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 The objective of this grant is to test the hypothesis that homologs of the MUS81 gene 

regulate meiotic recombination and crossover interference in Arabidopsis.  Specifically we 

proposed to isolate mutants in two Arabidopsis MUS81 homologs (aim 1), characterize 

recombination levels and interference in the mutants (aim 2) and execute a novel genetic screen, 

based on tetrad analysis, for genes that regulate meiotic recombination (aim 3).  In addition we 

were granted a 12-month extension which included two additional aims (extension aim 1), 

isolate mutants in Arabidopsis EME1 homologs and (extension aim 2) isolate and characterize a 

hypo-recombination mutant.  The grant was initiated September 1, 2005 and we have made 

substantial progress toward these goals including: i) isolation of T-DNA and TILLING mutants 

in both putative MUS81 homologs, ii) verification of the mitotic  phenotype of Atmus81a-1 

mutants, iii) introgression of Atmus81a-1 into our visual screening lines and iv) initial 

measurements of meiotic recombination in the mutant line.  Each of these accomplishments is 

described in more detail below. 

 

Isolating mutant lines:  Our initial bioinformatics analysis suggested that Arabidopsis may 

contain two MUS81 homologs (At4g30870 and At5g39770).  Of these two, At4g30870 has 

better homology to other known MUS81 genes and also has an associated cDNA, whereas 

At5g39770 is less well conserved and has no associated transcripts (ESTs or cDNAs).  We 

isolated 5 different lines that harbored homozygous T-DNA inserts in exons of At4g30870.  We 

selected one (Atmus81a-1) that has an insert in the first exon for further characterization 

(described below).  No convenient T-DNA insertions were available for At5g39770.  Instead we 

used TILLING to produce 11 mutant alleles at this locus (8 in introns, 3 in exons including 2 

with amino acid changes).  The two alleles with amino acid changes were selected for further 

characterization.  These results complete aim 1 of the original proposal. 

 

Mitotic phenotype:  Yeast mus81 cells, in addition to their meiotic phenotype, show an 

increased sensitivity to DNA damaging agents during vegetative growth.  As an indicator that we 

have true MUS81 homologs that have a 

role in recombination/DNA repair, we are 

using a mitotic DNA damage assay to 

screen our bank of putative AtMUS81 

mutants.  When wild type and Atmus81a-

1/Atmus81a-1 plants are grown on media 

containing a gradient of methyl 

methanesulfonate (MMS) the Atmus81a-1 

plants show a significantly enhanced 

sensitivity (Figure 1).  Similar experiments 

with γ-radiation and cisplatin (a 

chemotherapy agent that causes DNA 

damage) also show enhanced sensitivity in 

the mutant line confirming that single 

mutants in AtMUS81a have a distinct 

DNA damage phenotype (i.e. it is not redundant with At5g39770) .  None of the alleles of the 

At5g39770 putative homolog showed a similar mitotic phenotype.  Bioinformatic examination of 



At5g39770 shows that it most likely a pseudogene which is consistent with a lack of mitotic 

phenotype.  Given our ability to detect a strong phenotype in the Atmus81a-1 mutant we are 

going to focus our efforts to measure meiotic phenotypes on this line. 

 

Building the visual screen:  We have developed a method of measuring meiotic recombination 

by visually monitoring trans-genes encoding fluorescent marker proteins directly in pollen 

tetrads (Figure 2). The marker proteins are expressed using a post-meiotic pollen-specific 

promoter so that visualizing their expression 

makes it possible to track the segregation of 

the genes encoding them.  By arraying two or 

more marker genes along a chromosome, we 

are able to detect recombination events within 

the genetic interval they flank.  Each of our 

fluorescent markers insertion lines has been 

extensively characterized to ensure that it is 

located in an intergenic region and that it has 

stable and predictable expression.  We have now crossed the Atmus81a-1 mutant allele into two 

different lines each containing a test interval located on a different chromosome. 

