
What the authors have done: 

The manuscript describes evalua3on of a computer simula3on model of the evolu3onary processes ac3ng on 
PRDM9-controlled meio3c recombina3on.  This model follows PRML9 alleles and hotspot alleles in thousands 
of simulated individuals over many thousands of genera3ons.  PRDM9 alleles with new hotspot specifici3es 
arise by muta3on. The presence of the new PRDM9 allele causes the 400 DNA sequences that, by chance, 
match its specificity to become hotspots.  These hotspots are gradually lost as random muta3on creates 
defec3ve hotspot alleles that replace ac3ve ones by conversion.  Now when a new PRDM9 allele arises by 
muta3on it invades the popula3on because its fer3lity is increased by the recombina3on it causes at its new 
hotspots.  The paper emphasizes the significance of the newly discovered role of PRDM9 in directly promo3ng 
synapsis of homologous chromosomes, and incorporates this ac3vity in its model.  The authors used their 
model to inves3gate the effects of many aspects of PRDM9’s ac3on, including muta3on rates of both PRDM9 
and the hotspot sequences it acts at and PRDM9 dosage effects. 

 

Assessment summary:  This is an important piece of work.  It has some scien3fic weaknesses that I think can 
be easily corrected, and it needs rewri3ng and figure changes to make the basic results accessible to 
researchers studying the molecular and cell biology of meiosis as well as to evolu3onary theorists. 

 

Major concerns about the science: 

1. This work does not show the importance of PRDM9-mediated chromosome synapsis.  This would 
require running ‘control’ simula3ons where PDRM9 plays no direct role in synapsis.  See Line 186 
comment below. 
 

2. The ini3al simula3ons make a very unrealis3c assump3on that the concentra3on of a PRDM9 protein 
version in the cell does not depend on whether the cell is homozygous or heterozygous for that allele.  
This does not make biological sense, especially since different hotspots are assigned different affini3es 
for PRDM9.  Thinking about this is confounded because the ini3al model also assumed that PRDM9 was 
always in excess, making differences in the amounts of protein irrelevant.   
 
Later a more realis3c ‘Gene dosage’ version of the model is introduced, where a meio3c cell 
homozygous for a par3cular PRDM9 allele contains twice as much of its version of the protein than a 
heterozygote does, making symmetrical binding twice as likely and thus drama3cally increasing fer3lity.  
This drama3cally changes the model’s predic3ons.  All the effort the reader has put into understanding 
the complex results in the first part of the paper turns out 
to have been wasted. 
 
Here’s a sketch showing the differing assump3ons:  

 

A general note about the wri:ng:  I think this ar3cle should try 
much harder to be accessible to both par3es interested in 
meiosis: evolu3onary biologists and molecular gene3cists/cell 
biologists.  At present it contains a lot of unexplained and poorly explained evolu3onary biology jargon. 

Many paragraphs are much too long, especially lines 153-185, 423-459 and 672-708.  Any paragraphs more 
than 20 lines long should be re-evaluated. 

Unrealistic initial assumption Realistic ‘Gene dosage’ assumption

Hetero-
zygote

Homo-
zygote

Hetero-
zygote

Homo-
zygote

PRDM9
alleles

PRDM9 
proteins



The authors have been very careless in how they write the name of the PRDM9 gene, of its alleles and of the 
PRDM9 protein.  Between just the Title, the Abstract and the Author summary I found five different 
combina3ons of capitaliza3on and italiciza3on, apparently chosen randomly for each men3on without regard 
to whether it was the gene, and allele or the protein.  The authors should find out the correct forms and use 
them consistently. 

 

Notes on specific points: 

Abstract:   

‘Red Queen’ is evolu3onary gene3cs jargon that won’t be understood by cell biologists and many gene3cists.  
Either explain it at the very start (first describe what happens, and only then introduce the term), or don’t use 
it at all in the Abstract.  And minimize the use of it in the body of the manuscript too. 

Spell out, early on, that we now know that ‘hotspots’ promote local crossing-over because they are high-
affinity binding sites for PRDM9.  This is not clear enough in the current Abstract. 

