 

unclear if the release of XIUQUIs is LRE-dependent.  

We propose several predictions that can be tested using inter-lineage 

crosses between the lre-7 mutant and Non-Lineage I pollen. i) Non-Lineage I PTs 

produce a diffusible signal that is induced during PT growth in the A. thaliana pistil. 

ii) A. thaliana synergid cells contain a LRE-based signaling mechanism in the FA 

to perceive the PT-derived signal. Once the LRE-signaling complex in the FA of 

synergid cells binds to the diffusible ligand from the PT, a signaling pathway is 

activated in the synergid cells. iii) Activated LRE-dependent signaling suppresses 

the incompatibility response in the synergid cells, which includes callose deposition 

in the FA (Figure 6A, C). Further studies are required to determine the mechanism 

to explain how LRE functions in callose suppression in the FA during PT attraction. 

 

Methods 

 
Identifying orthologs of LRE and LLG1 

        CDS of putative orthologs of LLG1, LRE, and single copy LRE/LLG1 genes 

were obtained through the Comparative Genomics (CoGe) Platform using 

CoGeBLAST (tBLASTx) with either A. thaliana LRE or LLG1 nucleotide CDS 

sequences as the search query using standard parameters (Altschul et al., 1990; 

Lyons and Freeling, 2008; Lyons et al., 2008). For each result, if annotations for 
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CDS were available, then they were downloaded directly using “FeatView” on 

CoGe. In cases of incomplete CDS or when no CDS annotations were available, 

a 5-7kb region surrounding the sequence of interest was downloaded and then 

aligned to A. thaliana LRE or LLG1 to identify the entire CDS exon by exon using 

Geneious Alignment (R11.1.2). To identify putative LRE or LLG1 orthologs from 

our tBLASTx results, we performed reciprocal BLASTs to A. thaliana; followed by 

alignments and phylogenetic trees using A. thaliana LRE, LLG1, LLG2, and LLG3 

sequences (see below). CDS that were most closely related to A. thaliana LRE or 

LLG1 using both approaches were selected as putative orthologs of LRE or LLG1, 

respectively. To find LRE/LLG1 single copy genes in Tarenaya hassleriana, 

Cleome violacea, and Carica papaya, we performed tBLASTx on A. thaliana LRE 

nucleotide CDS as the search query. We built an alignment of these sequences, 

LRE, and its paralogs, and used the alignment to build a phylogenetic tree. Only 

two loci were identified for each genome: one corresponding to LRE/LLG1, the 

other corresponded to LLG2/LLG3. We selected the CDS sequence most similar 

to LRE and LLG1 and named it as the LRE/LLG1 gene. Camelina sativa is a 

polyploid; we identified two orthologs for both LRE and LLG1 that we designated 

as LRE-1, LRE-2, LLG1-1, and LLG1-2 (Hutcheon et al., 2010). In Boechera 

stricta, we identified two copies of LLG1, designated as LLG1-1 and LLG1-2. A list 

of the genomes and corresponding gene IDs for LRE and LLG1 orthologs are 

presented in Table 1 of Chapter One. 

 
LRE and LLG1 CDS alignments and phylogenies 

        Alignments were built using the standard parameters for MUSCLE 3.8.425 in 

Geneious R11.1.2, followed by manually curation using Geneious (Edgar, 2004a; 

Edgar, 2004b). From CDS alignments, we built a phylogenetic tree using the 

RAxML 8.2.11 plugin in Geneious with the following parameters: GTR GAMMA 

nucleotide model; rapid bootstrapping and search for best-scoring ML tree 

algorithm, with 100 bootstraps; and starting with a completely random tree 

(Stamatakis, 2014). Phylogenetic trees were rooted with Carica papaya 

LRE/LLG1, which served as the outgroup. 
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PAML analysis 

        PAML analyses were performed using PAML4.8 (Yang, 2007) using the 

alignment and phylogenetic trees described above. The Branch Sites Test 

alternative and null hypotheses .ctl files were obtained and executed according to 

Yang, 2007. For the Model C Clade Tests, the alternative and null hypotheses .ctl 

files were obtained and executed according using standard parameters (Dalziel et 

al., 2014). Results from these analyses are summarized in Tables 1 and 2. 

 
Plant materials and growth conditions 

        A. thaliana and S. irio seeds were liquid sterilized in the following manner: 25-

300 seeds were placed into a 1.5mL microcentrifuge tube with 1mL of 70% EtOH 

and vortexed for 3 seconds at maximum speed at least 3 times over the course of 

a 3-5-minute period to ensure flocculating seeds get sufficiently exposed to the 

sterilizing solution. The 70% EtOH solution was discarded and replaced with 1mL 

of sterilization solution (50% bleach, 0.2% TWEEN-20 (Sigma-Aldrich, Catalog # 

P9416-100ML), then vortexed for 3 seconds at maximum speed, at least 3 times 

during a 3-5-minute period. The sterilization solution was discarded, and seeds 

were washed three times with 1mL of ice-cold autoclaved dH2O each time. Using 

a 1mL pipette, seeds were plated on 1/2X MS plates (Carolina Biological Supply 

Co., Catalog # 195703), with 2% sucrose with corresponding antibiotics. 

Seeds on plates were stratified for 3 days in the dark and at 4°C, then plates 

were moved to a Percival growth chamber maintained at 21°C with continuous 

light (75-100 µmol·m-2·s-1). 10-14-day old seedlings were transplanted to the soil 

and grown in the following conditions: 16 hr light (100-120 µmol·m-2·s-1) at 21°C 

and 8 hr dark at 18°C. Columbia (Col-0) is the ecotype of all A. thaliana seeds 

used in this study. pLRE::LRE-cYFP, pLRE::LRE-E47P-cYFP, and pLRE::LRE-

R120T-cYFP were all transformed into the homozygous lre-7/lre-7 mutant 

background and were selected on plates containing hygromycin B (20 μg/mL; 

PhytoTechnology Laboratories, Catalog # H397) and glufosinate ammonium 

(10µg/mL; Oakwood Chemical, Catalog # 044851). 
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Cloning transgenic constructs 

The pLRE::LRE-E47P-cYFP and pLRE::LRE-R120T-cYFP transgenic lines 

were created by introducing nucleotide changes that will cause E to P and R to T 

changes, respectively, in the LRE protein sequence in the previously published 

construct: pLRE::LRE-cYFP (Liu et al., 2016). Mutations were introduced by PCR 

with PrimeSTAR® GXL DNA Polymerase (TaKaRa Bio Inc.; Catalog # R050A) 

using primers and DNA templates listed in Table 4. The amplified PCR products 

were cloned into pLRE::LRE-cYFP plasmid linearized with SpeI-HF (NEB, Catalog 

# R3133S) and AscI (NEB, Catalog # R0558S) by using the In-Fusion HD Cloning 

Plus system (Clontech, Catalog # 639645). The recombinant plasmids were 

transformed into Stellar™ Competent Cells (Clontech, Catalog # 636763), and 

positive colonies were selected on LB plates containing Spectinomycin (100 

µg/mL, Sigma-Aldrich, Catalog # 85555). 

All constructs generated were sequence verified for the introduced point 

mutations (Eton Bioscience, Inc.) before transforming into Agrobacterium 

tumefaciens (GV3101 pMP90 strain). The positive colony selected for transforming 

into A. thaliana was also verified by colony PCR for the presence of the transgene. 

 

Plant transformation 

Transformation solution containing Agrobacterium tumefaciens (GV3101 

pMP90 strain) harboring the desired transgene was sprayed onto A. thaliana 

inflorescences (Chung et al., 2000). Hygromycin-resistant T1 transformants were 

selected as described (Harrison et al., 2006). Briefly, T1 seeds were plated and 

stratified in dark at 4°C for 2-3 days. Plates were then placed into in a Percival 

growth chamber set at 21°C with continuous light (70-100 µmol·m-2·s-1) for 5-6 

hours, then placed in the dark, at room temperature, for 3-4 days. Plates were then 

returned to the Percival growth chamber and transformants were selected based 

on presence of true leaves, which were present only in hygromycin-resistant 

plants. 
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Isolation of single-locus insertion lines 

For each construct, at least 15 T1 hygromycin-resistant transformants were 

transplanted to soil. Among these lines, candidate single insertion lines were 

identified based on segregation of resistance to hygromycin B among T2 progeny. 

T1 plants are expected to be heterozygous for the transgene at the insertion locus. 

T1 plants that gave rise to progeny with a 3:1 ratio of resistant to sensitive plants 

were considered as candidate single locus insertion lines. 15 T2 plants of 

candidate lines were transplanted to soil and T3 selfed seeds were collected to 

identify homozygous lines in T3 populations. Those T2 plants that gave rise to T3 

progeny that segregated 100% resistance to hygromycin B were considered to be 

homozygous for the transgene. 

  

Seed set scoring 

Unfertilized, viable, and aborted ovules in pistils and siliques were scored 

as described in Tsukamoto et al., 2010. To ensure that late stage abortion 

phenotypes were also included in the analysis, we wanted to score only siliques 

with viable ovules containing embryos at stages no younger than late bent 

cotyledon stage embryos. 3-5 self-pollinated siliques located between 5th and 15th 

siliques from the bottom of the main branch of an A. thaliana plant were excised 

and placed on a microscope slide with double-sided tape. Carpel walls were cut 

twice along the replum of the silique with a syringe needle (27 Gauge Needle, 

VWR, Catalog # BD305109) to expose both ovaries. 

  
Pollen tube reception assays 

Stage 12c buds were emasculated as previously described (Smyth et al., 

1990). 24 hours after emasculation, pistils were manually pollinated with A. 

thaliana or S. irio pollen. Pistils were collected 24 hours after pollination. To monitor 

callose in unpollinated pistils, Stage 12c pistils were collected 48 hours after 

emasculation. Aniline blue staining was performed accordingly (Mori et al., 2006). 

Pistils were stained for 24 hours, mounted in DABS solution with 15% glycerol, 

and sealed with clear nail polish (Sally Hansen, Hard as Nails). Pollen tube-ovule 
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interactions were scored under a Zeiss Axiovert 100 fluorescent microscope. 

Images were taken using Metamorph (Version 7; Molecular Devices) using an IR 

filter with auto-exposure settings. 

  

Image processing 

ImageJ was used to assemble image panels, insert scale bars, and prepare 

figures. 

  
Genomes and accession numbers 

A. thaliana LRE and LLG1 were obtained from The Arabidopsis Information 

Resource (Version: TAIR10). Putative single copy LRE/LLG1 genes and orthologs 

of LRE and LLG1 were identified using the Comparative Genomics platform 

(CoGe) (Lyons and Freeling, 2008; Lyons et al., 2008). Genome references and 

accession numbers for the genes obtained through CoGe can be found in Table 1 

of Chapter One. 
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Tables 
 

  

Table 1. Post gene duplication, the LRE clade, but not the LLG1 clade, experienced 
higher selective pressures 

Branch(es) tested 
(B. rapa LRE and 
LLG1 included)a 

Test 
Alternative 
hypothesis 

(lnL) 

Null 
hypotheses 

(lnL) 

LRT 
Scoreb p-valuec 

LRE 
Branch 
Sites 
Model 

-6666.83 -6671.48 9.30 2.30e-3** 

LLG1 
Branch 
Sites 
Model 

-6674.84 -6675.23 0.77 0.38 

LRE and LLG1 Model C 
Clade -6633.36 -6636.52 6.31 1.12e-2* 

Branch(es) tested 
(B. rapa LRE and 
LLG1 excluded)a 

Test 
Alternative 
hypothesis 

(lnL) 

Null 
hypotheses 

(lnL) 

LRT 
Scoreb p-valuec 

LRE 
Branch 
Sites 
Model 

-5959.72 -5961.96 4.47 3.46e-2* 

LLG1 
Branch 
Sites 
Model 

-5963.33 -5963.33 0 1 

LRE and LLG1 Model C 
Clade -6626.54 -6633.77 14.47 1.43e-4** 

a Branches tested are indicated with black arrows in Figure 1 
b Likelihood Ratio Test (LRT) score was calculated by taking difference squared of the 
likelihood ratio (lnL) scores of the alternative hypothesis lnL compared to that of the null 
hypothesis lnL 
c LRT p-values are present in the column to the right and determined using a Chi-Square test 
(DF=1)  
*p<0.05, **p<0.005 
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Table 2. Five amino acids in LRE show signatures of positive selection 

Amino acid 
residue in the 
alignment 

Bayes Empirical 
Bayes score with 
B. rapa LRE and 
LLG1a 

Bayes Empirical 
Bayes score, 
without B. rapa 
LRE and LLG1a 

Position 
relative to 
A. thaliana 
LRE 

Residue 
location in 
nascent LRE 
protein 

55 E 0.991** 0.972* E47b M8CM 

104 K 0.530 NS N107 M8CM 

128 T 0.844 0.731 R120b M8CM 

171 A 0.856 NS A157 GAS 

176 F 0.986* NS L161 GAS 

a Bayes Empirical Bayes Analysis identified positions in the translation alignment which had 
strong signatures of positive selection (Yang, Wong & Nielsen 2005. Mol. Biol. Evol. 
22:1107-1118) 
*Significant signatures of positive selection at a confidence interval of 95% 
**Significant signatures of positive selection at a confidence interval of 99% 
b E47 and R120 were selected for further analysis due to Bayes Empirical Bayes scores in 
both sets of PAML analyses (including or removing B. rapa LRE and LLG1 from the 
analysis) 
NS, no score generated by Bayes Empirical Bayes Analysis 
M8CM, modified eight-cysteine motif (Liu et al, 2016. Plant Cell 28: 1035-1052) 
GAS, GPI-anchor attachment sequence (Liu et al, 2016. Plant Cell 28: 1035-1052) 
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Table 3. Pollen tube attraction defects in inter-lineage crosses is associated with 
callose deposition in the FA 

Female parent Male 
parent 

Observations of categories I and 
IIa 

Callose 
deposition 

# of ovules 
analyzed 

A. thaliana WT unpollinated NA 1.12% 269* 

A. thaliana lre unpollinated NA 0.45% 220* 

A. thaliana WT A. thaliana 0.00% 6 
A. thaliana lre A. thaliana 18.18% 11 
A. thaliana WT S. irio 7.27% 165 
A. thaliana lre S. irio 96.82% 220 
A. thaliana lre + LRE-cYFP A. thaliana 19.23% 31 

A. thaliana lre + LRE-cYFP S. irio 52.14% 280 

A. thaliana lre +  
LRE-R120T-cYFP Line 01 

A. thaliana 21.43% 14 

A. thaliana lre +  
LRE-R120T-cYFP Line 14 

A. thaliana 0.00% 3 

A. thaliana lre +  
LRE-R120T-cYFP Line 15 

A. thaliana 0.00% 2 

A. thaliana lre + 
 LRE-R120T-cYFP Line 01 

S. irio 95.65% 115 

A. thaliana lre +  
LRE-R120T-cYFP Line 14 

S. irio 99.29% 141 

A. thaliana lre +  
LRE-R120T-cYFP Line 15 

S. irio 99.10% 223 

NA, Not Applicable 
a Categories I and II refer to the four categories of ovules in aniline blue-stained pistils 
shown in Figure 5 
*Most resemblance is to category I shown in Figure 5 
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Table 4. List of primers used in this study 

Primer  Primer 
Name Sequence (5' - 3') Template Primer 

Pair 

Expected 
Length 

(bp) 
pLRE::LRE-E47P-cYFP construct    

1701 pLRE::LRE-cYFP  
FWD Primer 1 

AGGCGGCCGCACT
AGTATCTGTGAGTC
ATCCTTTCGA 
GGAAATC 

pLRE::LRE-
cYFP 

plasmid 
1701 + 1966 1615 

1966 pLRE::LRE-E47P-cYFP 
REV Primer 1 

CTCAAAGTTCACAG
GACATTCTGTTTCC
AACCAAACA 

1967 pLRE::LRE-E47P-cYFP 
FWD Primer 2 

CCTGTGAACTTTGA
GTATATGGACTACA
AGGT pLRE::LRE-

cYFP 
plasmid 

1967 + 1702 1288 

1702 pLRE::LRE-cYFP 
REV Primer 2 

AGCTGGGTCGGCG
CGCCGGAGGTCAA
GTATTCTTTACACT
TGGACACT 

pLRE::LRE-R120T-cYFP construct  

1701 pLRE::LRE-cYFP 
FWD Primer 1 

AGGCGGCCGCACT
AGTATCTGTGAGTC
ATCCTTTCGAGGAA
ATC 

pLRE::LRE-
cYFP 

plasmid 
1701 + 1972 1835 

1972 pLRE::LRE-R120T-cYFP 
REV Primer 1 

CAAGCCCATCTTTT
GTTTCTCTGCACTC
GTTAGC 

1973 pLRE::LRE-R120T-cYFP  
FWD Primer 2 

ACAAAAGATGGGC
TTGTTTGCCCT pLRE::LRE-

cYFP 
plasmid 

1973 + 1702 1069 
1702 pLRE::LRE-cYFP 

 REV Primer 2 

AGCTGGGTCGGCG
CGCCGGAGGTCAA
GTATTCTTTACACT
TGGACACT 
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Figure Legends 

 
Figure 1. The LRE clade experienced positive selective pressures post gene 
duplication. 
A single copy ortholog of LRE and LLG1 (LRE/LLG1) was identified in Carica 

papaya (outgroup) and two species in the Cleomaceae (Cleome violacea and 

Tarenaya hassleriana) (purple box). In the Brassicaceae, LRE and its orthologs 

formed a distinct clade (blue box) from LLG1 and its orthologs (orange box). The 

phylogenetic tree was modified from Chapter One, which was generated using a 

maximum likelihood analysis of full-length CDS sequences with 100 bootstrap 

replicates (Chapter One Methods). Bootstrap values are shown for each branch. 

