


mutationhavedrivenvirulenceof rust fungi in agriculturalsystems[9±11].A strategyto con-
trol heteroeciousrust fungi is theremovalof alternatehoststo preventsexualreproduction
[10,12].Nevertheless,genotypicdiversityincreasedin populationswheresexualreproduction
wasrestricted[13±16],with rust fungi hypothesisedto exchangenucleibetweendifferent
clonesin aprocesstermedsomatichybridisation.

Somatichybridisationcombinestheadvantagesof asexualreproductionbypreservingsuc-
cessfulhaplotypesto minimiserecombinationload,andof sexualreproductionthroughnew
combinationsof allelesthatmayincreasefitness,swapdeleteriousalleles,andevaderesistance
allelesin hosts.Thesebenefitshaveimplicationsin managingdiseasescausedbyrust fungi [17].

Somatichybridisationisanexceptionto normal life cycles.Wediscussseveralcompeting
hypothesesto explainhowsharedhaplotypes,previouslyusedasevidenceto supportsomatic
hybridisation,occurin differentgenotypes.Weprovidetheminimum criterianeededto sup-
port somatichybridisationoversexualreproduction.

Evidence for somatic hybridisation in rust fungi

Rustfungi havecomplexandplasticlife cycles(Fig2A),with sporestagesclassifiedby their
ontogeny[18]. Teliosporesarethesiteof karyogamyandmeiosis.Basidiosporesspread

Fig 1. Phylogramsof thehomeodomainlocus(A) andpheromone/receptorhomologues(B) in 8 familiesof
Pucciniales:Araucariomycetaceae, Coleosporiaceae,Melampsoraceae,Phragmidiaceae,Pucciniaceae, Skierkaceae,
SphaerophgramiaceaeandZaghouaniaceae.Genesat thehomeodomain locus(��� and���) aresuspected to
regulatematingcompatibility in rust fungi andarepresentin all subordersof Pucciniales.

https://doi.org/10.1371/journal.ppat.1010439.g001
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recombinanthaplotypesto newhosts.Spermogoniaamplifyhaplotypesbymitosisto fertilise
otherspermogonia.Aeciosporesareproducedafterplasmogamyandspreadnewdikaryotic
genotypes.Urediniosporesaretheclonalstagethatproduceinoculumto spreadonegenotype.
Differentsporestageshavebeenlostandgained,or takenon newroles,usuallyfor sexual
reproduction,multiple timesin theevolutionof rust fungi [19,20].

Somatichybridisationisaprocessof reassortmentwithout meiosis(specifically,karyogamy,
meiosis,andplasmogamy)[21]. A nonexclusivehypothesisis thatnucleiin somatichybrids
undergomitotic recombinationin theabsenceof meiosis[14,17,22].Mitotic recombination
hassomeof thebenefitsof sexualreproduction,with changesto genotypicdiversitythrough
lossof heterozygosityandstructuralrearrangements[23].

ParkandWellings[21] reviewedknowledgeof somatichybridisationin rust fungi,
highlightingevidenceof somatichybridisationin severaltaxa.Genomesequencinghassince
providedevidenceof somatichybridisationin 2 cerealrust fungi.Li andcolleagues[24] con-
cludedthat identicalnucleiin 2differentracesof �
��	�	� ����	�	� wasevidenceof nuclear
exchangebetween2dikaryons.Wu andcolleagues[25] assembledthenucleiof 2parentsand
aputativehybrid of �
��	�	� ��	�	�	�� andhypothesisedthat themechanismof somatic
exchangewaslinked to matingloci.

Somatic hybridisation is best supported with knowledge of phased parental

genotypes

Somatichybridisationisoneexplanationfor theoccurrenceof identicalnucleiin 2different
dikaryoticgenotypesof aspecies[24]. An alternatehypothesisis inherentin thelife cyclesof
rust fungi;onespermogonialhaplotypemaybefertilisedbymanyspermatiawith different

Fig 2. Potential models for exchange of nuclei in life cycles of rust fungi. (A) Thestandardsexuallife cycleof
macrocyclic,heteroeciousrust fungi.(B) Exchangeof nucleiin sexualreproduction with haplotypesfertilisedby
spermatia.(C) Hypotheticalexchangeof nucleibetweendikaryotichyphaeof rust fungi in somatichybridisation.(D)

Hypotheticalexchangeof nucleibetweenmonokaryotic anddikaryotichyphaein di-mon mating,whether(i) nuclei
from thedikaryotic hyphaeof afertilisedspermogonium/aecium aredonatedto anunfertilisedspermogonium; or (ii)
nucleiaredonatedto potentialmonokaryotic hyphalgrowth.Multiple pathwaysin theillustratedfigureleadto
identicalgenotypesin bluerectangles.

https://doi.org/10.1371/journal.ppat.1010439.g002

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010439 May 26, 2022 3 / 5

https://doi.org/10.1371/journal.ppat.1010439.g002
https://doi.org/10.1371/journal.ppat.1010439


haplotypes[26]. In thiscase,singlehaplotypesoccurin severaldifferentgenotypesat thesame
point in time [26] (Fig2B).

Li andcolleagues[24] phasedentirenucleito showtheywereidenticalin 2 differentgeno-
types.However,thisapproachcouldnot rejectpossibilitiesthatspermogoniadonatedhaplo-
typesto multiple genotypesthroughanormalsexualcycle.Ideally,originalgenotypesof both
uredinialparentsin asomatichybrid shouldbeknown,andsampledfrom thepoint of hybri-
disation,asdesignedbyWu andcolleagues[25].Themitotic recombinationmodelcanbevali-
datedif parentalhaplotypesareknown,asnucleiin hybridswouldbemosaicsof the2 nuclei
from eachparent.

Opportunities for exchange of nuclei in rust fungi

Rustfungi havelimited myceliumandlackclampconnectionsthatensurefidelity of dikaryotic
nucleiin growinghyphaeof otherBasidiomycota[27]. Somaticexchangemayoccurfrom
multinucleatehyphaeformedbyanastomoses[14], asdemonstratedin ���������� �������	�	
[22]. Di-mon mating,in whichmonokaryotictipsof hyphaeinherit newnucleifrom different,
dikaryoticmycelia[27], hasasimilargeneticoutcometo somatichybridisation,exceptthat
only onenewgenotypeisproduced.Somatichybridisationanddi-mon matingarehypotheses
for nuclearexchangeamonghyphae(Fig2Cand2D).

Proposed criteria to determine genotype origin

To distinguishsomatichybridisationor di-mon matingfrom sexualreproduction,thefollow-
ing guidelinesarerecommended:

1. rejectnormal life cyclesto showneedfor somatichybridisation,suchasbyabsenceof an
alternatehostor haploidlife cyclestage;

2. phasehaplotypesof putativedikaryoticparentsandestimatehaplotypefrequencyin
populations;

3. identify phased,reciprocaldikaryoticgenotypesasproductsof nuclearexchangein somatic
hybridisation;and

4. reconstructnetworkgenealogyof reassortedandparentalhaplotypesto showthatF1haplo-
typesarenestedwithin thegenealogiesof onehaplotypein eachparentaldikaryon.

Without critical assessmentof alternative,andsimplerhypothesesin life cyclesof rust
fungi,werisk misunderstandingpathwaysto genotypicdiversity.Furtherstudieson life cycles
arewarranted,particularlyto explorereplicationandinheritanceof nucleiin haploidstagesof
rust fungi.
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