‘…hotspots are eroded…’:  The meaning of ‘eroded’ is not obvious here; describe what actually happens and 
explain that the term ‘erosion’ is used to describe this. 

The Abstract ends with: “Finally, calibra3ng the model based on current empirical knowledge shows there is no 
need for much more realism in our model to correctly fit the empirical data.”  It’s true that with appropriate 
choice of parameter values the model’s predic3ons agree with what is seen in real meiosis and popula3ons.  
But the model makes many simplifying assump3ons, and relaxing any of these could drama3cally change the 
outcomes.   

 

Author Summary: 

Be clear that meio3c recombina3on occurs in two ways, by random assortment of maternal and paternal 
homologs into gametes, and by crossing over.  You may then, if you choose, say that since the model considers 
only a single chromosome you will use ‘recombina3on’ to mean ‘crossing over’ in this manuscript. 

‘instability of the recombina3on landscape’: Most readers will not understand what this is referring to, so give 
a beher explana3on of the hotspot paradox. 

 

Introduc:on: 

Line  

10 ‘..requires to ar3culate…’  Maybe ‘… requires explicit descrip3ons of both…’ 

16 saying ‘…they cluster…’ suggests that a single meiosis would have a cluster of closely spaced crossovers 
at each hotspot.  Maybe say ‘…crossovers frequently occur at the same posi3ons in independent meioses ‘. 

21:  Wait to introduce the ‘zinc finger’ un3l line 56. 

36:  The wri3ng will be easier to follow if the terminology is consistent.  Instead of ’replacement of ‘hot’ 
alleles by allelic mo3fs…’ say ‘replacement of ‘hot’ alleles by alleles... 

38 The dBGC abbrevia3on is unnecessary; don’t introduce it. 

 ‘muta3ons that weaken or inac3vate hotspots.’ 

42 Again, I don’t think ‘erosion’ is a very helpful term for this process. (It’s used 80 3mes in the 
manuscript!) 



48  It would be helpful to clarify here that the sequences recognized as hotspot sites by the new PRDM9 
allele were already present by chance in the genome. 

56 Does the reader need to know that the zinc finger is encoded by a mini-satellite?  Why is this 
significant? 

62 ‘Wright-Fisher models’.  OK, from here on I’m going to stop sugges3ng ways to make the manuscript 
intelligible to meiosis researchers who aren’t evolu3onary biologists. 

68 ‘induced by PRDM9’ is ambiguous.  How about ‘seen in PRDM9 heterozygotes with  incompa3ble 
PRDM9 alleles’? 

75 How about ‘In a F1 hybrid, each of the two PRDM9 alleles has eroded its targets in the genome of its 
parental strain, but not in the other other strain’s genome.’? 

77 (They’re not really in trans or in cis, since the PRDM9 allele is only on the homologs of one 
chromosome.)  How about ‘Each PRDM9 allele will therefore tend to bind preferen3ally to the s3ll ac3ve 
hotspot sites present on the chromosomes inherited from the other parent, but not to the homologous but 
eroded sites on the chromosome from its own parent.’? 

93 Do DSBs ooen get repaired by pairing with a strand in the sister chroma3d?  If not I’l leave this out. 

96 If the homologs fail to synapse the meiosis will be aborted. 

103 Huh? 

107-109 Maybe, instead of saying ‘panmic3c’, say ‘within a single popula3on’ – this beher reinforces the 
contrast with hybrids formed between members of two separately evolving popula3ons. A diagram would be 
helpful.   

Results 

126 Don’t just dump the reader in at the deep end with the model.  The Results should start with an 
overview that briefly describes the components and events of the model and explains how these approximate 
the components and events of meiosis in a real popula3on.  Since the Methods will be placed at the end of the 
paper, the authors shouldn’t assume that the reader has already read them. 

Skipping over to the Methods sec:on: 

Is this descrip3on correct?  (I’m not expec3ng this to be used to introduce the model – I just want to try to lay 
out my understanding.) 