Branch sites model tests in PAML were performed for each clade (black arrow). 

The branch leading to the LRE clade (thick black branch) has experienced positive 

selection, p < 0.05 (Results in Table 1). 

Figure 2. LRE-E47P-cYFP complements lre mutant phenotypes when 
pollinated with Col-0 pollen.  

A. A diagram of the nascent LRE polypeptide with the location of E47 indicated 

with an arrow. The pre-pro protein contains a secretion peptide (SP), an 

extracellular domain (black) containing an eight-cysteine motif (8CM), a proline-

rich unstructured ω-11 region, ω, and a GPI-attachment signal (GAS) region. 

Translation alignment of this region in all LRE and LLG1 putative orthologs from 

species in Brassicaceae, and single copy LRE/LLG1 from species outside of 

Brassicaceae shows that proline (P) is the ancestral conserved state, while 

members of the LRE clade contain a glutamic acid (E) in this position (black 

rectangle) 

B. A diagram of the pLRE::LRE-cYFP construct. Red arrow marks where the three 

nucleotides change was created to introduce the E to P change in the 47th amino 

acid in LRE of the LRE-E47P-cYFP construct  
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C. LRE-E47P-cYFP can complement PT reception defects in lre mutant pistils. 

Female parent is listed first in each cross. Pistils were collected 24 hours after 

pollination (HAP) and analyzed via aniline blue assays 

D. LRE-E47P-cYFP can complement lre mutant seed set defects. Number in the 

middle of each column refers to the number of ovules scored 

 
Figure 3. LRE-R120T-cYFP complements lre mutant phenotypes pollinated 
by Col-0 pollen.  

A. A diagram of the nascent LRE polypeptide with the location of R120 in the 

extracellular domain, between the seventh and eighth cysteines in the 8CM of the 

nascent LRE protein is indicated. Translation alignment of this region in all LRE 

and LLG1 putative orthologs from species in Brassicaceae, and single copy 

LRE/LLG1 from species outside of Brassicaceae shows that glycine (G) is the 

ancestral conserved state, while LRE putative orthologs belonging to species in 

Non-Lineage I species in Brassicaceae have threonine (T) in this position (red 

rectangle), and putative LRE orthologs belonging to species in Lineage I have an 

arginine (R) residue in this position (blue rectangle)  

B. A diagram of the pLRE::LRE-cYFP construct. Red arrow marks where the three 

nucleotides change was created to introduce the R to T change in the 120th amino 

acid in LRE of the LRE-R120T-cYFP construct  

C. LRE-R120T-cYFP can complement PT reception defects in lre mutant pistils. 

Female parent is listed first in each cross. Pistils were collected 24 HAP and 

analyzed via aniline blue assays  

D. LRE-R120T-cYFP can complement lre mutant seed set defects. Number in the 

middle of each column refers to the number of ovules scored 

 

Figure 4. LRE is important for optimal PT attraction in inter-lineage crosses 
between A. thaliana and S. irio.  
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Three types of pollen tube-ovule interactions were scored after staining the pistils 

with aniline blue: Normal pollen tube burst, pollen tube attraction defect 

(manifested as ovules with no pollen tube entering them), and pollen tube 

reception defect (manifested as pollen tube coiling in the synergid cells). The 

crosses are indicated in X-axis, with the female parent (pistil) listed first. Pistils 

were collected 24 hours after pollination and treated with aniline blue dye to stain 

callose. The number in the middle of each column in the graph refers to the total 

number of ovules scored in each cross. 

 
Figure 5. Callose accumulates in the micropylar end of the female 
gametophyte in inter-lineage crosses between lre-7 pistils and S. irio pollen.  

A-D. Pollen-tube ovule interactions in intraspecific crosses between lre-7 pistils 

and A. thaliana pollen. Stained ovules can be categorized as one of the four 

different types: Category I- No PT nearby (A), Category II-PT attraction defects, 

with a PT nearby (B), Category III-PT reception defects (PT coiling in the 

micropylar end of the ovule) (C), or Category IV- normal PT burst (D). 

E-H. Pollen-tube ovule interactions in inter-lineage crosses between indicated 

pistils (top right, image panel) and S. irio pollen. When pollinated with S. irio pollen, 

indicated pistils also show four categories of pollen tube-ovule interactions as in 

A-D. Among them, a representative image of categories 1 or 2 is shown. Red 

arrowheads mark callose accumulation in the micropylar end of the female 

gametophyte. 

A-H. Pistils were collected 24 HAP and treated with aniline blue dye to stain 

callose. PTs are pseudo-colored in blue. White arrow marks the tip of the pollen 

tube. 

Scale bar: 50µm. 

 
Figure 6. Model for the role of LRE in suppression of callose accumulation 
in intraspecific and inter-lineage crosses. 
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A. We propose that in intraspecific crosses, A. thaliana receptive synergid cells 

likely receive signals such as RALFs from A. thaliana pollen tubes which interact 

with the LRE/FER co-receptor complex to suppress callose accumulation in the 

FA.  

B. lre mutant synergid cells are no longer able to interact with A. thaliana PT signals 

to suppress callose, therefore there is a slight accumulation of callose in the FA.  

C. In inter-lineage crosses, we propose that the default state is to attract PTs (both 

non-self and self). S. irio PTs release PT signals (perhaps S. irio RALFs) which 

interact with the LRE/FER co-receptor complex in A. thaliana synergid cells to 

suppress callose accumulation in the FA.  

D. PT signals from S. irio PTs are unable to interact with the synergid cell in lre 

synergid cells, therefore there is a relief of callose suppression in lre mutants, 

which causes high callose accumulation in the FA in response to S. irio PTs. 
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Figures 

  
Figure 1. The LRE clade experienced positive selective pressures post gene 
duplication. 
A single copy ortholog of LRE and LLG1 (LRE/LLG1) was identified in Carica 

papaya (outgroup) and two species in the Cleomaceae (Cleome violacea and 

Tarenaya hassleriana) (purple box). In the Brassicaceae, LRE and its orthologs 

formed a distinct clade (blue box) from LLG1 and its orthologs (orange box). The 

phylogenetic tree was modified from Chapter One, which was generated using a 

maximum likelihood analysis of full-length CDS sequences with 100 bootstrap 

replicates (Chapter One Methods). Bootstrap values are shown for each branch. 

Branch sites model tests in PAML were performed for each clade (black arrow). 

The branch leading to the LRE clade (thick black branch) has experienced positive 

selection, p < 0.05 (Results in Table 1). 
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Figure 2. LRE-E47P-cYFP complements lre mutant phenotypes when 
pollinated with Col-0 pollen.  
 
(Full figure legend on the next page.) 
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Figure 2. LRE-E47P-cYFP complements lre mutant phenotypes when 
pollinated with Col-0 pollen.  

A. A diagram of the nascent LRE polypeptide with the location of E47 indicated 

with an arrow. The pre-pro protein contains a secretion peptide (SP), an 

extracellular domain (black) containing an eight-cysteine motif (8CM), a proline-

rich unstructured ω-11 region, ω, and a GPI-attachment signal (GAS) region. 

Translation alignment of this region in all LRE and LLG1 putative orthologs from 

species in Brassicaceae, and single copy LRE/LLG1 from species outside of 

Brassicaceae shows that proline (P) is the ancestral conserved state, while 

members of the LRE clade contain a glutamic acid (E) in this position (black 

rectangle) 

B. A diagram of the pLRE::LRE-cYFP construct. Red arrow marks where the three 

nucleotides change was created to introduce the E to P change in the 47th amino 

acid in LRE of the LRE-E47P-cYFP construct  

C. LRE-E47P-cYFP can complement PT reception defects in lre mutant pistils. 

Female parent is listed first in each cross. Pistils were collected 24 HAP and 

analyzed via aniline blue assays 

D. LRE-E47P-cYFP can complement lre mutant seed set defects. Number in the 

middle of each column refers to the number of ovules scored 
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Figure 3. LRE-R120T-cYFP complements lre mutant phenotypes pollinated 
by Col-0 pollen. 
(Full figure legend on the next page.)  
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Figure 3. LRE-R120T-cYFP complements lre mutant phenotypes pollinated 
by Col-0 pollen.  

A. A diagram of the nascent LRE polypeptide with the location of R120 in the 

extracellular domain, between the seventh and eighth cysteines in the 8CM of the 

nascent LRE protein is indicated. Translation alignment of this region in all LRE 

and LLG1 putative orthologs from species in Brassicaceae, and single copy 

LRE/LLG1 from species outside of Brassicaceae shows that glycine (G) is the 

ancestral conserved state, while LRE putative orthologs belonging to species in 

Non-Lineage I species in Brassicaceae have threonine (T) in this position (red 

rectangle), and putative LRE orthologs belonging to species in Lineage I have an 

arginine (R) residue in this position (blue rectangle)  

B. A diagram of the pLRE::LRE-cYFP construct. Red arrow marks where the three 

nucleotides change was created to introduce the R to T change in the 120th amino 

acid in LRE of the LRE-R120T-cYFP construct  

C. LRE-R120T-cYFP can complement PT reception defects in lre mutant pistils. 

Female parent is listed first in each cross. Pistils were collected 24 HAP and 

analyzed via aniline blue assays  

D. LRE-R120T-cYFP can complement lre mutant seed set defects. Number in the 

middle of each column refers to the number of ovules scored 
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Figure 4. LRE is important for optimal PT attraction in inter-lineage crosses 
between A. thaliana and S. irio.  
Three types of pollen tube-ovule interactions were scored after staining the pistils 

with aniline blue: Normal pollen tube burst, pollen tube attraction defect 

(manifested as ovules with no pollen tube entering them), and pollen tube 

reception defect (manifested as pollen tube coiling in the synergid cells). The 

crosses are indicated in X-axis, with the female parent (pistil) listed first. Pistils 

were collected 24 hours after pollination and treated with aniline blue dye to stain 

callose. The number in the middle of each column in the graph refers to the total 

number of ovules scored in each cross. 
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Figure 5. Callose accumulates in the micropylar end of the female 
gametophyte in inter-lineage crosses between lre-7 pistils and S. irio pollen.  

A-D. Pollen-tube ovule interactions in intraspecific crosses between lre-7 pistils 

and A. thaliana pollen. Stained ovules can be categorized as one of the four 

different types: Category I- No PT nearby (A), Category II-PT attraction defects, 

with a PT nearby (B), Category III-PT reception defects (PT coiling in the 

micropylar end of the ovule) (C), or Category IV- normal PT burst (D). 

E-H. Pollen-tube ovule interactions in inter-lineage crosses between indicated 

pistils (top right, image panel) and S. irio pollen. When pollinated with S. irio pollen, 

indicated pistils also show four categories of pollen tube-ovule interactions as in 

A-D. Among them, a representative image of categories 1 or 2 is shown. Red 

arrowheads mark callose accumulation in the micropylar end of the female 

gametophyte. 

A-H. Pistils were collected 24 HAP and treated with aniline blue dye to stain 

callose. PTs are pseudo-colored in blue. White arrow marks the tip of the pollen 

tube. 

Scale bar: 50µm. 
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Figure 6. Model for the role of LRE in suppression of callose accumulation 
in intraspecific and inter-lineage crosses. 
(Full figure legend on the next page.)  
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Figure 6. Model for the role of LRE in suppression of callose accumulation 
in intraspecific and inter-lineage crosses. 

A. We propose that in intraspecific crosses, A. thaliana receptive synergid cells 

likely receive signals such as RALFs from A. thaliana pollen tubes which interact 

with the LRE/FER co-receptor complex to suppress callose accumulation in the 

FA.  

B. lre mutant synergid cells are no longer able to interact with A. thaliana PT signals 

to suppress callose, therefore there is a slight accumulation of callose in the FA.  

C. In inter-lineage crosses, we propose that the default state is to attract PTs (both 

non-self and self). S. irio PTs release PT signals (perhaps S. irio RALFs) which 

interact with the LRE/FER co-receptor complex in A. thaliana synergid cells to 

suppress callose accumulation in the FA.  

D. PT signals from S. irio PTs are unable to interact with the synergid cell in lre 

synergid cells, therefore there is a relief of callose suppression in lre mutants, 

which causes high callose accumulation in the FA in response to S. irio PTs. 
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Abstract  

  The synergid cells are accessory cells at the micropylar end of the female 

gametophyte that facilitate pollen tube attraction and pollen tube reception, which 

are essential events preceding double fertilization. Intercellular signaling that 

mediates these critical events in reproduction requires pollen tube and synergid 

cell-expressed genes. LORELEI (LRE) encodes a GPI-anchored membrane 

protein that is primarily expressed in the synergid cells before fertilization, 

consistent with its functions in pollen tube reception. Although LRE is important for 

pollen tube reception, the transcriptional regulation of synergid cell-specific 

expression of LRE is not known. Using a gene co-expression-based analysis, we 

identified candidate cis-regulatory elements enriched in synergid cell-expressed 

genes, including LRE. One of the candidate motifs (“TAATATCT”) in the LRE 

promoter was an uncharacterized variant of the Evening Element motif that we 

named as the Short Evening Element-like (SEEL) motif. We showed that the SEEL 

motif is important for synergid cell expression of LRE. Additionally, we investigated 

the role of synergid cell-expressed REVEILLE (RVE) transcription factors that bind 

to the SEEL motif. We found that LRE expression is decreased in rve1, rve5, and 

rve6 single mutants, with the highest decrease in rve1 mutants. Based on these 

findings, RVE transcription factors likely regulate LRE expression in synergid cells 

by binding to the SEEL motif in the LRE promoter. Our findings will serve as a 

foundation to characterize the gene regulatory network in synergid cells. 
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Introduction 

During pollination, the male gametophyte, which contains two immotile 

sperm cells, lands on the stigma of a pistil (reviewed in (Chapman and Goring, 

2010)). The male gametophyte, or pollen grain, then hydrates and develops a 

protrusion called a pollen tube (PT) (reviewed in (Palanivelu and Tsukamoto, 

2012)). The PT will grow through the sporophytic pistil tissues to carry the immotile 

sperm cells towards an ovule, which contains a female gametophyte (reviewed in 

(Johnson et al., 2019)). In Arabidopsis thaliana (Arabidopsis), the mature female 

gametophyte is a seven-celled structure that contains two female gametes (the 

egg cell and the central cell) and five accessory cells (two synergid cells at the 

micropylar end and three antipodal cells at the chalazal end) (Yadegari and Drews, 

2004). The synergid cells are essential for successful release of the sperm cells to 

the female gametes to complete fertilization (reviewed in (Johnson et al., 2019)). 