 

Meiotic phenotype: Based on previous work by our lab and others we predict that MUS81 

mediates a branch of the meiotic recombination 

pathway that is not sensitive to interference.  Our 

previous work predicts that in Arabidopsis this branch 

comprises ~ 15% of all crossovers in each meiosis.  

Therefore we would predict that mus81/mus81 plants 

would have a moderate reduction in crossing over 

(CO) as compared to mutations in genes which are 

thought to code for proteins that mediate the crossover 

sensitive pathway such as MSH4. Using two of the test 

intervals described above, we have measured the 

frequency of meiotic crossing over in wild type, 

Atmus81a-1/ Atmus81a-1,  Atmsh4/Atmsh4 and the 

double mutant plants (Figure 3).  These results show 

that, as predicted, we see a moderate reduction in COs 

in the mus81 mutant, and a severe reduction in COs in 

the msh4 mutant.  These results are consistent with our 

predictions.  Surprisingly, the double mutant does not 

show a complete elimination of COs strongly 

suggesting a third CO pathway that is not dependant on MUS81 or MSH4. 



Our model predicts that MUS81 

mediates interference insensitive COs.  

Therefore the residual COs that remain in 

the mus81 mutant should exhibit stronger 

interference.  To test this prediction we 

crossed Atmus81/Atmus81; qrt1-2/qrt1-2 

lines to a line with three linked inserts on 

chromosome 5 (also in the qrt1-2 

background), each encoding a different color 

fluorescent protein (Figure 4). These inserts 

define two adjacent intervals, which could 

be simultaneously assayed for 

recombination. This enabled us to do a type 

of interference analysis in which we 

measured genetic distances with and without 

the presence of a simultaneous event in the 

neighboring interval, a type of analysis that 

has been applied to S. cerevisiae tetrad data. The ratio of genetic distance with the presence of an 

adjacent CO relative to the distance when an adjacent CO is absent gives a value that is similar to 

but distinct from the coefficient of interference.  

 Within the smaller of the two adjacent intervals, we observed a genetic distance of 

20.0 cM and 6.8 cM with and without an adjacent CO, respectively, in data pooled from wild 

type and Atmus81/+ heterozygotes (12,718 tetrads). In the Atmus81 mutant, we observed 

distances of 20.0 cM and 5.9 cM, with and without an adjacent crossover, respectively (5,905 

tetrads). A statistical comparison of wild type and Atmus81 mutants was significantly different 

with a one-tailed P value of 0.032 when we compared ratios of genetic distances in the interval 

with and without an adjacent CO (Fig 6b). This is consistent with the hypothesis that AtMUS81 

is involved in a subset of COs that are interference insensitive. These results, together with the 

mitotic characterization described above, complete aim 2 of the original proposal. 

 

Forward Screen:  Our tetrad-based visual screen for 

meiotic recombination enables us to rapidly assess 

recombination frequencies from large sets of plants thus 

facilitating forward genetic approaches.  To identify novel 

genes that regulate the meiotic recombination machinery 

we mutagenized seedd that were heterozygous for the 

marked intervals on chromosome 1 (one population) and 

chromosome 3 (a second population) with 0.25% ethyl 

methanesulfonate (EMS).  These M1 seed were planted and 

the M2 seed were harvested from individual M1 plants (i.e. 

not pooled).  Since the M2 plants were segregating both the 

marker locus and any putative mutations, we scored 8 

plants for each line, 6 flowers per plant and ~100 tetrads per 

flower.  A map distance for the interval marked by the 

fluorescent transgenes was calculated using the Perkins 

mapping function.  Statistically significant differences in 

these map distances compared to control map distances 

from wild type plants were detected by using the Stahl Lab 

Online Tools (http://molbio.uoregon.edu/~fstahl) for 

http://molbio.uoregon.edu/~fstahl


detecting differences in map distances based on Perkins mapping data. 