1. The model simulates one chromosome (2 homologs per individual) in 5000 individuals of a randomly 
ma3ng popula3on. 

2. Each chromosome has one PRDM9 locus. 
3. Each chromosome has 400 loci that are binding sites for its PRDM9 protein (poten3al hotspots). 
4. These binding sites have differing affini3es for PRDM9 (some are stronger hotspots than others) 
5.  The rela3ve posi3ons of these hotspot loci on the chromosome are not specified. 
6. The popula3on is followed over many genera3ons. 
7. Each genera3on consists of muta3on, produc3on of gametes by meiosis and then random fusing of 

gametes from pairs of individuals to create the next genera3on of individuals. 
8. When a PRDM9 locus mutates its protein acquires a different hotspot-binding specificity.  A new array 

of 400 hotspot loci is then created for each new PRDM9; these simulate pre-exis3ng DNA sequences 
that now will act as hotspots for the new PRDM9 protein. 

9. When a hotspot allele mutates it becomes unable to bind its cognate PRDM9 protein (it becomes a cold 
spot). 

622 Fig. 9 has several problems, some more serious than others: 



1. Why do the drawings show the hotspots for PRDM9 alleles that the individual does not have?  In Fig. 
9A, the first and fourth individuals are homozygous at PDRM9 and thus should have only one type of 
hotspot (yellow and green respec3vely).  In Fig. 9B, only the third individual has a dark-red PRDM9 
allele, so why are the hotspots for this allele shown in all the individuals?  And why show the yellow 
hotspot alleles in this individual, when its only PRDM9 alleles are green and dark red?  Similarly, there 
should be no dark-red hotspots in panels C, D and E. Removing the irrelevant target sites from the 
drawings will make the representa3on both simpler and more accurate. 

2. The representa3on of and spacing between sister chroma3ds in panels B, C, D and E is exactly the same 
as of homologs in Panel A reinforcing the all-too-common confusion between sisters and homologs.  At 
least draw the sisters as being closer together than the homologs were in Panel A. 

3. The Panel B individual whose meiosis is shown in Panels C, D and E should be indicated by a purple 
rectangle, not a black oval, since Panels C, D and E are enclosed in a purple rectangle.  

4. In Panels C and D, binding of PDRM9 to its cognate hotspots should be indicated by filled circles of the 
appropriate color represen3ng PDRM9 protein (like those represen3ng its gene), not by skinny arrows. 

5. Since Panel D is supposed to represent synapsis of the homologs, put them closer together, at least at 
the symmetrical site. 

6. Are the fat yellow arrows inside the blue rectangle in Panel D supposed to indicate that the homologs 
are being brought together at the site of the symmetrical binding?  It should be possible to find a 
clearer way to represent this.  And what does the skinny-line rectangle below indicate?  It has 
symmetrical binding of PDRM9 but no fat arrows. 

7. The red rectangle in Panel E indicates gene conversion at the top green hotspot 
8. Shouldn’t Panel E show the result of the crossover?  Instead it shows the boxed chroma3d arms s3ll in 

their original posi3ons. 
9. Panel F is an orphan – I completely overlooked it because it’s so far over to the right. 
10. Don’t use similar rectangles to represent different kinds of events and rela3onships (individual, 

crossovers, poten3al crossovers, synapsis, gene conversion). 

 

Con:nuing through the Methods: 

629 Maybe have a lihle plot somewhere showing the distribu3on of target site affini3es at their crea3on 
(because I’m not sure what ‘an exponen3al law of parameter y ’̄ looks like) and the distribu3on at the 3me 
their cognate PRDM9 allele goes ex3nct? 

639 The two alleles of each new hotspot site are assigned iden3cal affini3es.  This is reasonable, but with 
no muta3ons affec3ng hotspot affinity, the model can’t include conversion of a strong hotspot to a weak one, 
likely a very important component of hotspot erosion. 

645  This is reasonable since hotspot alleles newly arisen by muta3on would be at a very high risk of being 
lost by conversion. 