Chemoattractants released from the synergid cells guide the PT along the 

funiculus towards the micropylar end of the ovule in a process called PT attraction 

(reviewed in (Higashiyama and Yang, 2017)). After the PT enters the micropyle of 

the ovule, it migrates randomly to one of the two synergid cells (accordingly 

referred to as the receptive synergid cell), where it arrests growth and lyses to 

release the two sperm cells (reviewed in (Johnson et al., 2019)). PT growth arrest 

and burst in the receptive synergid cell are collectively known as PT reception; 

mutants defective in this process exhibit PT coiling and overgrowth phenotypes 

(Capron et al., 2008; Escobar-Restrepo et al., 2007; Huck et al., 2003; Kessler et 

al., 2010; Rotman, 2003; Tsukamoto et al., 2010). After PT burst, the sperm cells 

are released to the chalazal end of the receptive synergid cell, at the junction of 

the egg cell and the central cell (Hamamura et al., 2011). One of the sperm cells 

will fertilize the egg cell to give rise to the zygote, and the other will fertilize the 

central cell to give rise to the embryo, completing double fertilization (Beale et al., 

2012; Kessler and Grossniklaus, 2011). Completion of double fertilization leads to 

the initiation of embryogenesis and endosperm development in seeds, which mark 

the start of the next generation in plants. Although various steps involved in 

angiosperm reproduction has been well described, the genes that mediate the 
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intricate cell-cell interactions required to complete these steps are only now being 

characterized (reviewed in (Johnson et al., 2019)). By identifying and 

characterizing the genes involved in these interactions, we can expand our 

understanding of sexual reproduction in model plant systems, which may lead to 

increases fertility in fertilization dependent crops.  

LORELEI (LRE) is a synergid cell-expressed GPI-anchored membrane 

protein that functions prior to and after PT arrival (Capron et al., 2008; Li et al., 

2015; Liu et al., 2016; Tsukamoto et al., 2010). Before PT arrival, LRE acts as a 

chaperone of FERONIA (FER) to traffic it through the secretory pathway to the 

Filiform Apparatus (FA) (Li et al., 2015). FER is one of the 17 members in the 

Catharanthus roseus receptor-like kinase 1-like (CrRLK1L, also known as CrRLK 

and named for the founding member’s discovery in Catharanthus roseus) 

subfamily in Arabidopsis and it is the only known member that is expressed in 

synergid cells (Escobar-Restrepo et al., 2007). After reaching the FA, FER and 

LRE are important for reactive oxygen species accumulation in the FA prior to PT 

arrival (Duan et al., 2014). Upon PT arrival, LRE and FER work together to trigger 

a distinct calcium signaling in the receptive synergid cell and induce PT growth 

arrest (Li et al., 2015; Liu et al., 2016; Ngo et al., 2014). 

LRE has three known paralogs in Arabidopsis, LORELEI-like GPI-anchored 

membrane proteins 1, 2, and 3 (LLG1, LLG2, and LLG3) (Tsukamoto et al., 2010). 

LLG1, the most closely related paralog of LRE, also functions with FER but in 

vegetative tissues to regulate growth and development (Li et al., 2015). LLG1, 

LLG2, and LLG3 are expressed in many tissues throughout plant development 

(Tsukamoto et al., 2010). However, LRE expression is far more restricted. In 

vegetative tissues, LRE is only expressed in 8-day-old seedlings. Before 

pollination, LRE is strongly expressed in synergid cells and weakly expressed in 

egg and central cells, After fertilization, only the matrigenic allele of LRE is 

expressed for a short duration in zygote and proliferating endosperm (Wang et al 

2017), Thus, LRE is the only paralog that is known to be imprinted (Wang et al., 

2017).  
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Although synergid cells are essential for the final stages of angiosperm 

reproduction, characterization of the molecular and genetic processes that 

underlie PT-synergid interactions lag far behind. Mutants of synergid cell-

expressed genes show PT-ovule interaction defects, such as PT attraction and PT 

reception defects, suggesting that a complex set of signals from synergids is 

essential for all aspects of PT interactions with the ovules (Capron et al., 2008; 

Escobar-Restrepo et al., 2007; Hou et al., 2016; Huck et al., 2003; Kasahara et al., 

2005; Kessler et al., 2010; Liu et al., 2016; Rotman et al., 2003; Takeuchi and 

Higashiyama, 2012; Zhong et al., 2019). Studies of the synergid cell-specific 

transcriptome have revealed thousands of synergid expressed genes in A. thaliana 

and Oryza sativa, which has led to the identification of several synergid-enriched 

genes (Ohnishi et al., 2011; Wuest et al., 2010). Of these synergid-expressed 

genes, only a handful of transcription factors (TFs) are known to regulate synergid 

cell expression (Kasahara et al., 2005; Punwani et al., 2007; Punwani et al., 2008; 

Wang et al., 2010), highlighting the need to establish a synergid gene regulatory 

network (GRN) by identifying additional regulators and binding motifs in their 

regulatory targets. This GRN will lay the foundation to better understand the role 

of synergid-expressed genes in synergid functions. For these advances to occur, 

gene discovery approaches should complement the mutation-based studies, 

which have so far yielded only a handful of synergid-expressed genes involved in 

mediating PT–synergid interactions (likely due to genetic redundancy). In this 

study, we investigated TFs and cis-regulatory elements (CREs) that control LRE 

expression in synergid cells, where LRE is the most highly expressed.  

To identify transcriptional regulators of LRE, we identified motifs in the LRE 

promoter that are important for LRE expression in synergid cells and then studied 

the TFs that are known to bind to those motifs. A similar approach was used to 

identify a CRE that was present in the promoters of the EGG CELL 1 (EC1) gene 

family, which is important for gamete fusion (Resentini et al., 2017). Their approach 

also led to the identification of SUF4, a C2H2 TF family member that binds to that 

motif to directly regulate EC1 expression (Resentini et al., 2017). 
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We used a bioinformatics approach to identify candidate CREs that control 

LRE expression in synergid cells. We determined that the Short Evening Element-

like (SEEL) motif, “TAATATCT”, in the LRE promoter was important for controlling 

LRE expression in synergid cells by deleting or altering the SEEL motif in the 

pLRE::GFP construct. In Arabidopsis, the 11-member REVEILLE (RVE) TF family 

is known to bind to the SEEL motif and other variants of the Evening Element (EE) 

motif (Table 1). We found that LRE expression is decreased in loss of function 

mutant pistils of rve1, rve5, and rve6. Results from this work will help identify other 

genes that function with LRE in PT reception, as genes functioning in a pathway 

tend to be co-regulated and pave the way to characterize the gene regulatory 

network (GRN) in synergid cells.  

Results 
The LORELEI promoter contains an 8bp motif that is similar to the “Short 
Evening Element” 
 Promoter-reporter fusion (pLRE::GFP) analysis shows that LRE expression 

is temporally and spatially regulated during reproduction and is strongly expressed 

in synergid cells (Wang et al., 2017), where LRE functions in PT reception (Capron 

et al., 2008; Liu et al., 2016; Tsukamoto et al., 2010). Two approaches were used 

to identify cis-regulatory sequences in the LRE promoter that control LRE 

expression in synergid cells. Both approaches utilized an in vitro Transcription 

Factor Binding Motif (TFBM) dataset (Weirauch et al., 2014) and computationally-

derived motif data (see Materials & Methods). In the first approach, we identified 

TFBM sites present only in the LRE promoter but not in its paralogs (LLG1, LLG2, 

and LLG3). This is because LRE, but not its paralogs, shows female gametophytic-

specific expression in Arabidopsis (Tsukamoto et al., 2010). Cis-regulatory 

sequences bound by TFs are preferentially located within ~500 bp upstream of the 

transcription start site (Franco-Zorrilla et al., 2014; Zou et al., 2011). If only TFBMs 

present within 500 bp upstream of the transcription start site were considered, 

there are three TFBMs present in LRE promoter but not in its paralogs, including 

“NATNATTNN”, “NNNTAWATTATNN”, and “WAATATCT”. 
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The second computational approach to identify regulatory motifs (referred 

to as putative cis-regulatory elements or pCREs) in the LRE promoter was based 

on co-expression of synergid cell-expressed genes. We reasoned that if a pCRE 

is significantly over-represented in a co-expression cluster that contains LRE, then 

the pCRE is more likely to regulate LRE expression. We combined a 

heterogeneous expression dataset (see Materials & Methods), generated 145 co-

expression clusters using 5446 synergid-expressed genes (Wuest et al., 2010), 

and found 49 enriched pCREs. The LRE promoter contains two of the 49 enriched 

co-expression-derived motifs in the proximal region: “NNNAMGN” and 

“WAATATCT”.  

Since both approaches identified the “WAATATCT” motif (where W could 

be either A or T), we hypothesized that this motif likely controls synergid cell 

expression of LRE. This motif, particularly in the form of “AAATATCT”, and its 

reverse complement “AGATATTT”, are present in the promoters of approximately 

27% of synergid cell-expressed genes. This motif is commonly known as the “Short 

Evening Element” (SEE) (Hsu et al., 2013), a shorter version of the Evening 

Element (EE) motif: “AAAATATCT” (Harmer et al., 2000) (Table 1). In the LRE 

promoter, the “TAATATCT” motif is present once, 229 bp upstream of the LRE 

translation start site. Since a motif with this exact sequence has not been reported 

previously, we named “TAATATCT” as the “Short Evening Element-Like” (SEEL) 

motif.  

To investigate if the SEEL motif in promoters of putative orthologs of LRE 

was conserved, promoter sequences for 11 orthologs in the Brassicaceae and 

three species outside of the Brassicaceae (Carica papaya, Tarenaya hassleriana, 

and Cleome violacea) were obtained. The SEEL motif was present in the proximal 

region in the promoters of putative LRE orthologs in A. lyrata, C. sativa, and S. irio 

(Table 2). This suggests that the SEEL motif in synergid cell-expressed genes can 

be conserved in the promoters of putative orthologous genes in the Brassicaceae.  



142 
 

The SEEL motif in the LRE promoter is important for LRE expression in 
synergid cells 

To test if the SEEL motif is important for LRE expression in synergid cells, 

we deleted or mutated the SEEL motif in the pLRE::GFP construct (Wang et al., 

2017) and examined if there was any change in reporter expression in the synergid 

cells. This construct was chosen to make alterations in the SEEL motif because 

the LRE promoter used in this construct was sufficient to confer synergid cell 

expression (Wang et al., 2017). Furthermore, the promoter was also used in the 

pLRE::LRE-cYFP construct that complements lre mutant phenotypes in synergid 

cells (Liu et al., 2016). To test the importance of SEEL motif in conferring synergid 

cell expression of the LRE promoter, we deleted the entire 8bp SEEL motif 

(pLREΔSEEL::GFP). Additionally, we mutated the SEEL motif sequence by 

creating two other mutant constructs, in which the GC composition was altered 

(pLRE-m1-SEEL::GFP) or remained the same (pLRE-m2SEEL::GFP) (Figure 1A).  

We analyzed GFP expression in synergid cells in ovules of hemizygous 

single-locus insertion T1 lines to gain initial insights into the impact of deleting or 

mutating the SEEL motif in our control construct, pLRE::GFP (Figure 2A-D). 

Compared to pLRE::GFP carrying T1 lines, the T1 lines containing an altered or 

deleted SEEL motif showed a decrease in the number of GFP-positive ovules and 

a decrease in the number of T1 lines with >35% GFP-positive ovules in a pistil, 

which was expected for single-locus insertion pLRE::GFP T1 lines (Figure 2A; 

Table 3). The median percentage of GFP-positive ovules in pistils of pLRE:GFP 

T1 lines was 35.7%, while the single-locus insertion T1 lines carrying the 

pLREΔSEEL::GFP transgene had a significantly lower proportion of GFP-positive 

ovules (median = 0%; Mann-Whitney U-test, p = 7.3e-4; Figure 2B; Table 3). 

Similarly, the median percentage of GFP-positive ovules among single insertion 

T1 lines carrying the pLRE-m1-SEEL::GFP transgene was 0%, which was 

significantly lower than that for the pLRE::GFP control construct (p = 2.4e-3; Figure 

2C; Table 3). The single-locus insertion T1 lines carrying the pLRE-m2-SEEL::GFP 

transgene also had reduced GFP expression in ovules but this reduction was less 

severe compared to the other two experimental constructs (median = 6%; p = 

0.054; Figure 2D; Table 3). These results using T1 lines demonstrated that there 
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was a significant decrease in the proportion of GFP-positive ovules in the 

transgenic plants with mutated or deleted SEEL motifs compared to the transgenic 

plants carrying the pLRE::GFP transgene.  

To verify if these results could be recapitulated in stable lines in subsequent 

generations, we selected four single-locus insertion lines (3 randomly selected 

lines and the line with the highest percentage of GFP positive ovules in Figure 2), 

identified homozygous plants for each transgenic line, sequence verified the 

transgene, and scored GFP expression in synergid cells. In addition to scoring 

GFP presence or absence in the synergid cells, we also scored the level of GFP 

expression in the synergid cells and divided GFP expression into three categories: 

GFP-bright, GFP-dim, and GFP-negative (Figure 1C).  

As in the T1 generation, the T2/T3 generation pLRE::GFP lines had higher 

percentages of GFP-positive ovules compared to the mutant SEEL lines (ranging 

from 92.5% to 98.0% of ovules expressing GFP; Figure 1C). Among the four 

pLREΔSEEL::GFP lines scored, the mean percentages of ovules with GFP-

negative, GFP-dim, and GFP-bright are 75.4%, 6.8%, and 17.8%, respectively. 

The SEEL deletion lines we scored were significantly skewed toward lower GFP 

expression compared to the control construct (Chi-square test, all control lines 

compared to all pLREΔSEEL::GFP lines, all multiple testing corrected p < 2.0e-6, 

Table 4). The other two motif mutant constructs also showed noticeable decreased 

percentages of GFP-positive ovules and higher numbers of GFP-dim ovules 

compared to those in pLRE::GFP lines. In the four pLRE-m1-SEEL::GFP lines, an 

average of 79.4%, 4.6%, and 16.0% of ovules had GFP-negative, GFP-dim, and 

GFP-bright expression, respectively (Figure 1C). This was also significantly 

skewed toward lower GFP expression compared to the control line (all p < 8.2e-8, 

Table 4). All pLRE-m2-SEEL::GFP lines also significantly skewed toward GFP-

negative or GFP-dim expression compared to those in pLRE::GFP transgenic lines 

(all p < 2.4e-8, Table 4). Our results show that deleting or altering the SEEL motif 

causes a reduction in GFP expression in synergid cells, even in the transgenic 

lines with the highest GFP expression (Figure 1C). These results validated our 
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bioinformatic predictions and led us to conclude that the SEEL motif is important 

for synergid cell-expression of LRE.  

The REVEILLE transcription factor family binds to the SEEL motif  
 Transcription factors bind to CREs to regulate gene expression (Franco-

Zorrilla et al., 2014; Zou et al., 2011). To begin characterizing TFs that regulate 

LRE expression in synergid cells, we examined if any TFs that bind to the SEEL 

motif were previously characterized. The CIS-BP database contained a MYB-

related transcription factor in Cannabis sativa (PK02532.1) that was shown to bind 

to the SEE and SEEL motifs in vitro (Weirauch et al., 2014) (Table 1) via its 

SHAQKYF-type of DNA-binding domain (DBD). Predictions based on the 

homology of DBDs in the CIS-BP database identified Arabidopsis REVEILLE 

(RVE) TFs RVE3-6 and RVE8 as strong candidates that may bind the SEE or 

SEEL motif (Materials and Methods). In Arabidopsis, RVE TFs serve as outputs 

and core components of the circadian clock and can act as transcriptional 

activators or repressors (reviewed in (Hsu and Harmer, 2014; McClung, 2006)). 

The Arabidopsis RVE TF family contains 11 TFs and to understand their 

evolutionary relationship to PK02532.1, we built a phylogenetic tree based on a 

full-length amino acid alignment (Methods; Figure 3). We confirmed that the DBD 

in all 11 RVE TF family members shared a strong homology with the DBD of 

PK02532.1 (≥84.78% similarity; ≥58.67% identity) (Figure 4).  