 We have screened 321 M1 families to date and have recovered 13 hypo-recombination 

mutants, 10 hyper-recombination (as high as 125% of wt levels) mutants and a novel mutant that 

fails to undergo the second division of meiosis (classically referred to as a First Division 

Restitution, or FDR, mutant- see Figure 6).  This has attracted the interest of a European 

company Rijk Zwaan, that is interested in a similar phenotype - Second Division Restitution 

(SDR) mutants.  Their interest in these mutants is to facilitate the breeding of complex traits in 

crops. While this development is unexpected, it may eventually prove to be a significant benefit 

to agricultural breeders – including those interested in bio-fuels crops and traits.  We have 

selected one hypo-recombination, one hyper-recombination and the FDR mutant to map and 

characterize.  We have identified one of these hypo-recombination mutants as a novel 

hypomorphic allele of DMC1 – a protein known to be critical for meiotic recombination.  

Previously described dmc1 mutants had a sterile phenotype, but our novel allele produces some 

viable seeds.  This phenotype will allow us to conduct a novel screen for suppressors of dmc1 to 

identify genes that genetically interact with DMC1.  These results complete aim 3 of the original 

proposal and extension aim 2. 

 

Isolating EME1 mutants:  we used RNAi to knockdown expression of proteins we hypothesize 

interact with MUS81: EME1a and EME1b.  We have also crossed these mutant lines into our 

fluorescent assay lines and are now crossing them together to create the double mutant and triple 

mutants with mus81/mus81.  We will use these lines to assess whether the mutants influence 

crossing over and crossover interference (the recombination measurements are beyond the scope 

of this project).  These experiments will enable us to place EME1 in the network of genes that 

influence crossing over and crossover interference and will enhance our ability to modulate 

recombination in plants.  These results complete extension aim 1. 

 

 

Evidence of Productivity:  Funding from the grant has resulted in three publications, briefly 

described below.  DOE support was properly acknowledged in each.  

 

1.  Francis KE, Lam SY, Harrison BD, Bey AL, Berchowitz LE, Copenhaver GP (2007) Pollen 

tetrad-based visual assay for meiotic recombination in Arabidopsis.  Proc Natl Acad Sci USA, 

104:3913-3918. Epub 2007 Feb 23.  This paper describes our tetrad-based visual assay for 

meiotic recombination.  In it we demonstrate the ability to rapidly and inexpensively collect 

large data sets for crossover frequencies, gene conversion frequencies and to measure crossover 

interference.  Using these tools we showed that meiotic recombination is responsive to 

temperature and developmental influences in A. thaliana.  This publication was highlighted in a 

feature article by R. Scott Hawley in the same issue (2007, 104: 3673-3674), a “Research 

Highlights” article in Nature Genetics (2007, 39: 449) and a “Mutant of the Month” article in 

Nature Genetics (2007, 39: 447). 

 

2. Berchowitz LE, Francis KE, Bey AL, Copenhaver GP (2007) The Role of AtMUS81 in the 

Two Pathway System of Arabidopsis thaliana.  PLoS Genetics, In Press (accepted 5/29/07).  

This paper describes the use of our tetrad-based visual assay for meiotic recombination to 

characterize the meiotic phenotype of a mutant allele of the Arabidopsis homolog of MUS81.  

We show that this mutant has a moderate decrease in crossover frequency, and that the residual 

crossovers are sensitive to interference.  These findings are consistent with our hypothesis that 

there are at least two pathways (a interference sensitive and an interference insensitive one) in 

Arabidopsis.  Interestingly, we also demonstrate that a mus81/mus81; msh4/mhs4 double mutant 



does not eliminate crossing over suggesting that Arabidopsis may have a third, as yet 

uncharacterized, pathway for crossingover. 