663 There are 400 target loci (hotspot posi3ons), but each is present on four chroma3ds in the meio3c cell.  
Is the binding calcula3on done for each site on each chroma3d in turn?   

664-672 I do not understand what this analysis is accomplishing. 

683 ‘which the model assumes are essen3al for crossing-over‘ ? 

686: ‘on which to hybridize’ - replace with ‘to base pair with’? 

697 ‘The chromosomal segments on either side of the chosen site are exchanged’  Does ‘on either side’ 
mean ‘on both sides’?  That would not be recombina3on at all.  Should it be ‘on one side’? 



702:  The hotspot allele at the site of the DSB that became the crossover also gets converted, right?  Oh, this 
is irrelevant if non-dead hotspot alleles are always iden3cal (see line 639 comment above). 

705 …to become a gamete’. 

787 ‘the number of bound sites per allele was set to h = 400’???  What does ’bound sites per allele’ mean? I 
would expect something like ‘sites recognized as hotspots by each PDRM9 allele’s protein’. 

 

Back to the start of the Results: 

126 and 128 ‘Intragenomic Red Queen’ and ‘Wright Fisher simula3on’ will only be intelligible to popula3on 
gene3cists. 

135 The appropriate response on seeing Fig. 1 is “YEOW!!”  If you move the figure un3l aoer the 
explana3on in the next paragraph it won’t be nearly so daun3ng. 

Legend to Fig. 1  

‘In all panels, different colors correspond to different PDRM9 alleles that have newly arisen by muta3on.’ 

Replace ‘Successive panels’ with ‘Each panel’. 

Many events are crowded together in each panel, making it difficult to align events in different panels.  
Adding faint ver3cal lines every 5000 genera3ons would help. 

139 The paper will be more accessible to cell and molecular biologists if technical terms such as 
‘monomorphic regime’ are only introduced when really needed. 

140 It would be helpful to have a figure explaining the events in the life of a single PRDM9 allele first.  It 
would be most useful if this was a run with a lower µ, so the ‘old’ allele hangs around longer.  See sugges3on at 
line 200 below. 

How ooen do we expect a new PRDM9 allele to arise, with µ=5x10-6?  N=5000, 2 alleles each, so about one 
every 500 genera3ons?  Yes, that’s about what we see. 

The new PRDM9 allele invades because it ini3ally has more ac3ve hotspots than the resident allele(s) and thus 
more successful meioses.  But inac3ve hotspots start to accumulate, ini3ally due to muta3on and then also 
due to conversion of ac3ve hotspots.  This reduces the meiosis advantage, ini3ally very slowly by muta3on and 
then faster and faster as the probability of conversion rises.  But the previous PRDM9 allele can’t come back 
since loss of hotspots is irreversible (though check out the purple pone that arises at genera3on 17,000).  So 
the frequency of the new allele con3nues to increase un3l it is fixed or un3l a new allele arises by muta3on. 
The longer it has persisted the fewer ac3ve hotspots remain and the faster it is replaced once a new allele 
arises.  

Usually, fer3lity is a property of an organism, not an allele.  Is the fer3lity plohed in Fig. 1E the mean fer3lity 
(probability of successful meiosis) of the diploid individuals carrying this allele?  Or, as lines 192-3 imply, of all 
the individuals in the popula3on, regardless of which PRDM9 allele(s) they are carrying?  But that can’t be 
right, because the plots show allele-specific fer3li3es (and allele-specific symmetrical binding probabili3es).  
This certainly needs clarifica3on.   

Why does the propor3on of ac3ve sites rarely fall below 0.6?  Are they just not shown once their cognate 
PRDM90 allele is lost?  Even though the old allele s3ll has lots of reasonably ac3ve hotspots, it can’t produce as 
many gametes as the new allele and so gradually goes ex3nct.??? 

141 A reader who has not carefully read the Methods (they’re at the end of the paper) won’t know what 
‘ac3vity’ means here.  It’s not a property of each PRDM9 allele, but a biochemical measure of how efficiently a 
PRDM9 protein can cause crossovers given its current supply of hotspots, right?  