 Besides PK02532.1 binding to the SEEL motif, several lines of evidence 

showed that the RVE TF family also binds to the EE motif and its variants (Table 

1). DNA-affinity purification sequencing (DAP-seq) revealed that LHY, RVE1, 

RVE4, RVE5, RVE6, RVE7, RVE7-like, and RVE8 can bind to the SEEL motif and 

other variants listed in Table 1 (O'Malley et al., 2016). In the Plant Cistrome 

Database (http://neomorph.salk.edu/dap_web/pages/index.php), the Long 

Evening Element-like (LEEL) motif in the LRE promoter is a target for RVE1 and 

RVE5 binding in vitro (O'Malley et al., 2016). Homologs of RVE TFs are present in 

land plants and in charophytes, suggesting their function in circadian rhythm and 

interaction with the EE motif may be highly conserved (Linde et al., 2017). The EE-

http://neomorph.salk.edu/dap_web/pages/index.php
http://neomorph.salk.edu/dap_web/pages/index.php
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variants such as the SEE and EE-like (EEL) motifs were enriched in the promoters 

of differentially expressed genes in rve8 mutants (Hsu et al., 2013). Finally, using 

protein binding microarrays and EMSAs, RVE1, 2, 3, 4, 7, and 8 were shown to 

bind to the Long Evening Element (LEE) motif (Gong et al., 2008; Rawat et al., 

2009; Rawat et al., 2011). Additionally, using EMSAs, CCA1 and LHY were shown 

to bind to the LEE motif (Alabadi et al., 2001). Based on these findings, we 

proposed that Arabidopsis RVE TFs may bind to the SEEL motif in the LRE 

promoter to regulate synergid cell expression of LRE. 

Identification and reproductive phenotypic characterization of rve 
transcription factor mutants  

We hypothesized that if the RVE TF family includes candidate TFs that 

could bind to the SEEL motif and regulate LRE expression in synergid cells, then 

LRE expression would be affected in the synergid cells of one or more rve mutants. 

To test this, we first checked LRE expression in rve1, rve5, and rve6, as there is 

supporting evidence for their expression in synergid cells only for these three RVE 

genes (Wuest et al., 2010). In addition, these three RVE TFs are known to bind 

the LEE or LEEL motifs (O'Malley et al., 2016); the latter contains the SEEL motif, 

which is the minimal novel motif we identified to be important for regulating LRE 

expression in synergid cells (Figure 1A-D).  

We obtained three alleles of RVE1 and one mutant allele each of RVE5 and 

RVE6. In rve1-1, rve1-2, and rve5-1, we confirmed the presence of one end of the 

T-DNA insertion in the respective genes (Figure 5A and Figure 6A), as was 

reported previously (Gray et al., 2017; Jiang et al., 2016; Rawat et al., 2009). Since 

rve1-3 and rve6-2 were previously uncharacterized, we sequenced at least one 

end of the T-DNA insertion in these mutant alleles (Figure 5A and Figure 7A). To 

determine if rve mutants are knock-out or knock-down alleles, we quantified the 

reduction in RVE expression levels using RT-qPCR of cDNA from mature 

unpollinated pistils. Compared to wild type, RVE1 expression was nearly abolished 

in rve1-1, rve1-2, and rve1-3 mutant alleles (Figure 5B) and RVE6 expression was 

dramatically reduced (86%±0.21) in rve6-2 (Figure 7B). Similarly, rve5-1 mutant 
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pistils also showed noticeable decrease (48.8%±0.16) in RVE5 expression 

compared to wild-type pistils (Figure 6B).  

Since each rve mutant showed a decreased expression in the 

corresponding RVE, we checked if they exhibited any seed set defects. We scored 

self-pollinated siliques in each rve mutant and found that rve1-1, rve1-3, rve5-1, 

and rve6-2 mutants had no noticeable decreases in seed set (Figure 8). However, 

rve1-2 had decreased seed set, as 28.98% of ovules remained unfertilized (Figure 

8). In some instances, seed set is not an ideal assay to examine defective pollen 

tube-synergid interactions, as fertilized ovules could be a result of ‘fertilization 

recovery’ by additional pollen tubes that mask defective interactions between a 

synergid cell and the first pollen tube (Beale et al., 2012; Kasahara et al., 2012). 

Therefore, we used an aniline blue-based pollen tube growth assay to observe 

pollen tube-ovule interactions in rve mutants (Figure 9A-D). This assay showed 

that most ovules from rve1-3, rve5-1, and rve6-2 pistils had normal PT burst, 

suggesting that pollen tube-ovule interactions are normal in these single mutants 

(Figure 9E). However, in self-pollinated rve1-1 and rve1-2 pistils, there was a 

notable decrease in numbers of ovules with normal PT burst (89.92% and 83.89%, 

respectively; Figure 9E) compared to wild-type plants (100%; Figure 9E). This 

decrease in rve1-1 and rve1-2 was likely caused by cumulative defects in PT 

attraction (5.88%, 6.11%), PT reception (0.84%, 4.44%), and polytubey (3.36%, 

5.56%) (Figure 9E). Since we observed not only PT reception defects but also 

other pollen tube-synergid interaction defects in rve1 mutants, and because 

several hundred synergid cell-expressed genes contain the SEEL motif, we 

propose that in addition to LRE, the RVEs may regulate expression of many 

synergid cell-expressed genes in the female gametophyte. 

To determine if the pollen tube-ovule interaction defects in rve1 mutants are 

female parent-specific, we performed aniline blue assays on reciprocal crosses 

between rve1-2 pistils and wild-type plants (Figure 9F). In wild-type pistils 

pollinated with wild-type pollen, 97.34% of ovules showed normal PT burst. In 

manual self-pollinations of rve1-2 pistils, we detected a decrease in normal PT 

burst (72.62%) and an increase in PT-ovule interaction defects due to PT attraction 
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(15.97%), PT reception (4.94%), and polytubey (6.46%). In reciprocal crosses 

between rve1-2 and wild type, PT-ovule interaction defects were observed only 

when rve1-2 was the female parent: 75.75% of ovules showed normal a PT burst 

and the remaining ovules showed PT attraction defects (9.94%), PT reception 

defects (5.57%), and polytubey (8.75%). Based on these results, we concluded 

that most pollen tube-ovule interaction defects seen in rve1-2 mutant were female 

parent-specific. 

LRE expression was reduced in rve transcription factor mutants  
Having confirmed that all rve mutants were either knock-down or knock-out 

alleles, we next examined if endogenous levels of LRE decreased in rve mutants. 

We performed RT-qPCR of full-length LRE using the same cDNAs from 

unpollinated pistils of rve mutants that were used to examine decreases in RVE 

expression. Compared to wild type, LRE expression decreased by 30.5%±0.11, 

37.8%±0.11, and 22.8%±0.16, in rve1-1, rve1-2, and rve1-3, respectively (Figure 

10A). LRE expression also decreased in rve5-1 and rve6-2 mutant pistils, with 

decreases of 14.8%±0.22 and 43.1%±0.09, respectively (Figure 10A). Taken 

together, our RT-qPCR results show that endogenous expression of LRE in mature 

unpollinated pistils of single mutants of RVE1, 5, and 6 is decreased compared to 

wild-type unpollinated pistils. 

In unpollinated pistils, LRE is primarily expressed in the synergid cells of the 

female gametophytes (Wang et al., 2017). Ovules used in RT-qPCR assays 

contained maternal tissues and other cells of the female gametophyte, in addition 

to the synergid cells. To investigate if LRE expression decreased specifically in the 

synergid cells, we crossed a previously published single-locus insertion 

pLRE::GFP line ((Wang et al., 2017) Line 1, Figure 1C) to rve5-1, rve6-2, and two 

mutant alleles of RVE1 (rve1-1 and rve1-2) (Figure 10B). In each case, from the 

progeny of these crosses, we identified plants that were homozygous for both the 

mutation and the transgene and scored GFP expression in mature unpollinated 

pistils of these plants.  
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In the plants that contained only the pLRE::GFP transgene, 91.34% of 

ovules were GFP-bright. However, in rve mutant backgrounds, we saw notable 

decreases in pLRE::GFP expression. In both rve1-1, pLRE::GFP and rve1-2, 

pLRE::GFP mutant pistils, we saw decreased percentages of GFP-bright ovules 

(79.48% and 62.63%, respectively) (Figure 10B). In rve5-1, pLRE::GFP pistils and 

rve6-2, pLRE::GFP pistils mutant pistils, there were 82.99% and 84.58% GFP-

bright ovules, respectively, which is higher than in rve1 mutants but lower than the 

wild-type background (Figure 10B). Since RVE5 and RVE6 are closely related to 

each other, we predicted they might be more redundant with one another than 

more distantly related RVEs (Figure 4). To test this, we scored pLRE::GFP 

expression in the rve5-1, rve6-2 double mutant background. We found 62.82% of 

ovules from rve5-1, rve6-2, pLRE::GFP pistils were GFP-bright, similar to rve1-2, 

pLRE::GFP (Figure 10B). These results suggest that higher order mutants may be 

necessary to fully evaluate the role of the RVE TF family in regulating synergid cell 

expression of LRE. 

RVE1-GUS complemented vegetative phenotypes, but could not restore 
LRE expression to wild-type levels in pistils 

To confirm that decreased LRE expression was dependent on loss of RVE 

gene function, we performed complementation experiments. Reproductive defects 

and decreases in LRE expression were more severe in rve1 mutants than in rve5 

or rve6 mutants; therefore, we chose to complement reduction in LRE expression 

in rve1 mutants with a translational fusion of RVE1-GUS under the control of the 

RVE1 promoter (pRVE1::RVE1-GUS) (Figure 11A). To confirm that the RVE1-

GUS transgene is functional, we first verified its subcellular localization in cells. As 

expected for a TF, the RVE1-GUS fusion protein localized to the nucleus of 

pavement cells when the pRVE1::RVE1-GUS construct was transiently expressed 

in Nicotiana benthamiana leaves (Figure 11B-C). Furthermore, in Arabidopsis 

rve1-1 plants transformed with the pRVE1::RVE1-GUS transgene, the RVE1-GUS 

fusion protein localized in the nucleus of cells in the root tip, root hair, and in true 

leaves of 8-day-old seedlings (Figure 11D-G).  
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Next we checked if pRVE1::RVE1-GUS can complement previously 

reported vegetative phenotypes in rve1-1 by performing hypocotyl elongation 

assays (Rawat et al., 2009). As reported previously (Rawat et al., 2009), in short-

day, low light conditions, we found that hypocotyl elongation of rve1-1 seedlings 

was reduced compared to wild-type seedlings (Figure 11H). Conversely, the 

hypocotyl lengths of RVE1 over-expression lines (p35S::RVE1; (Rawat et al., 

2009)) were nearly twice the lengths in wild-type lines (Figure 11H). We isolated 

pRVE1::RVE1-GUS single-locus insertion lines to avoid any potential confounding 

results from multiple-locus insertion lines. In these same assay conditions, we 

found that all four pRVE1::RVE1-GUS single-locus insertion lines had significantly 

longer hypocotyls than rve1-1 seedlings, as all four lines showed seedings with 

hypocotyl lengths that were similar or longer than wild-type plants (pairwise one-

tailed t-tests, p< 0.005, Figure 11H), suggesting that pRVE1::RVE1-GUS is 

functional in seedlings.  

To confirm RVE1 regulates LRE expression in the synergid cells, we chose 

to examine if endogenous LRE expression is restored to normal levels in 

pRVE1::RVE1-GUS lines. We performed RT-qPCR experiments with RNA 

isolated from mature unpollinated pistils of wild-type, rve1-1, and a representative 

homozygous single-locus line of pRVE1::RVE-GUS, rve1-1 (Figure 12). Similar to 

the results in Figure 10A, LRE expression was reduced in all three biological 

replicates of rve1-1 mutant pistils (16.6%±0.18 reduction; Figure 12). However, 

this reduction in LRE expression was not restored by the introduction of the 

pRVE1::RVE1-GUS transgene into the rve1-1 mutant background, as the LRE 

levels in all three biological replicates continued to be low in the pRVE1::RVE1-

GUS, rve1-1 line (38.8%±0.03 reduction; Figure 12). Based on these results, we 

concluded that pRVE1::RVE1-GUS transgene was unable to rescue the decrease 

in LRE expression in rve1-1 mutant pistils. 

Our results showed that rve1-1 mutant had decreased levels of LRE 

expression in mature unpollinated pistils (Figure 10A and Figure 12). Interestingly, 

the RVE1-GUS transgene rescued the hypocotyl length phenotype in rve1-1 

(Figure 11H); yet, it did not rescue reduction in LRE expression in unpollinated 
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pistils (Figure 12). Besides one report on low level expression of RVE1 in synergid 

cells (Wuest et al., 2010), there is no other information on expression of RVE1 in 

synergid cells. These reasons prompted us to ensure RVE1-GUS is indeed 

expressed in synergid cells of the pRVE1::RVE1-GUS line before we could 

conclude about its role in controlling LRE expression in synergid cells (Figure 11I-

J). We detected faint GUS expression in the female gametophyte, with strongest 

expression in the central cell nucleus (<6 hours after staining) (Figure 11I). 

However, no GUS staining was not detected in the synergid cells, even after 

prolonged staining (Figure 11J); instead, expression was only detected at the 

chalazal end of the female gametophyte and the ovule integuments. Lack of RVE1-

GUS expression in synergid cells is perhaps one reason why it did not restore 

reduction in LRE levels seen in rve1-1 mutant pistils. Based on these results, we 

concluded that either the RVE1 promoter we used did not contain the necessary 

cis-regulatory elements for synergid cell-expression of RVE1-GUS or that RVE1 

may indirectly regulate LRE expression in the synergid cells. Future work will test 

these possibilities. 

Discussion 
The SEEL motif is important but not essential for LRE expression in 
synergid cells 

Our study determined that the SEEL motif in the LRE promoter is important 

for LRE expression in synergid cells. We observed a significant decrease in GFP-

bright ovules in the pLREΔSEEL::GFP and pLRE-m1-SEEL::GFP lines when 

compared to the pLRE-m2-SEEL::GFP line, where the SEEL motif was mutated 

but the GC composition remained the same as the unmutated SEEL motif. Based 

on these observations, we propose that a combination of the sequence and GC 

composition of the motif is important for LRE expression. Our results also 

demonstrated that the SEEL motif was not essential because deleting or altering 

the SEEL motif significantly decreased the percentage of GFP-bright ovules but 

did not completely abolish GFP expression in synergid cells of all transgenic lines 

(Figure 1C). This raises the possibility that additional motifs in the LRE promoter 
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control LRE expression in synergid cells. Consistent with this possibility, in our 

bioinformatic analysis we identified two other candidate motifs: “NATNATTNN” and 

“NNNAMGN”. Since these motifs are present more than once in the LRE promoter 

(7 and 58 times, respectively), testing these candidate motifs may require 

extensive promoter-deletion analysis. Such an approach may identify additional 

CREs in the LRE promoter that are important for LRE expression in synergid cells.  

The identity of CREs in the synergid cell GRN is poorly understood. The 

only known motif sufficient for synergid cell expression is “AACGT” which is part 

of the motif (GTAACNT) that interacts with the synergid cell-expressed MYB98 

(Punwani et al., 2008). The MYB98 binding motif is present in some promoters of 

synergid cell-expressed cysteine-rich peptides (CRPs), involved in pollen tube 

attraction (Punwani et al., 2008). The characterization of MYB98 and the 

“GTAACNT” motif expanded our understanding of the synergid cell GRN. Although 

SEEL motif is important for LRE expression in the synergid cells, it is unlikely to 

confer synergid-specific expression to a minimal promoter because many of the 

genes that carry this motif in their promoters are expressed in other cells besides 

synergid cells. Furthermore, RVEs are expressed throughout plant development 

and also regulate expression of genes in vegetative tissues (Gray et al., 2017). 

Still, the SEEL motif is enriched in hundreds of synergid cell-expressed genes 

pointing to its importance in synergid cell expression of genes. Taken together, we 

propose that genes containing promoters with a SEEL motif are more likely to be 

expressed in synergid cells.  

FER and EVN, genes that are expressed in synergid cells and function in 
PT reception, also contain a SEE(L) motif in their promoters 

One utility in studying the SEEL motif is that it can assist in finding other 

synergid cell-expressed genes that are co-regulated with LRE. As an example, we 

checked if the SEEL motif is present in the promoters of genes involved in PT 

reception. The SEE motif “AAATATCT” (Table 5) is present once in the 5’UTR of 

FER (Li et al., 2015; Liu et al., 2016). Additionally, the SEE motif is also conserved 

in the proximal region of promoters and/or 5’UTRs of putative FER orthologs in 

Arabidopsis lyrata and Sisymbrium irio, the two species which contain LRE 
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orthologs that also have their SEE(L) motif conserved in their promoters (Table 5). 