 

3.  Sandaklie-Nikolova L, Palanivelu R, King EJ, Copenhaver GP, and Drews GN (2007) 

Synergid Cell Death in Arabidopsis Is Triggered Following Direct Interaction with the Pollen 

Tube.   Plant Physiol. First published on June 1, 2007; 10.1104/pp.107.098236.  This is a 

collaborative paper with the Drews lab (University of Utah) and the Palanivelu lab (University of 

Arizona).  In it our fluorescent tagged pollen system is used to help dissect the temporal series of 

events that occur during plant fertilization – in particular which events occur prior to or after the 

arrival of the pollen tube at the female gametophyte.  The results of the paper support a model in 

which synergid cell death is induced by pollen tube contact with the synergid cell. 

 

4. Berchowitz LE, Copenhaver GP (2008) Fluorescent Arabidopsis tetrads: A visual assay for 

quickly developing large crossover and crossover interference datasets.  Nature Protocols 3(1): 

41-50.  This paper provides a detailed description of using our fluorescent pollen tetrad assay 

system to measure crossover and crossover interference.  This work was featured as the cover 

image. 

 

5. Berchowitz LE and Copenhaver GP (2008) Division of Labor Among Meiotic Genes.  Nature 

Genetics 40:266-267.  This is a review article on genes involved in crossover interference.  

Please note that we attempted to recognize DOE funding but the journal would not permit the 

acknowledgement for a review article.   

 

6. Berchowitz LE and Copenhaver GP (2009) Visual Markers for Detecting Gene Conversion 

Directly in the Gametes of Arabidopsis thaliana.  In Meiosis Volume 1 Molecular and Genetic 

Methods, ed. Scott Keeney Volume 557 of Methods in Molecular Biology, Humana Press: 99-

114.  This paper provides a detailed protocol for using a variant of the fluorescent assay system 

we developed in this grant to detect a specialized form of meiotic recombination – gene 

conversion. 

 

7. Berchowitz LE, Hanlon SE, Lieb JD, Copenhaver GP (2009) A positive but complex 

association between meiotic double-strand break hotspots and open chromatin in Saccharomyces 

cerevisiae.  Genome Research 19:2245-2257.  This paper was a collaborative effort with the 

Lieb lab (UNC) to look at the relationship between the events that initiate meiotic recombination 

(double strand breaks) and chromatin. This article was featured by Faculty of 1000 as 

“recommended”. 

 

8. Berchowitz LE, Copenhaver GP.  (2010) Genetic interference: don’t stand so close to me.  

Current Genomics 11:91-102.  This is an extensive review of crossover interference. 

 

9. d'Erfurth I, Cromer L, Jolivet S, Girard C, Horlow C, Sun Y, To JPC, Berchowitz LE, 

Copenhaver GP, Mercier R (2010) The CYCLIN-A CYCA1;2/TAM Is Required for the Meiosis 

I to Meiosis II Transition and Cooperates with OSD1 for the Prophase to First Meiotic Division 

Transition. PLoS Genetics 6(6): e1000989. doi:10.1371/journal.pgen.1000989.  This is work 

resulted from a collaborative effort with the Mercier lab (INRA-AgroParis Tech) that used our 

fluorescent assay system to characterize chromosome segregation patterns in Arabidopsis 

meiotic mutants. 

 



10. Roy B, Copenhaver GP, von Arnim AG (2011) Fluorescence-Tagged Transgenic Lines 

Reveal Genetic Defects in Pollen Growth – Application to the Eif3 Complex.  PLoS ONE 6(3): 

e17640.  doi:10.1371/journal.pone.0017640.  This work resulted from a collaborative effort with 

the von Arnim lab (University of Tennessee) that used our fluorescent assay system to track 

transmission of eIF3 mutants in pollen. 

 

Based on his work for this project a postdoctoral researcher in the lab, Dr. Kirk Francis, 

was able to secure a highly competitive position as Senior Scientist at BASF.  Another 

postdoctoral researcher, Yujin Sun, has been hired to work on this project as well as another.  A 

graduate student in the lab, Luke Berchowitz graduated and secured a postdoctoral position at 

MIT.   

 

 