143 replaced by a newly arisen PRDM9 allele that recognizes a different hotspot sequence mo3f. 

165 ‘bounding sites’??? 

The terminology ‘ac3vity’ and ‘ac3ve sites’ and ‘affinity’ creates confusion: ‘Ac3vity’ is a property of a PRDM9 
allele -they all start out with the same ac3vity, but this changes as the allele’s target sites change.  But being 
‘ac3ve’ is a property of a target site (hotspot) – sites start out ac3ve and become inac3ve due to muta3on or 
conversion.  Only ‘ac3ve’ sites have ‘affinity’; that’s a stable property of a given site, indica3ng how efficiently 
they bind to PRDM9 protein. 

166-168 The rela3onship between these two sentences is unclear.  Maybe just combine them into one 
statement. 

169 Delete ‘…are eroded more rapidly. This last point is also expected, since the sites of high affinity…’ and 
‘(the binding probability = cy 170 1+cy is higher when the affinity y is higher)’.  

180 of the affinity of the hotspots for the PRDM9 protein? 

181 ‘all sites of a given allele’ is confusing.  Instead ‘all target sites of a given PRDM9 allele’? 

186-189 Well no, the importance of symmetrical binding hasn’t been established in the model.  How 
does the model outcome change if the requirement for symmetrical binding is removed?  For example, 
synapsis (and successful meiosis) could instead be made to depend on the number of DSBs in the 
chromosome. 

192-195 Symmetrical binding probability and fer3lity ‘are defined, for each allele, as a mean over all 
diploid genotypes segrega3ng in the popula3on at any given 3me.’  This defini3on makes panels D and E quite 
misleading.  I don’t understand how the plots can show what appear to be allele-specific symmetrical binding 
probabili3es and fer3li3es if this is the case.  For example, around genera3on 16,000 we see a pale green line 
and a turquoise line, which would seem to imply that the data are specific to the segrega3ng pale green and 
turquoise PRDM9 alleles.  

Why does being heterozygous for ‘old’ and ‘new’ PDRM9 alleles (with different specifici3es) increase the 
likelihood of symmetrical binding?  Is frequent symmetrical binding by two ‘new’ PRDM9 proteins just 
compensa3ng for the increasingly rare symmetrical binding by two ‘old’ PDRM9 proteins?   

Is it just that when the individual is heterozygous there’s only half as much of each type of PRDM9 protein?  
No, that would explain why the probability of symmetrical binding by the new allele goes up as it becomes 
more common, but not why the probability of symmetrical binding by the old allele goes up as the new one 
becomes common. 

This paper really would benefit from a one-cycle figure before the current Fig. 1. 

Usually, fer3lity is a property of an organism, not an allele.  Is the fer3lity plohed in Fig. 1E the mean fer3lity 
(probability of successful meiosis) of the diploid individuals carrying this allele?  Or, as lines 192-3 imply, of all 
the individuals in the popula3on, regardless of which PRDM9 allele(s) they are carrying?  But that can’t be 
right, because the plots show allele-specific fer3li3es (and allele-specific symmetrical binding probabili3es).  
This certainly needs clarifica3on.   

200 Specifically, this muta3on rate is 100 )mes higher (5 x 10-4) and very unrealis3c, since such a muta3on 
rate would generate very many nonfunc3onal PRDM9 alleles and lead to ex3nc3on of the whole popula3on.  It 
would be much more informa3ve to instead show results with a narrower range of µ, say 2 x 10-6 (for an ini3al 
explanatory figure), 5x10-6 for what is now Fig. 1 and 2 x 10-5 for what is now Fig. 2.   

Does the model incorporate any cost to the popula3on of the declining fer3lity due to hotspot erosion, under 
either the low or high muta3on rate scenarios?  If this was in place, and the PRDM9 muta3ons were modeled 



to include a reasonable propor3on of non-func3onal recessive alleles, the authors could test a range of 
muta3on rates to see if there is an op3mum. 