The SEE motif is also present once (>500bp upstream of the transcription start 

site) in the promoter of A. thaliana EVAN (EVN). EVN encodes a dolichol kinase 

that is required for biosynthesis of Dol-P, which important for all forms of protein 

glycosylation; homozygous mutants are embryo lethal and heterozygous mutants 

show defects in PT reception in ovules and defects in pollen development 

(Kanehara et al., 2015; Lindner et al., 2015). We found that the SEEL motif was 

also present in the promoter of the putative EVN ortholog in Sisymbrium irio. Still, 

not all synergid cell-expressed genes implicated in PT reception have the SEE(L) 

motifs in their promoters, as it is not present in the promoters of NORTIA, 

ABSTINENCE BY MUTUAL CONSENT, TURAN, and EARLY NODULIN-

LIKE14/15.  

  Analysis of the PT reception genes with and without the SEE(L) motif 

revealed an interesting pattern. The SEE(L) motif is absent in ABSTINENCE BY 

MUTUAL CONSENT, TURAN, and EARLY NODULIN-LIKE14/15 and there is no 

evidence functionally linking them with LRE, even though these genes encode 

proteins that function in PT reception. However, FER and EVN, which contain a 

SEE(L) motif in their promoters, are functionally linked with LRE in PT reception. 

FER and LRE bind with each other (Duan et al., 2014), LRE co-chaperones FER 

to the FA (Li et al., 2015), both are co-receptors in the signaling pathway that 

controls reactive oxygen species production in the FA (Duan et al., 2014), and they 

both function together in calcium signaling in synergid cells upon PT arrival (Ngo 

et al., 2014). Furthermore, LRE is proposed to be a substrate of EVN (Ngo et al., 

2014), as yeast evn mutant contains dramatically reduced amount of GPI-

anchored proteins (Heller et al., 1992). Since FER, EVN, and LRE show evidence 

of functioning together in PT reception, this provides support to the hypothesis that 

expression of functionally-related genes can be co-regulated.  

Partial reductions of LRE expression in rve mutants may be due to 
redundancy within the RVE TF family 

Single mutants of RVE1, RVE5, and RVE6 did not completely abolish LRE 

expression, nor did they show decreases in seed set or PT reception defects to 
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the same extent as in the lre mutant (Figures 8-10). One likely reason for this is 

that the LRE expression is controlled by additional TFs besides RVE. This is likely, 

as we know the SEEL motif is important but not essential for LRE expression in 

synergid cells. In addition to the SEEL motif, two other motifs in the LRE promoter 

were predicted: “NATNATTNN” and “NNNAMGN”. A Homeodomain Leucine Zip 

class TF (At2g22430) and a DOF Zinc finger TF (At3g21270), respectively, are 

predicted to bind to these two motifs (Weirauch et al., 2014). Such TFs may provide 

additional control of LRE expression in the synergid cells.  

Another reason why the single mutants that we investigated only show 

partial reductions in LRE expression is redundancy within the RVE TF family. All 

11 members of the RVE TF family can bind to the EE motif and its variants (Table 

1), and RVEs can be partially redundant (Gray et al., 2017; Hsu et al., 2013; 

Mizoguchi et al., 2002). Consistent with this possibility, greater decreases in seed 

set was detected in the rve5-1, rve6-2 double mutant (Figure 8). Additionally, in 

plants homozygous for rve5-1, rve6-2, and carrying pLRE::GFP, more ovules were 

GFP-negative compared to that in the single mutant backgrounds (Figure 10B).  

Interestingly, the LHY/CCA1 clade TFs tend to act as repressors of genes 

with the EE motifs, while the RVE8 clade TFs are typically transcriptional 

activators; however, their function as a repressor or activator is not mutually 

exclusive (Harmer and Kay, 2005; Hsu et al., 2013; Rawat et al., 2009)., Based on 

decreased expression levels of LRE in rve1, rve5, and rve6 mutants, we concluded 

that RVE1, 5, and 6 were likely transcriptional activators of LRE expression in 

synergid cells. Still, this hypothesis needs to be tested in more detail. Because 

RVEs can either serve as repressors or activators, higher order mutants can also 

have antagonistic interactions (Shalit-Kaneh et al., 2018). Therefore, higher order 

mutants may prove difficult to analyze because, by antagonizing one another, they 

may have negligible net effect on LRE expression. Since LRE is expressed 

primarily in synergid cells, our study focused on the RVE TFs known to be 

expressed in synergid cells: RVE1, RVE5, and RVE6 (Wuest et al., 2010). 

However, the expression data is not comprehensive (for example, RVE7 and 

RVE7-like were not included in the microarrays used in the study by (Wuest et al., 
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2010)) and additional experiments such as RNA-seq of LCM dissected synergid 

cells or transcriptional fusions of RVE TFs to reporter genes will be required. 

Synergid cell functions that are important for double fertilization may be 
circadian clock-dependent 
 In A. thaliana, over one third of the genome is regulated by the circadian 

clock (Covington et al., 2008). Many of these genes contain the EE-motif or an EE-

variant in their promoter, suggesting that the EE-motif is important for expression 

of circadian clock-regulated genes (Harmer et al., 2000). Members of the RVE TF 

family in Arabidopsis bind to the EE-motif in these genes and can regulate gene 

expression in a circadian clock-dependent manner (Alabadi et al., 2001; Hsu et al., 

2013). The function of RVEs is highly conserved throughout land plants and 

charophytes, suggesting they serve as essential components to regulate 

expression of circadian clock-dependent genes (Linde et al., 2017). Since RVEs 

roles remain highly conserved, it is likely that the EE-motif is also highly conserved. 

Although further studies are required to test this possibility, the CIS-BP database 

already supports this proposal, as RVE-like TFs from other species can bind the 

SEEL motif (Weirauch et al., 2014). 

The EE-motif and EE-variants have been identified in promoters of genes 

important for key processes, such as pathogen response and flowering (reviewed 

in (Inoue et al., 2018; Lu et al., 2017)). It is likely that the EE-motif and its variants 

serve as master CREs to quickly induce or repress gene expression. Perhaps the 

SEEL motif is enriched in synergid cell-expressed genes to regulate or optimize 

synergid cell-expressed genes important for PT-ovule interactions.  

 We propose that PT-ovule interactions are regulated by the circadian clock, 

with a set of genes primed to be optimally expressed during the early evening 

phase of the clock. In this model, synergid cell-expressed genes that are important 

for pollen tube-ovule interactions show expression peaks in the mid-afternoon and 

early-evening and render ovules be at their performance maxima in the evening in 

order to be ready to receive pollen tubes that started their journey in the morning. 

Such a proposal is consistent with the findings that pollination peaks in the morning 

hours (reviewed in (van Doorn and Kamdee, 2014)) and the elapsed time between 
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the morning and evening is the time that it takes for pollen tubes to reach ovules. 

By controlling the expression of genes involved in PT-ovule interactions using the 

SEEL motif in their promoters, perhaps optimal fertilization may be achieved in the 

evening phase of the circadian clock. 

In conclusion, we identified and confirmed that the SEEL motif is important 

for LRE expression in synergid cells and found that mutants of synergid cell-

expressed RVEs decrease LRE expression in unpollinated ovules. Our study is 

the first to raise the possibility that double fertilization may be controlled by the 

circadian clock and the tools generated from this work will facilitate this line of 

investigation.  

Methods 
Mapping known cis-regulatory elements to LORELEI and its paralogs 

Two strategies were used to identify putative cis-regulatory sequences in 

LORELEI (LRE) and its paralogs. In the first approach, two sets of known motif 

datasets were used. The first motif set includes 355 Position frequency matrices 

(PFMs) of A. thaliana TFs obtained from the Cis-BP database (Weirauch et al., 

2014). The PFMs were converted to position weight matrices (PWMs) with the 

MotifTools program in Tools for Analysis of Motifs (TAMO) (Gordon et al., 2005), 

which included an adjustment to the background AT (0.33) and CG (0.17) contents 

of the A. thaliana genome. The second motif set were obtained from (Vandepoele 

et al., 2009) in the form of consensus sequences that were also converted to 

PWMs with TAMO. These two sets of cis-Regulatory Elements (CREs) were 

mapped to the putative promoter (<=1kb upstream of the translation start site 

without including neighboring genes) and gene body sequences of LRE/paralog 

based on TAIR (http://www.arabidopsis.org) v.10 genome annotation with Motility 

(https://github.com/ctb/motility) and mappings with a p-value <1e-5 were included. 

If a motif did not have any mapping instances lower than this threshold, the 

mappings in the 90th percentile of p-values were included (Zou et al., 2011). 

 

http://www.arabidopsis.org/
http://www.arabidopsis.org/
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Processing of expression datasets to identify synergid enriched cis-
regulatory elements 
 In our second approach, we sought to identify synergid enriched cis-

regulatory sequences in LRE and other synergid cell-expressed genes. To identify 

which CREs are enriched in synergid-expressed genes, we globally identified 

synergid co-expression clusters using a compendium of four expression datasets. 

The first is 79 experiments in various tissues at different stages of A. thaliana 

development (Schmid et al., 2005) from AtGenExpress 

(http://www.weigelworld.org/resources/microarray/AtGenExpress/). The second 

contains 36 experiments based on treatments with plant hormones (Goda et al., 

2008) from the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/), 

accession GSE39384. The third dataset includes female gametophyte cell-specific 

expression profiling experiments (Wuest et al., 2010) comprising the egg, central, 

and synergid cells from ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) 

accessions E-MEXP-2227. Lists of the synergid cell, the egg cell, and the central 

cell expressed genes were obtained from a supplemental table from (Wuest et al., 

2010). Fourth, male gametophyte specific datasets (Borges et al., 2008) includes 

Arabidopsis pollen, sperm and seedling control from ArrayExpress accessions E-

ATMX-35. All downloaded data in the form of CEL files were processed using the 

RMA function in the affy package (Gautier et al., 2004) in R (R Core Team, 2014). 

The intensity values from the four data sources were combined into an expression 

matrix and quantile normalized with the affy package. 

Synergid co-expression clusters and TF binding motif enrichment 
K-means clustering was performed using the expression matrix from the 

previous section with the K-means function in R iteratively such that a cluster had 

≤60 but ≥10 genes. This range was determined in a previous study to balance 

signal-to-noise ratio and computational costs (Zou et al., 2011). Given our goal in 

identifying motifs controlling synergid gene expression, only 5,446 genes 

expressed in synergids (Wuest et al., 2010) were included in the clustering 

analysis. The first round of clustering started with k=56 so the average number of 

genes in each cluster is ~100. Clusters with more than 60 genes were further sub-

http://www.weigelworld.org/resources/microarray/AtGenExpress/
http://www.weigelworld.org/resources/microarray/AtGenExpress/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
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clustered with k=round ((number of genes in cluster)/(100+1)). Clusters smaller 

than 10 genes were not included in further analysis. This resulted in 145 non-

overlapping co-expression clusters for synergid cells. For each cluster, we 

obtained the putative promoter sequences of genes within a cluster where the 

promoter was defined as 1,000 bp upstream of the transcription start site of a gene. 

Next, we asked which of the 355 known TFBMs (Weirauch et al., 2014) were 

mapped to the promoters of genes in a cluster in a significantly overrepresented 

manner compared to the rest of the genes in the expression matrix. For each 

cluster (C) and each TFBM (T) combination, a contingency table was constructed 

and a Fisher Exact Test was conducted (Fisher 0.1.4 package in R) to see if the 

number of times T was mapped to genes in C more frequently than the number of 

times T was mapped to genes that were not expressed in synergids (thus, not in 

any of the synergid co-expression clusters). A Fisher exact test was performed on 

for each TFBM within each cluster using the Python Fisher 0.1.4 package 

(https://pypi.python.org/pypi/fisher/). The enrichment p-values were corrected for 

multiple testing with the p adjusted function in R using the Benjamini-Hochberg 

method (Benjamini and Hochberg, 1995). Adjusted p-values < 0.05 were 

considered significantly enriched. 

Identifying REVEILLE genes in Arabidopsis thaliana homologous to 
PK02532.1, a TF in Cannabis sativa known to directly bind to the SEEL 
motif in vitro 

Querying the CIS-BP database (http://cisbp.ccbr.utoronto.ca/index.php) 

with the SEEL motif revealed that DNA binding domain of a transcription factor in 

Cannabis sativa (PK02532.1) binds to the SEEL motif (Weirauch et al., 2014). The 

DBD of PK02532.1 was reported as 

“RESWTEPEHDKFLEALQLFDRDWKKIEAFVGSKTVIQIRSHAQKYF“ (Weirauch 

et al., 2014). Using this DBD of PK02532.1 as a query, we searched the CIS-BP 

for genes containing a DBD similar to that in PK02532.1 in Arabidopsis. If a DNA 

binding domains (DBDs) in other members of this MYB-related family shared 

≥87.5% identity with the DBD in PK02532.1, it is predicted to bind to the SEE or 

SEEL motif (Weirauch et al., 2014). By this criterion, the CIS-BP identified 

https://pypi.python.org/pypi/fisher/
https://pypi.python.org/pypi/fisher/
http://cisbp.ccbr.utoronto.ca/index.php
http://cisbp.ccbr.utoronto.ca/index.php
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Arabidopsis REVEILLE genes RVE3-6 and RVE8 as strong candidates to bind the 

SEE or SEEL motif. These 5 TFs are part of the 11-member RVE TF family; the 

remaining 6 TFs had <87.5% homology to the DBD of PK02532.1.  

Phylogenetic relationship among REVEILLE genes in Arabidopsis 
We obtained the protein coding sequence for PK02532.1 (Weirauch et al., 

2014) and all 11 members of the RVE family protein coding sequences 

(https://www.arabidopsis.org/), and generated an amino acid alignment using the 

MUSCLE algorithm in Geneious R11.1.2 using the standard parameters (Figure 

3). The alignment was used to build a phylogenetic tree using the RAxML plugin 

the Geneious R11.1.2, with the GAMMA BLOSUM62 protein model, rapid 

bootstrapping and search for best scoring ML tree with 100 bootstraps, starting 

with a completely random tree (Figure 4). 

Plant materials and growth conditions 
Arabidopsis seeds were liquid sterilized in the following manner: 100-300 

seeds were placed into a 1.5mL microcentrifuge tube with 1mL of 70% EtOH and 

vortexed for 3 seconds at maximum speed at least 3 times over the course of a 3-

5-minute period to avoid flocculating seeds from not getting sufficient exposure to 

the sterilizing solution. The 70% EtOH solution was discarded and replaced with 

1mL of sterilization solution (50% bleach, 0.2% TWEEN-20 (Sigma-Aldrich, 

Catalog # P9416-100ML), then vortexed for 3 seconds at maximum speed, at least 

3 times during a 3-5-minute period. The sterilization solution was discarded, and 

seeds were washed three times with 1mL of ice-cold autoclaved dH2O each time. 

Using a 1mL pipette, seeds were plated on 1/2X MS plates (Carolina Biological 

Supply Co., Catalog # 195703), with 2% sucrose with corresponding antibiotics. 

Seeds on plates were stratified for 3 days in the dark and at 4°C, then plates 

were moved to a Percival growth chamber maintained at 21°C with continuous 

light (75-100 µmol·m-2·s-1). 10-to-14-day-old seedlings were transplanted to the 

soil and grown in the following condition: 16 hours light (100-120 µmol·m-2·s-1) at 

21°C and 8 hours dark at 18°C as described (Kessler et al., 2010). Columbia (Col-

0) is the ecotype of all Arabidopsis seeds used in this study. pLRE:GFP, 

https://www.arabidopsis.org/
https://www.arabidopsis.org/
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pLREm1SEEL::GFP, pLREm2SEEL::GFP, and pLREΔSEEL::GFP seeds were 

placed on plates containing hygromycin B (20 μg/mL; PhytoTechnology 

Laboratories, Catalog # H397). pRVE1::RVE1-GUS, rve1-1 seeds were grown on 

plates containing both kanamycin sulfate (50µg/mL; VWR Catalog, # IB02120) and 

hygromycin B (20 μg/mL). 

The rve T-DNA insertion lines were obtained from the Arabidopsis Biological 

Resource Center: rve1-1 (SALK_057420), rve1-2 (SAIL_326_A01), rve1-3 

(SALK_025754C), rve5-1 (SAIL_769_A09), and rve6-2 (SAIL_548_F12). rve1-1 

seedlings were resistant to kanamycin (50µg/mL). rve1-2, rve5-1, and rve6-2 

seedlings were resistant to glufosinate ammonium (10µg/mL; Oakwood Chemical, 

Catalog # 044851). Since rve1-3 is kanamycin-sensitive, these seeds were plated 

on MS regular plates, and presence of transgene was confirmed through 

genotyping using primers in Table 2. 

Cloning transgenic constructs 
The pLREm1SEEL::GFP, pLREm2SEEL::GFP, and pLREΔSEEL::GFP 

constructs were created by mutating the SEEL motif in the previously published 

pLRE::GFP construct (Wang et al., 2017). Mutations or deletions were introduced 

by PCR with PrimeSTAR® GXL DNA Polymerase (TaKaRa Bio Inc.; Catalog # 

R050A) using primers and DNA templates listed in Table 6. The inserts were 

cloned into pLRE::GFP plasmid linearized with BamHI (NEB, Catalog # R0136) 

and SalI (NEB, Catalog # R0138) by using In-Fusion HD Cloning Plus (Clontech, 

Catalog # 639645), which swapped the wild-type pLRE::GFP plasmid with the 

modified pLRE::GFP transgenes. The recombinant plasmid was transformed into 

Stellar™ Competent Cells (Clontech, Catalog # 636763) according to the 

manufacturer’s protocol and positive colonies were selected on LB plates 

containing kanamycin (50µg/mL). 

To generate the pRVE1::RVE1-GUS insert, we performed PCR with 

PrimeSTAR® GXL DNA Polymerase using the primers and DNA templates listed 

in Table 7. The full-length insert was assembled using a series of overlap PCRs to 

generate a single insert, which was cloned into the pLRE::LRE-cYFP plasmid that 
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was linearized with SpeI-HF (NEB, Catalog # R3133S) and AscI (NEB, Catalog # 

R0558S) by using the In-Fusion HD Cloning Plus system. The recombinant 

plasmid was transformed into Stellar™ Competent Cells, and positive colonies 

were selected on LB plates containing Spectinomycin (100 µg/mL, Sigma-Aldrich, 

Catalog # 85555). 

All constructs generated were sequence verified (Eton Bioscience, Inc.) 

before transforming into Agrobacterium tumefaciens (GV3101 pMP90 strain). The 

positive colony selected for transformation into Arabidopsis was also verified by 

colony PCR for the presence of the transgene. 

Plant transformation 
Transformation solution containing Agrobacterium tumefaciens (GV3101 

pMP90 strain) harboring the desired transgene was sprayed onto Arabidopsis 

inflorescences (Chung et al., 2000). Hygromycin-resistant T1 transformants were 

selected as described (Harrison et al., 2006). Briefly, T1 seeds were plated and 

stratified in dark at 4°C for 2-3 days. Plates were then placed into in a Percival 

growth chamber set at 21°C with continuous light (70-100 µmol·m-2·s-1) for 5-6 

hours, placed in the dark, at room temperature, for 3-4 days. Plates were then 

returned to the Percival growth chamber and transformants were selected based 

on presence of true leaves, which were present only in hygromycin-resistant 

plants. 

Isolation of single-locus insertion lines 
For each construct, at least 10 T1 hygromycin-resistant transformants were 

transplanted to soil. Among these lines, candidate single insertion lines were 

identified based on segregation of resistance to hygromycin B in T2 progeny. T1 

plants are expected to be heterozygous for the transgene at the insertion locus. 

Therefore, T1 plants that gave rise to progeny with a 3:1 ratio of resistant to 

sensitive plants were considered as single-locus insertion lines. 15 T2 plants of 

desired plants were transplanted to soil and T3 selfed seeds were collected to 

identify homozygous lines in T3 populations. Those T2 plants that gave rise to T3 
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progeny that segregated 100% resistance to hygromycin B were considered to be 

homozygous for the transgene. 

Scoring GFP expression in mature unpollinated pistils 
In order to score GFP expression in mature unpollinated pistils, we 

emasculated stage 12c buds (Smyth et al., 1990) and 24-30 hours after 

emasculation, the mature unpollinated pistils were removed from the plant and 

placed on double sided tape. Carpel walls were removed by making two incisions 

along the replum, using a syringe needle (27 Gauge Needle, VWR, Catalog # 

BD305109). The pedicel and nectaries were removed, then the transmitting tract 

was partially split lengthwise. Dissected samples were mounted in a 5% glycerol 

solution with a coverslip and GFP expression in synergid cells was scored using 

an epifluorescence microscope (Zeiss Axiophot) with a GFP filter (excitation HQ 

470/40 and emission HQ 525/50). Pictures were acquired with Picture Frame 

image acquisition software (Optronics). 

For each T1 line carrying pLRE::GFP, pLRE-m1-SEEL::GFP, pLRE-m2-

SEEL::GFP, and pLREΔSEEL::GFP constructs, we scored GFP expression in 

ovules from 2-3 pistils and reported in Figure 2. For data reported in Figure 1C, 

GFP expression in homozygous single-locus insertion T3 plants was scored in 3 

plants per line and 3 pistils per plant (a total of 9 pistils). GFP expression in rve 

mutant backgrounds was scored in a similar manner. After confirming both the 

GFP transgene and the rve mutation were homozygous (via resistance to 

hygromycin B and genotyping of the corresponding rve transgene, respectively) 

GFP expression was scored in mature unpollinated pistils. For each genotype, we 

scored a total of 9 pistils from 3 plants and 3 pistils per plant. 

RNA isolation and RT-qPCR 
For RT-qPCR results reported in Figures, we emasculated pistils and 24 

hours after emasculation, in each pistil, the carpel walls, pedicel, stigma, nectaries, 

and style were removed and the remnants of the pistil (containing only the septum, 

transmitting tract, and ovules) were flash-frozen in liquid nitrogen and stored at -

80°C until RNA extraction. For each genotype, 2-3 biological replicates were 
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collected and 30 mature unpollinated pistils were collected for each replicate. 

Since RVE expression is influenced by circadian rhythm, we followed specific 

collection times and procedures to reduce the potential influence of circadian 

rhythm on changes in gene expression between wild-type and mutant pistils (Hsu 

et al., 2013; Rawat et al., 2009). For each qPCR experiment, wild-type and mutant 

pistils were collected over the course of 5-10 days between 10:00 AM to 2:00 PM 

(4-8 hours after plants experienced dawn in the growth chamber). Each day, 

between 5-10 pistils were collected for each biological replicate, alternating the 

collections of biological replicates of wild-type and mutant pistils until 30 pistils 

were collected for each sample. RNA was isolated using RNeasy Plant Mini Kit 

(QIAGEN, Catalog # 74904) according to manufacturer’s instructions and treated 

with RNase-free DNase I (Life Technologies, Catalog # AM2222) to remove 

residual genomic DNA Reactions were cleaned up using RNeasy MinElute 

Cleanup Kit (QIAGEN, Catalog # 74204) and tested for RNA integrity by Agilent 

Bioanalyzer 2100 (Agilent Technologies). cDNA was reverse transcribed from 1-

2.5 µg of total RNA using SuperScript™ IV First-Strand Synthesis System 

(ThermoFisher Scientific, Catalog # 18091050). 

qPCR was performed using a Bio-Rad MyiQ2 system with a 96-well block 

(Bio-Rad) and SensiMix™ SYBR® & Fluorescein Kit (Bioline, Catalog # QT615-

05) according to the manufacturer’s protocol. 20µL reactions were performed with 

20ng-60ng of cDNA in 96-well plates (ThermoFisher Scientific, Catalog # 

AB1400WL) and sealed with optically clear adhesive seal sheets (ThermoFisher 

Scientific, Catalog # AB1170). 

The following qPCR program was used for all qPCR experiments: Cycle 1: 

(1X) Step 1: 95.0 °C for 10:00 minutes; Cycle 2: (40X) Step 1: 95.0 °C for 10:00 

minutes, Step 2: 55.0 °C for 30 seconds, Step 3: 72.0 °C for 30 seconds, Data 

collection and real-time analysis enabled; Cycle 3: (101X) Step 1: 45.0 °C-95.0 °C 

for 10 seconds, increase set point temperature after cycle 2 by 0.5 °C, Melt curve 

data collection and analysis enabled. 

Genes of interest (RVE1, RVE5, RVE6, and LRE) and the control gene 

ACTIN2/8 were amplified using primers listed in Table 6. Ct values were 
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normalized to ACTIN2/8. Relative levels of gene expression were calculated 

according to (Qin et al., 2009). At least two technical replicates of qPCR were 

performed for each experiment. 

Seed set scoring 
Unfertilized, viable, and aborted siliques were scored as described in 

Tsukamoto et al 2010. Briefly, 3-5 self-pollinated siliques located between 5 and 

25 siliques on the main branch of an Arabidopsis plant were excised and placed 

on a microscope slide with double-sided tape and carpel walls were cut twice along 

the replum of the silique with a syringe needle in order to expose both ovaries. To 

ensure that late abortion phenotypes was included in the analysis, only siliques 

with viable ovules with embryo at stages no younger than late bent cotyledon stage 

were scored. 

Pollen tube reception assays 
Aniline blue staining was performed as described (Mori et al., 2006). 

Pollinated pistils were stained for 16-24 hours, mounted in DABS solution with 15% 

glycerol, and sealed with clear nail polish (Sally Hansen, Hard as Nails). Pollen 

tube-ovule interactions were scored under a Zeiss Axiovert 100 fluorescent 

microscope. Images were taken using Metamorph (Version 7; Molecular Devices) 

using an IR filter with auto-exposure settings. 

Transient expression of pRVE1::RVE1-GUS in Nicotiana benthamiana 
Nicotiana benthamiana Agrobacterium mediated transient gene expression 

was performed as follows. An Agrobacterium GV3101::pMP90 strain carrying the 

plasmid containing pRVE1::RVE1:GUS and a GV3101::pMP90 strain carrying the 

p19 helper plasmid were grown separately to saturation at 28°C for 48 hours while 

gently shaking in liquid LB media containing the appropriate antibiotics. Each strain 

was resuspended in 1mL of 10mM MgCl2, then resuspended again in 1mL of 

Agrobacterium induction media (0.01M MES buffer, 0.1M MgCl2, and 1.5mM 

Acetosyringone), and incubated at ambient temperature for 1-2 hours. After 

incubation, each culture was diluted to an OD of 0.6 using Agrobacterium induction 
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media and then mixed in equal parts to make the infiltration mixture. Nicotiana 

plants were grown in 16h day light / 8h night cycle at 50-60% humidity at 21 °C. 

Before infiltration, Nicotiana plants were moved from the growth chamber and 

incubated at ambient temperature for 1-2 hours. The infiltration mixture was 

injected into the bottom layer of a 4-6 weeks-old Nicotiana leaf until an area of 

wetness was visible, which was then marked. The infiltrated plants were incubated 

at ambient temperature for 9 days before a leaf punch was taken from the infiltrated 

area and immersed in ice cold acetone for GUS staining as described below. 

Hypocotyl elongation assays 
Fresh seeds of each genotype were used for the hypocotyl assay (modified 

from (Rawat et al., 2009)). Seeds were liquid sterilized, then plated on ½ strength 

MS plates containing 2% sucrose. Seeds were stratified for 5 days in the dark at 

4°C, then placed vertically in a Percival growth chamber for 6 days in 6 hours light 

(50 µmol·m-2·s-1) /18 hours dark at 21°C. Images of 6-day-old seedlings were taken 

using a Canon PowerShot digital camera on a fixed stage and hypocotyl lengths 

were measured using ImageJ. 

GUS staining of pRVE1::RVE1-GUS transgenic plants 
  Tissues were fixed in 80% ice-cold acetone then left on ice or in 4°C until 

cleared (1-2 days). Samples were rinsed on ice in 1mM Yellow Solution [50mM 

sodium phosphate (VWR, Catalog # BDH0298), 0.2% Triton X-100 (VWR, Catalog 

# 82022-978), 1mM potassium ferrocyanide (VWR, Catalog # MK693204), 1mM 

potassium ferricyanide (VWR, Catalog # EM-PX1455-2), at pH 7.0], then incubated 

for 6-24 hours in staining solution (37 parts 1mM Yellow Solution to 1 part 1mM X-

Gluc [cyclohexlammonium salt (Gold Biotechnology, Catalog No. G1281C1) in 

N,N-Dimethylformamide (VWR, Catalog # EM-DX1730-6)] in the dark at 37°C. 

Stained samples were mounted in 50% glycerol and coverslips were sealed with 

clear nail polish to avoid drying. Samples were observed under a Zeiss Axiovert 

100 fluorescent microscope and images were taken using Metamorph (Version 7; 

Molecular Devices) using an RGB filter with autoexposure settings. 
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Image processing 
ImageJ was used to assemble image panels, insert scale bars, and prepare 

figures. 

Accession numbers 
Accession numbers of the genes studied in this work are as follows: LRE 

(At4g26466), RVE1 (At5g17300), RVE2 (At5g37260), RVE3 (At1g01520), RVE4 

(At5g02840), RVE5 (At4g01280), RVE6 (At5g52660), RVE7 (At1g18330), RVE7-

like (At3g10113), RVE8 (At3g09600), LHY (At1g01060), CCA1 (At2g46830). 
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Tables 

 
 
 
 
 
  

Table 1. The Short Evening-Element Like (SEEL) motif identified using the CIS-BP 
database is a modified version of the previously characterized EE motif. 

Motif 
(Abbreviation) 

DNA 
Sequence 

(5’ – 3’) 

Motif 
Length 

(bp) 

Present 
in LRE 

promoter 

Tested 
in this 
study 

RVE TF known to 
bind to the motif 

Long EE   
(LEE) AAAATATCT 9 No No 

CCA1, LHY, RVE1-
RVE8 

(Alabadi et al., 2001; 
Gong et al., 2008; Hsu 
et al., 2013; Jiang et 
al., 2016; O’Malley et 
al., 2016; Rawat et al., 

2009; Rawat et al., 
2011) 

Long EE-like 
(LEEL) ATAATATCT 9 Yes No 

LHY, RVE1, RVE4, 
RVE5, RVE6, RVE7, 
RVE7-like, and RVE8 
(O’Malley et al., 2016) 

Short EE  
(SEE) AAATATCT 8 No No RVE8 (Hsu et al., 

2013) 

Short EE-like 
(SEEL) TAATATCT 8 Yes Yes C. sativa PK02532.1 

(Weirauch et al., 2014) 

EE-like      
(EEL) AATATCT 7 Yes No RVE8 (Hsu et al., 

2013) 
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Table 2. The SEEL motif and other EE variants are conserved in putative orthologs of 
LRE in the Brassicaceae 
Motif Sequence 

Name Start Stop Strand Score p-
value 

q-
value 

Matched 
Sequence 

SEEL Brassica rapa 
pLRE 

212 220 + 13.46 2.39 
E-05 

0.12 TAATATCTG 

SEEL Sisymbrium 
irio pLRE 

896 904 + 13.46 2.39 
E-05 

0.12 TAATATCTC 

SEE Brassica rapa 
pLRE 

93 101 - 13.21 5.30 
E-05 

0.12 AAATATCTA 

SEE Camelina 
sativa pLRE-1 

242 250 - 13.21 5.30 
E-05 

0.12 AAATATCTA 

SEEL Arabidopsis 
thaliana pLRE 

722 730 - 13.21 5.30 
E-05 

0.12 TAATATCTT 

SEE Camelina 
sativa pLRE-1 

738 746 - 13.21 5.30 
E-05 

0.12 AAATATCTA 

SEE Arabidopsis 
lyrata pLRE 

801 809 - 13.21 5.30 
E-05 

0.12 AAATATCTA 

SEEL Leavenworthia 
alabamica 
pLRE 

24 32 + 13.21 5.30 
E-05 

0.12 TAATATCTA 

SEEL Leavenworthia 
alabamica 
pLRE 

31 39 + 13.21 5.30 
E-05 

0.12 TAATATCTT 

EEL Aethoniema 
arabicum 
pLRE 

244 252 - 9.20 9.66 
E-05 

0.19 CAATATCTT 

EEL Brassica rapa 
pLRE 

452 460 - 9.20 9.66 
E-05 

0.19 CAATATCTA 

Position is in relation to the 1000bp upstream of the translation start site  
Motifs were mapped using Find Individual Motif Occurrences (FIMO Version 5.0.5) 
P-values less than 1e-4 are reported, q-values (false discovery rate at which a motif 
occurrence is significant) were determined by the Benjamini and Hochberg method (Benjamini 
and Hochberg, 1995).  
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Table 3. Single-locus insertion T1 lines with deletions or alterations to the SEEL 
motif in the promoter of the pLRE::GFP construct show decreased numbers of GFP-
positive ovules compared to pLRE::GFP T1 lines. 