209 Perhaps provide a supplementary figure where the panels of Fig. 1 and Fig. 2 are drawn to the same 
scales. 

236 Doesn’t this assume that only newly-mutated targets par3cipate in conversion? 

There’s a big jump in line numbers here because I found the ‘scaling’ analysis (lines 211-330) hard to follow. 

332 In heterozygotes, half of the PRDM9 protein in the cell is from one allele and half is from the other. In 
the previous version of the model a heterozygote has twice as much total PRDM9 protein as a homozygote, a 
situa3on that does not make sense biologically.   In the new version of the model the total amount of PRDM9 
protein in an individual is the same for heterozygotes and homozygotes. 

345-365 This is a striking result.  During the extended regime with a stable high-frequency PRDM9 allele, 
the propor3on of ac3ve sites decays to about 0.2 and then stabilizes.  Why does it stabilize?  And is the bulk of 
the meio3c recombina3on being done by the low-frequency alleles?  If the model included popula3on fitness 
would the popula3on just die out? 

436 The hotspot muta3on rate used in the simula3ons was 500-fold higher,  

437 Explain here (or beher, earlier) why the real muta3on rate is so high (not point muta3ons but 
recombina3on and indels in the Zn finger).  Discuss the nature of the real muta3ons typically seen and their 
effect on binding ability and binding specificity. 

450 ‘one meiosis per individual’ means one meiosis ahempt per individual each 3me it is chosen to ahempt 
meiosis.  However, an individual may be chosen several 3mes in one genera3on.  In the new alterna3ve, the 
chosen individual is allowed several ahempts to produce a func3onal gamete. 

472 Tell the reader about the typical natural diversity and heterozygosity for PRDM9 alleles earlier (in the 
Introduc3on). 

The model assumes that new PRDM9 alleles have specifici3es that don’t overlap with the parental allele’s 
specificity, 

506 “Altogether, we deduce that there is no need for much more realism in our model to correctly fit the 
empirical data.”  This is a dangerous statement.  The model may make unrealis3c assump3ons about factors 
that are cri3cal for determining its outcome, and s3ll produce output that matches available data.  For 
example, the current model assumes that every genera3on produces enough successful meiosis to create the 
same number of individuals in the next genera3on.  Relaxing this assump3on might show that, when a PRDM9 
allele persists for a long 3me, the popula3on goes ex3nct because its fer3lity falls below a cri3cal level. 

 

Discussion 

524 No, I don’t think the need for the second func3on of PRDM9 has been shown, because versions that 
did not have this feature were not tested. 

535-536 ‘hybrid context’ and ‘panmic3c context’???  Again, the word ‘panmic3c isn’t helpful.  Maybe 
again spell out the situa3ons a bit. 

545 This descrip3on of the ‘gene dosage’ version of the model seems to match what I wrote above (line 
332) trying to describe the original version of the model.  Since this is the only arrangement that makes 
biological sense, I don’t understand why all the ini3al modelling (e.g. Figs 1 and 2) would have been done using 
a different version.  Why waste the reader’s ahen3on on a model version that should be discarded? 



547 This is because the ini3al assump3on that PRDM9 was not limi3ng has been removed, right?  Baker 
2022 cites refs saying hotspots do compete for PRDM9. 

623 In Table 2 µ is listed as both a parameter and a variable, with slightly different defini3ons. 

Linkage is not discussed (a search didn’t find the word).  Since the model considers only a single chromosome, 
and the posi3ons of the PRDM9 locus and the hotspots are not specified, in the Discussion the authors should 
consider the possible effects of linkage between hotspots and between the PRDM locus and the hotspots it 
acts at. 

Since the hotspots matching each new PRDM9 allele were ini3ally at muta3onal equilibrium on their genome, 
new ones are being created by muta3on at the same rate that exis3ng ones are destroyed by muta3on.  It’s 
reasonable for the model to neglect the crea3on of new ones (they’re ini3ally heterozygous so destroyed by 
gene conversion the first 3me they’re used), but the authors should explain this. 

 