Genotype 

Fraction of 
T1 lines with 
GFP-positive 

ovules 

Fraction of T1 lines 
with >40% GFP-

positive ovules in a 
pistil 

Median % GFP-
positive ovules in 
pistils of T1 lines 

pLRE::GFP 9/10 5/10 35.7% 

pLREΔSEEL::GFP 10/25 1/10 0%** 

pLRE-m1-SEEL::GFP 7/16 0/7 0%** 

pLRE-m2-SEEL::GFP 10/13 2/10 6%** 

**Median % GFP-positive ovules of T1 lines in indicated genotype with deleted or mutated 
SEEL motif was significantly different (Mann-Whitney U-test, p < 0.05) compared to that in 
pLRE::GFP 
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Table 4. Single-locus insertion homozygous T3 lines with deletions or alterations to the 
SEEL motif in the promoter of the pLRE::GFP construct show decreased numbers of 
GFP-positive ovules compared to pLRE::GFP lines. 

Mutant genotype Mutant line Control line P-value* Adjusted P+ 

pLREΔSEEL::GFP 22 1 1.01E-106 1.84E-106 
 22 2 7.53E-122 2.82E-121 
 22 4 1.44E-116 3.94E-116 
 22 5 7.97E-109 1.59E-108 
 22 10 3.39E-96 5.49E-96 
 25 1 1.06E-122 4.89E-122 
 25 2 2.43E-134 1.46E-132 
 25 4 1.04E-128 1.25E-127 
 25 5 2.46E-127 2.11E-126 
 25 10 3.09E-116 8.06E-116 
 30 1 6.08E-10 6.63E-10 
 30 2 7.49E-14 9.18E-14 
 30 4 2.07E-08 2.18E-08 
 30 5 1.15E-08 1.23E-08 
 30 10 1.95E-06 1.95E-06 
 33 1 1.53E-117 4.58E-117 
 33 2 3.74E-129 5.61E-128 
 33 4 1.44E-123 7.85E-123 
 33 5 3.42E-122 1.46E-121 
 33 10 3.68E-111 7.89E-111 

pLRE-m1-SEEL::GFP 5 1 6.36E-119 2.12E-118 
 5 2 7.29E-131 1.46E-129 
 5 4 2.88E-125 1.73E-124 
 5 5 1.74E-123 8.69E-123 
 5 10 2.84E-112 6.55E-112 
 9 1 3.15E-13 3.78E-13 
 9 2 2.96E-19 3.87E-19 
 9 4 2.10E-14 2.63E-14 
 9 5 1.02E-11 1.16E-11 
 9 10 8.01E-08 8.15E-08 
 12 1 4.67E-122 1.87E-121 
 12 2 1.08E-133 3.24E-132 
 12 4 4.55E-128 4.55E-127 
 12 5 1.08E-126 7.18E-126 
 12 10 1.33E-115 3.32E-115 
 17 1 1.81E-105 3.20E-105 
 17 2 5.41E-117 1.55E-116 
 17 4 2.30E-111 5.10E-111 
 17 5 4.22E-110 8.73E-110 
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 17 10 3.04E-99 5.07E-99 
pLRE-m2-SEEL::GFP 1 1 6.33E-52 8.63E-52 

 1 2 1.17E-65 1.71E-65 
 1 4 9.05E-61 1.29E-60 
 1 5 1.33E-52 1.86E-52 
 1 10 1.38E-41 1.84E-41 
 7 1 1.24E-12 1.45E-12 
 7 2 1.73E-17 2.21E-17 
 7 4 9.57E-12 1.10E-11 
 7 5 2.02E-11 2.25E-11 
 7 10 2.28E-08 2.36E-08 
 17 1 4.72E-92 7.26E-92 
 17 2 4.54E-108 8.79E-108 
 17 4 4.45E-103 7.63E-103 
 17 5 7.00E-94 1.11E-93 
 17 10 1.68E-80 2.53E-80 
 20 1 4.89E-114 1.17E-113 
 20 2 8.14E-127 6.11E-126 
 20 4 2.86E-121 1.01E-120 
 20 5 2.31E-118 7.31E-118 
 20 10 1.01E-106 1.84E-106 

Each mutant line was compared to each pLRE::GFP control line 
* p-values were determined using a Chi-Square Test 
+ p-values were adjusted for multiple testing with the Benjamini-Hochberg method (Benjamini and 
Hochberg, 1995)  
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Table 5. The SEE(L) motif is present in the promoters of additional synergid cell-
expressed genes that function in PT reception 
Motif Sequence 

Name Start Stop Strand Score p-value q-
value 

Matched 
Sequence 

SEE Arabidopsis 
thaliana 
pFER 

717 724 + 13.43 5.30E-05 0.10 AAATATCT 

SEE Arabidopsis 
lyrata pFER 

716 723 + 13.43 5.30E-05 0.10 AAATATCT 

SEE Sisymbrium 
irio pFER 

758 765 + 13.43 5.30E-05 0.10 AAATATCT 

SEE Arabidopsis 
thaliana 
pEVN 

490 497 + 13.43 5.30E-05 0.10 AAATATCT 

- Arabidopsis 
lyrata pEVN* 

- - N/A - - - - 

SEE Sisymbrium 
irio pEVN 

354 361 - 13.43 5.30E-05 0.10 AAATATCT 

Position 1 is in relation to the 1000bp upstream of the translation start site, except for 
Sisymbrium irio pEVN (length 910bp). Positions greater than 500 indicate presence in the 
proximal region. 
*Arabidopsis lyrata pEVN did not contain a SEE(L) motif. 
Motifs were mapped using Find Individual Motif Occurrences (FIMO Version 5.0.5). 
P-values less than 1e-4 are reported, q-values (false discovery rate at which a motif 
occurrence is significant) were determined by the Benjamini and Hochberg method 
(Benjamini and Hochberg, 1995). 
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Table 6. List of primers used in this study 

Primer 
Number Primer Description Sequence (5' - 3')  Template Primer Set 

Expected 
Length 

(bp) 
pLREΔSEEL::GFP plasmid   

1935 pLRE::GFP FWD 
Primer-1 

CGGTACCCGGGGAT
CCATCTGTGAGTCAT
CCTTTCG pLRE::GFP 

plasmid 1935+1936 747 

1936 pLREΔSEEL::GFP 
REV Primer 1 

TTGAGACCATCGTA
CTCTAAAACTGGCTT
TG 

1937 pLREΔSEEL::GFP 
FWD Primer 2 

AGAGTACGATGGTC
TCAAAATTTAAGGGG
CCT pLRE::GFP 

plasmid 1937+1938 254 

1938 pLRE::GFP REV 
Primer 2 

TGCTCACCATGTCG
ACGAAATTGTTGTTA
AAGAAGCTTGT 

pLRE-m1-SEEL::GFP plasmid   

1935 pLRE::GFP FWD 
Primer-1 

CGGTACCCGGGGAT
CCATCTGTGAGTCAT
CCTTTCG pLRE::GFP 

plasmid 1935 + 2008 751 

2008 
pLRE-m1-

SEEL::GFP REV 
Primer 1 

GACCAACTAGTCTTC
GTACTCTAAAACTGG
CTTTG 

2007 
pLRE-m1-

SEEL::GFP FWD 
Primer 2 

CGAAGACTAGTTGG
TCTCAAAATTTAAGG
GGCCT 

pLRE::GFP 
plasmid 2007 + 1938 256 

1938 pLRE::GFP REV 
Primer 2 

TGCTCACCATGTCG
ACGAAATTGTTGTTA
AAGAAGCTTGT 

pLRE-m2-SEEL::GFP plasmid   

1935 pLRE::GFP FWD 
Primer-1 

CGGTACCCGGGGAT
CCATCTGTGAGTCAT
CCTTTCG pLRE::GFP 

plasmid 1935 + 2006 751 

2006 
pLRE-m2-

SEEL::GFP REV 
Primer 1 

GACCAGTTAAATTTC
GTACTCTAAAACTGG
CTTTG 

2005 
pLRE-m2-

SEEL::GFP FWD 
Primer 2 

CGAAATTTAACTGGT
CTCAAAATTTAAGGG
GCCT 

pLRE::GFP 
plasmid 2005 + 1938 256 

1938 pLRE::GFP REV 
Primer 2 

TGCTCACCATGTCG
ACGAAATTGTTGTTA
AAGAAGCTTGT 

pRVE1::RVE1-GUS plasmid 

2304 pRVE1::RVE1 FWD 
Primer-1 

CAGGCGGCCGCACT
AGTAGTAGAACCCC
ACAAAATAAAAAATG
GAT Col-0 gDNA 2304 + 2340 3529 

2340 pRVE1::RVE1 REV 
Primer-1 

GCGGTACCCTCGAG
TAAGTGGAGATGAA
TCTCATGCTC 
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2341 Linker + GUS FWD 
Primer-2 

TACTCGAGGGTACC
GCTCCCGGGATGTT
ACGTCCTGTAGAAA
CC 

pLRE::GUS 
plasmid 2341 + 2342 1845 

2342 Linker + GUS REV 
Primer-2 

AGAAAATGTGTCATT
GTTTGCCTCCCT 

2343 3’UTR RVE1 FWD 
Primer-3 

GGAGGCAAACAATG
ACACATTTTCTTACG
TACCCTAAA 

Col-0 gDNA 2343 + 2344 240 

2344 3’UTR RVE1 REV 
Primer-3 

GCTGGGTCGGCGC
GCCTAAGAAAGATC
TCATAATCATTAGAT
TT 

rve1 mutant genotyping 

2264 

RVE1 genomic 
region left of rve1-1 

T-DNA insertion 
AAGCAAATCGTTTGT
TGTTGC Col-0 gDNA 2264 + 2265 1052 

2265 

RVE1 genomic 
region right of rve1-
1 T-DNA insertion 

GAATCTGAACTGCG
GTCTTTG 

1367 T-DNA LB of rve1-1 

GCGTGGACCGCTTG
CTGCAACTCTCTCA
GG 

rve1-1 1367 + 2265 ~560 

2261 

RVE1 genomic 
region left of rve1-2 
and rve1-3 T-DNA 

insertions 
CAAAGACCGCAGTT
CAGATTC Col-0 gDNA 2261 + 2260 963 

2260 

RVE1 genomic 
region right of rve1-
2 and rve1-3 T-DNA 

insertions 
AACCAGTGTTTGATC
CAGTCG 

821 T-DNA LB of rve1-2 

GCTTCCTATTATATC
TTCCCAAATTACCAA
TACA 

rve1-2 2261 + 821; 
2260 + 821 

~750; 
~650 

1367 T-DNA LB of rve1-3 

GCGTGGACCGCTTG
CTGCAACTCTCTCA
GG 

rve1-3 2261 + 1367 ~690 

rve5-1 mutant genotyping 

1927 
RVE5 genomic 

region left of rve5-1 
T-DNA insertion 

TGAAGATTGTCCAAT
GCAGGTA 

Col-0 gDNA 1927 + 1928 1334 

1928 
RVE5 genomic 

region right of rve5-
1 T-DNA insertion 

GTCGAGGAGGTGGA
AGATGT 

821 T-DNA LB of rve5-1 
GCTTCCTATTATATC
TTCCCAAATTACCAA
TACA 

rve5-1 821 + 1927 ~1100 

rve6-2 mutant genotyping 

1954 
RVE6 genomic 

region left of rve6-2 
T-DNA insertion 

GTGAAGAACGAAAC
AGGCAAG 

Col-0 gDNA 1954 + 1955 1125 

1955 
RVE6 genomic 

region right of rve6-
2 T-DNA insertion 

GGAGGGGAGTGAAG
CTAATTG 

821 T-DNA LB of rve6-2 
GCTTCCTATTATATC
TTCCCAAATTACCAA
TACA 

rve6-2 1954 + 821; 
1955 + 821 

~850; 
~550 

RT-qPCR primers 
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658 
ACTIN2/8 Primer 

Set 1 

TCCCTCAGCACATTC
CAGCAGAT 

cDNA 658 + 659 

gDNA: 
155 

659 AACGATTCCTGGAC
CTGCCTCATC 

cDNA:  
69 

464 
ACTIN2/8 Primer 

Set 2 

CCTATTGAGCATGG
TGTTGTTAGCAAC  

cDNA 464 + 465 

gDNA: 
355 

465 TGTGAGACACACCA
TCACCAGA 

cDNA: 
277 

2386 
RVE1 

CACTGTTGGATCAG
AAGCAT 

cDNA 2386 + 2260 

gDNA: 
569 

2260 AACCAGTGTTTGATC
CAGTCG 

cDNA: 
473 

2029 
RVE5 

ATAGAAGCCTTTGTT
GGATCA 

cDNA 2029 + 1928 

gDNA: 
201 

1928 GTCGAGGAGGTGGA
AGATGT 

cDNA: 
112 

2031 
RVE6 

GCCGCTCATCCATA
TCCTCA 

cDNA 2031 + 1955 

gDNA: 
292 

1955 GGAGGGGAGTGAAG
CTAATTG 

cDNA: 
199 

1376 
LRE Primer Set 1 

ACTCACGTAAGGAC
ATGCAAATTC 

cDNA 1376 + 1457 

gDNA: 
582 

1457 ATCACAAACCTCGG
TTAGTGGAAG 

cDNA: 
169 

681 

LRE Primer Set 2 

TCAAGTCAACACTAA
CAAAGCAAAAACAG
CGG 

cDNA 681 + 805 

gDNA: 
985 

805 
ATGGAGCTGATATTA
TTATTCTTCTTTCTG
ATGGC 

cDNA: 
498 
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Figure Legends 

Figure 1. The SEEL motif is important for synergid cell-expression of 
LORELEI.  

A. Diagram of motif mutation and deletion constructs. The SEEL motif is present -

237bp to -229 bp upstream of the translation start site of LORELEI.  

B. pLRE::GFP is expressed in synergid cells and intensity of GFP was categorized 

as GFP–negative (ovules with no GFP in synergid cells), GFP-dim, or GFP-bright. 

Scale bar: 10µm. 

C. GFP was scored in mature ovules, 24 hours after emasculation (24 HAE) in four 

homozygous single insertion lines in each of the three indicated mutant constructs. 

Five pLRE::GFP lines were scored, of which one is a previously published line 

(Wang et al. 2017). In each line, nine pistils from three homozygous plants (three 

pistils per plant) were scored and the total number of ovules scored for each line 

is indicated in the number in the center of each column.  

Figure 2. Majority of single-locus insertion T1 lines carrying the SEEL motif 
deletion or alteration showed a reduction in the percentage of GFP-positive 
ovules.  

In T1 plants carrying pLRE:GFP (A) pLREΔSEEL::GFP (B), pLRE-m1-SEEL::GFP 

(C), and pLRE-m2-SEEL::GFP (D) constructs, GFP was scored in mature ovules, 

24 hours after emasculation. Single-locus insertion lines were identified by 

segregation ratios of hygromycin resistance in T2 seedlings raised from selfed 

seeds of T1 lines. N equals the total number of T1 single insertion lines scored for 

each construct. Each T1 plant represents a single transgenic line, in which ovules 

from 2-3 emasculated pistils were scored. For each construct, four single insertion 

lines were randomly chosen for further characterization in the T3 generation and 

reported in Figure 1C. 
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Figure 3. Multiple Sequence Alignment of the REVEILLE (RVE) TF family in 
Arabidopsis and PK02532.1, a TF transcription factor in Cannabis sativa that 
directly binds to the SEEL motif in vitro. 

12 amino acid sequences were aligned using MUSCLE in Geneious R11.1.2. 

Amino acid sequence for PK02532.1 was obtained from the CIS-BP database, and 

amino acid sequences for the 11 RVE TF family members were from TAIR. The 

shading gradient from black to white indicates the similarity from highest to lowest, 

respectively. The strongly conserved region with the SHAQKYF-type domain 

identified in PK02532.1 is within the red rectangle.  
 

Figure 4. The REVEILLE (RVE) TFs are the most closely related Arabidopsis 
homologs to PK02532.1, a TF in Cannabis sativa that directly binds to the 
SEEL motif in vitro.  

A phylogenetic tree of full-length amino acid sequences was built using RAxML 

(Geneious R11.1.2) from Figure 3. Standard parameters were used with the 

GAMMA BLOSUM62 protein model, with 100 bootstrap replicates. Among the 

RVE TF family, the three RVE TFs (RVE1, RVE5, and RVE6; marked in red) are 

listed as synergid cell-expressed in Wuest, S. E., et al. (2010). 

 
Figure 5. rve1 mutants are knock-down alleles of RVE1. 

A. Diagram of RVE1 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE1. The 

arrow points to the direction of transcription. Black rectangles refer to exons and 

black line refer to intron. T-DNA insertion in rve1-2 caused a 17bp deletion at the 

point of insertion; both T-DNA junctions with RVE6 are with Left Border (LB) of the 

T-DNA. Only one junction between T-DNA Left Border (LB) and RVE1 were 
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identified in case of rve1-1 and rve1-3 and the extent of deletion or mutation in 

these insertion sites remain unknown (marked with a ?).  

B. RT-qPCR of RVE1 expression in indicated mutant unpollinated pistils. Three 

biological replicates with two technical replicates each were used to assess RVE1 

gene expression levels. Ct values in each genotype were first normalized to 

ACTIN2/8, and then compared to wild type.  
 
Figure 6. rve5-1 is a knock-down allele of RVE5.  

A. Diagram of RVE5 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE5. The 

arrow points to the direction of transcription. Black rectangles refer to exons and 

black line refer to intron. Only one junction between T-DNA Left Border (LB) and 

RVE5 was identified, hence the extent of deletion or mutation remains unknown 

(marked with a ?).  

B. RT-qPCR of RVE5 expression in rve5-1 unpollinated pistils. Two biological 

replicates with two technical replicates each were used to assess RVE5 gene 

expression levels. Ct values in each genotype were first normalized to ACTIN2/8, 

and then compared to wild type.  

 

Figure 7. rve6-2 is a knock-down allele of RVE6.  

A. Diagram of RVE6 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE6. The 

arrow points to the direction of transcription of RVE6. Black rectangles refer to 

exons and black line refer to intron. T-DNA insertion in rve6-2 caused a 8bp 
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deletion at the point of insertion. Both T-DNA junctions with RVE6 are with Left 

Border (LB) of the T-DNA.  

B. RT-qPCR analysis of RVE6 expression in rve6-2 unpollinated pistils. Two 

biological replicates with two technical replicates each were used to assess RVE6 

gene expression levels. Ct values in each genotype were first normalized to 

ACTIN2/8, and then compared to wild type.  

Figure 8. Viable seed set decreased the rve1-2 mutant.  

Ovules were scored in 9 to 38 siliques in case of each genotype. Number of ovules 

scored is placed in the middle of each column in the graph. 

 

Figure 9. Pollen tube-ovule interaction and seed set defects in rve1-2 mutant 
pistils are female parent-specific. 

A-E. Aniline blue staining of auto self-pollinated pistils (Stage 16). Close range PT-

ovule interaction defects were classified into the following categories: PT attraction 

(A), PT coiling (B), Normal PT burst (C), and Polytubey with PT burst (D). Scale 

bar 50µm. E. Quantification of pollen tube-ovule interaction defects in various rve 

pistils. Three to six self-pollinated pistils were scored for each indicated genotype 

in the x-axis.  

F. Pistils of indicated crosses were collected 24 hours after pollination (24HAP), 

stained with aniline-blue, and pollen tube – ovule interactions were scored.  

 

Figure 10. LRE expression was decreased in rve1, rve5, and rve6 ovules.  

A. RT-qPCR of endogenous LRE expression in mature unpollinated pistils 

compared to wild-type pistils. Ct values were first normalized to ACTIN2/8, then 

compared to wild-type levels. Primers spanning full length of LRE cDNAs were 

used for qPCR for rve1 mutant alleles. LRE expression in rve5-1 and rve6-2 

mutant cDNAs were assessed using primers within the second and third exon of 

LRE. Two to three biological replicates with two technical replicates were 



179 
 

analyzed for each mutant allele. Values were first normalized to ACTIN2/8 and 

then compared to wild-type levels.  

B. pLRE::GFP expression in rve mutants. In each rve mutant, ovules from 9 to 25 

mature unpollinated pistils were scored for GFP in the synergid cells of the 

female gametophyte, 24 hours after emasculation (HAE). The total number of 

ovules scored for each mutant allele is shown in the middle of each column in the 

graph. 

 

Figure 11. RVE1-GUS localized to the nucleus and complemented short 
hypocotyl length phenotype in rve1-1. 

A. A diagram of pRVE1::RVE1-GUS transgene.  

B-C. Transient expression of RVE1-GUS in Nicotiana benthamiana leaves. RVE1-

GUS (C) localized to pavement cell nuclei (white arrowheads) in N. benthamiana 

9 days post inoculation (9DPI). GUS staining was done for 16 hours. p19 vector 

only inoculations served as a negative control (B). Scale bar: 50µm.  

D-E. Unlike in the untransformed Col-0 plants (D), RVE1-GUS is expressed (blue 

arrowheads) in 8-day-old Arabidopsis seedlings and root tip (E). Seedlings from 

four single-locus lines were stained for GUS for 16 hours. Scale bar: 20mm.  

F-G. RVE1-GUS is expressed in root cells nuclei (G), Col-0 root as a negative 

control (F). Scale bar: 50µm.  

H. RVE1-GUS restored short hypocotyl lengths in rve1-1 to wild-type levels in 6-

day-old seedlings grown on MS plates under short day conditions. Total number 

of seedlings scored is in the middle of each column in the graph. Error bars 

represent the standard deviation in the population.  

I-J. RVE1-GUS is expressed in the female gametophyte and sporophytic ovule 

tissues. Mature unpollinated pistils (24HAE) were stained for GUS for 16 hours (I 
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and J). Blue arrowhead in panel I marks GUS staining in the central cell. Scale bar: 

50µm. 

Figure 12. pRVE1::RVE1-GUS did not restore LRE expression in rve1-1 
ovules back to wild-type levels.  

RT-qPCR of LRE expression in pRVE1::RVE1-GUS, rve1-1 ovules. For RT-qPCR 

experiments, a representative line (RVE1-GUS Line19) was used. Three biological 

replicates with two technical replicates were analyzed for each genotype. Ct values 

were normalized to ACTIN2/8, then compared to wild-type expression levels. 
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Figures 
 

 

Figure 1. The SEEL motif is important for synergid cell-expression of 
LORELEI.  
(Full figure legend on the next page.) 
  



182 
 

Figure 1. The SEEL motif is important for synergid cell-expression of 
LORELEI.  

A. Diagram of motif mutation and deletion constructs. The SEEL motif is present -

237bp to -229 bp upstream of the translation start site of LORELEI.  

B. pLRE::GFP is expressed in synergid cells and intensity of GFP was categorized 

as GFP–negative (ovules with no GFP in synergid cells), GFP-dim, or GFP-bright. 

Scale bar: 10µm  

C. GFP was scored in mature ovules, 24 hours after emasculation (24 HAE) in four 

homozygous single insertion lines in each of the three indicated mutant constructs. 

Five pLRE::GFP lines were scored, of which one is a previously published line 

(Wang et al. 2017). In each line, nine pistils from three homozygous plants (three 

pistils per plant) were scored and the total number of ovules scored for each line 

is indicated in the number in the center of each column.  
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Figure 2. Majority of single-locus insertion T1 lines carrying the SEEL motif 
deletion or alteration showed a reduction in the percentage of GFP-positive 
ovules.  
In T1 plants carrying pLRE:GFP (A) pLREΔSEEL::GFP (B), pLRE-m1-SEEL::GFP 

(C), and pLRE-m2-SEEL::GFP (D) constructs, GFP was scored in mature ovules, 

24 hours after emasculation. Single-locus insertion lines were identified by 

segregation ratios of hygromycin resistance in T2 seedlings raised from selfed 

seeds of T1 lines. N equals the total number of T1 single insertion lines scored for 

each construct. Each T1 plant represents a single transgenic line, in which ovules 

from 2-3 emasculated pistils were scored. For each construct, four single insertion 

lines were randomly chosen for further characterization in the T3 generation and 

reported in Figure 1C. 
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Figure 3. Multiple Sequence Alignment of the REVEILLE (RVE) TF family in 
Arabidopsis and PK02532.1, a TF transcription factor in Cannabis sativa that 
directly binds to the SEEL motif in vitro. 
12 amino acid sequences were aligned using MUSCLE in Geneious R11.1.2. 

Amino acid sequence for PK02532.1 was obtained from the CIS-BP database, and 

amino acid sequences for the 11 RVE TF family members were from TAIR. The 

shading gradient from black to white indicates the similarity from highest to lowest, 

respectively. The strongly conserved region with the SHAQKYF-type domain 

identified in PK02532.1 is within the red rectangle.  
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Figure 4. The REVEILLE (RVE) TFs are the most closely related Arabidopsis 
homologs to PK02532.1, a TF in Cannabis sativa that directly binds to the 
SEEL motif in vitro.  
A phylogenetic tree of full-length amino acid sequences was built using RAxML 

(Geneious R11.1.2) from Figure 3. Standard parameters were used with the 

GAMMA BLOSUM62 protein model, with 100 bootstrap replicates. Among the 

RVE TF family, the three RVE TFs (RVE1, RVE5, and RVE6; marked in red) are 

listed as synergid cell-expressed in Wuest, S. E., et al. (2010). 
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Figure 5. rve1 mutants are knock-down alleles of RVE1. 

A. Diagram of RVE1 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE1. The 

arrow points to the direction of transcription. Black rectangles refer to exons and 

black line refer to intron. T-DNA insertion in rve1-2 caused a 17bp deletion at the 

point of insertion; both T-DNA junctions with RVE6 are with Left Border (LB) of the 

T-DNA. Only one junction between T-DNA Left Border (LB) and RVE1 were 

identified in case of rve1-1 and rve1-3 and the extent of deletion or mutation in 

these insertion sites remain unknown (marked with a ?).  

B. RT-qPCR of RVE1 expression in indicated mutant unpollinated pistils. Three 

biological replicates with two technical replicates each were used to assess RVE1 

gene expression levels. Ct values in each genotype were first normalized to 

ACTIN2/8, and then compared to wild type.  
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Figure 6. rve5-1 is a knock-down allele of RVE5.  

A. Diagram of RVE5 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE5. The 

arrow points to the direction of transcription. Black rectangles refer to exons and 

black line refer to intron. Only one junction between T-DNA Left Border (LB) and 

RVE5 was identified, hence the extent of deletion or mutation remains unknown 

(marked with a ?).  

B. RT-qPCR of RVE5 expression in rve5-1 unpollinated pistils. Two biological 

replicates with two technical replicates each were used to assess RVE5 gene 

expression levels. Ct values in each genotype were first normalized to ACTIN2/8, 

and then compared to wild type.  
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Figure 7. rve6-2 is a knock-down allele of RVE6.  

A. Diagram of RVE6 gene model that also includes locations of the T-DNA 

insertions and primers used in genotyping, RT-PCR, and RT-qPCR. Further 

information about primers and PCR products can be found in Table 6. Shaded 

regions correspond to the 5’UTR (rectangle) and 3’UTR (arrow) of RVE6. The 

arrow points to the direction of transcription of RVE6. Black rectangles refer to 

exons and black line refer to intron. T-DNA insertion in rve6-2 caused a 8bp 

deletion at the point of insertion. Both T-DNA junctions with RVE6 are with Left 

Border (LB) of the T-DNA.  

B. RT-qPCR analysis of RVE6 expression in rve6-2 unpollinated pistils. Two 

biological replicates with two technical replicates each were used to assess RVE6 

gene expression levels. Ct values in each genotype were first normalized to 

ACTIN2/8, and then compared to wild type.  
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Figure 8. Viable seed set decreased the rve1-2 mutant.  

Ovules were scored in 9 to 38 siliques in case of each genotype. Number of ovules 

scored is placed in the middle of each column in the graph. 
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Figure 9. Pollen tube-ovule interaction and seed set defects in rve1-2 mutant 
pistils are female parent-specific. 

A-E. Aniline blue staining of auto self-pollinated pistils (Stage 16). Close range PT-

ovule interaction defects were classified into the following categories: PT attraction 

(A), PT coiling (B), Normal PT burst (C), and Polytubey with PT burst (D). Scale 

bar 50µm. E. Quantification of pollen tube-ovule interaction defects in various rve 

pistils. Three to six self-pollinated pistils were scored for each indicated genotype 

in the x-axis.  

F. Pistils of indicated crosses were collected 24 hours after pollination (24HAP), 

stained with aniline-blue, and pollen tube – ovule interactions were scored.  
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Figure 10. LRE expression was decreased in rve1, rve5, and rve6 ovules.  

A. RT-qPCR of endogenous LRE expression in mature unpollinated pistils 

compared to wild-type pistils. Ct values were first normalized to ACTIN2/8, then 

compared to wild-type levels. Primers spanning full length of LRE cDNAs were 

used for qPCR for rve1 mutant alleles. LRE expression in rve5-1 and rve6-2 

mutant cDNAs were assessed using primers within the second and third exon of 

LRE. Two to three biological replicates with two technical replicates were 

analyzed for each mutant allele. Values were first normalized to ACTIN2/8 and 

then compared to wild-type levels.  

B. pLRE::GFP expression in rve mutants. In each rve mutant, ovules from 9 to 25 

mature unpollinated pistils were scored for GFP in the synergid cells of the 

female gametophyte, 24 hours after emasculation (HAE). The total number of 

ovules scored for each mutant allele is shown in the middle of each column in the 

graph. 
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Figure 11. RVE1-GUS localized to the nucleus and complemented short 
hypocotyl length phenotype in rve1-1. 
(Full figure legend on the next page.) 
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Figure 11. RVE1-GUS localized to the nucleus and complemented short 
hypocotyl length phenotype in rve1-1. 

A. A diagram of pRVE1::RVE1-GUS transgene.  

B-C. Transient expression of RVE1-GUS in Nicotiana benthamiana leaves. RVE1-

GUS (C) localized to pavement cell nuclei (white arrowheads) in N. benthamiana 

9 days post inoculation (9DPI). GUS staining was done for 16 hours. p19 vector 

only inoculations served as a negative control (B). Scale bar: 50µm.  

D-E. Unlike in the untransformed Col-0 plants (D), RVE1-GUS is expressed (blue 

arrowheads) in 8-day-old Arabidopsis seedlings and root tip (E). Seedlings from 

four single-locus lines were stained for GUS for 16 hours. Scale bar: 20mm.  

F-G. RVE1-GUS is expressed in root cells nuclei (G), Col-0 root as a negative 

control (F). Scale bar: 50µm.  

H. RVE1-GUS restored short hypocotyl lengths in rve1-1 to wild-type levels in 6-

day-old seedlings grown on MS plates under short day conditions. Total number 

of seedlings scored is in the middle of each column in the graph. Error bars 

represent the standard deviation in the population.  

I-J. RVE1-GUS is expressed in the female gametophyte and sporophytic ovule 

tissues. Mature unpollinated pistils (24HAE) were stained for GUS for 16 hours (I 

and J). Blue arrowhead in panel I marks GUS staining in the central cell. Scale bar: 

50µm. 
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Figure 12. pRVE1::RVE1-GUS did not restore LRE expression in rve1-1 
ovules back to wild-type levels.  

RT-qPCR of LRE expression in pRVE1::RVE1-GUS, rve1-1 ovules. For RT-qPCR 

experiments, a representative line (RVE1-GUS Line19) was used. Three biological 

replicates with two technical replicates were analyzed for each genotype. Ct values 

were normalized to ACTIN2/8, then compared to wild-type expression levels. 
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