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Abstract: Duplication of genes at different time period, through recurrent and frequent polyploidization
events, have played a major role in plant evolution, adaptation and diversification. Interestingly, some of
the old duplicated genes (referred as paleologs) have been maintained for millions of years, and there is
still a poor knowledge of the reasons of their retention, especially when testing the phenotypic effect of
individual copies by using functional genetic approaches. To fill this gap, we performed functional genetic
(Crispr-Cas9), physiological, transcriptomic and evolutionary studies to finely investigate this open
question, taking the example of the petC gene (involved in cytochrome b6/f and thus impacting
photosynthesis) that is present in four paleologous copies in the oilseed crop Brassica napus. RNA-Seq
and selective pressure analyses highly suggested that all paleologous copies conserved the same function
and that they were all highly transcribed. Thereafter, the Knock Out of one, several or all petC copies
highlighted that all paleologous copies have to be Knocked out to suppress the gene function. In addition,
we could determine that phenotypic effects in single and double mutants could only be deciphered in high
light conditions. Interestingly, we did not detect any significant differences between single mutants
Knocked Out for either the A03 or A09 copy (despite they were differentially transcribed), or even between
mutants for a single or two petC copies. Altogether, this work revealed that perC paleologs have retained
their ancestral function and that the retention of these copies is explained by their compensatory role,
especially in optimal environmental conditions.
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Text File

Polyploidy or whole genome duplication, is a key process in species evolution, adaptation and
diversification. It is frequent and recurrent in flowering plants, generating numerous copies of the same
gene at different time periods. These copies may be subjected to different evolutionary fates: they may
either lose (pseudogenization through fractionation), conserve their ancestral (subfunctionalization) or
acquire a new function (neo-functionalization) (Birchler and Yang. 2022). Despite much knowledge on the
global evolutionary fates of duplicated genes inferred from bioinformatic studies, there are so far relatively
few functional genetic and phenotypic studies validating these predictions in polyploids as they are
complex, labor and time-consuming. Nevertheless, such studies are essential to unequivocally decipher (i)
why several copies of a given gene are retained over many millions of years (Mya), (ii) if they retained
their ancestral function, (iii) if there exists a dosage effect or a dosage compensation in the case of the loss
of one or several duplicated copies.

To fill this gap, we decided to work on the allotretraploid Brassica napus species (oilseed rape, AACC,
2n=4x=38), which has been subjected to two ancient and one recent event of polyploidization. Indeed,
diploid Brassica species have been subjected to two old Whole Genome Duplication events (also referred
as a Whole Genome Triplication) that occurred about 22.5 million of years ago (Beilstein et al. 2010). In
addition, the allotetraploid B. napus results from the recent hybridization and genome doubling (~7500
years) between the two diploid species Brassica rapa (AA, 2n=2x=20) and B. oleracea (CC, 2n=2x=18),
which diverge about 4 Mya (Chalhoub et al. 2014). Thus, according to the three WGD events that B. napus
had been subjected since its divergence with Arabidopsis, it might be expected to present six copies of each
gene derived from the past duplication events. In this paper, we wanted to investigate why gene copies
duplicated by these old or recent polyploidization events are retained by thoroughly studying the duplicated
petC gene in B. napus and by Knocking Out one to all of its copies using the Crispr-Cas9 technology. We
chose this particular gene (encoding the Rieske protein of the cytochrome b6/f) as its phenotypic effect can
be easily followed. Indeed, previous works realized in Arabidopsis revealed that the K.O. of this gene
suppresses the photosynthetic electron flow and forms white leaves due to the absence of photosynthesis
(not lethal to the plant when adding sucrose to the medium; Maiwald et al. 2003).

To understand the evolutionary dynamic of the petC gene in Brassica, we first performed a phylogenetic
analysis taking advantage of various Brassicaceae genomes available (Table S1). This allowed to determine
that it was in two copies in Brassica diploid species, indicating that one copy had been lost through the
fractionation process, and in four paleologous copies in B. napus: BnaA03g25710D, BnaA09g01470D,
BnaC03g30230D, BnaC09g00580D (referred as A03, A09, C03 and C09; Fig. 1a and Table S1). Thereafter,
the analyses of the four B. napus petC coding gene sequences suggested that they all are functional as they
all present an intact Open Reading Frame (ORF) and conserved their Rieske functional domain (according
to Pfam: https://pfam.xfam.org/). In addition, we determined using PAML4 (Yang, 2007) that all these

copies were under high negative selection (KaKs values never exceeded 0.32; see Table S2), and we showed

that they were all transcribed (Table S3) using RNA Seq data from B. napus cv. Darmor leaves (Chalhoub
et al. 2014). These different results highly suggest that all copies conserved their ancestral function and are
still functional.

To gain knowledge in the potential reasons that may explain the conservation under high negative selective
pressure of these four paleologous petC copies, we used the Crispr-Cas9 technology, as previously realized
in B. napus (reviewed in Saad et al. 2021), to perform the K.O. of one, several or all petC copies (4 petC
paleologous copies corresponding to 8 paleoalleles: 2 alleles per gene copy) and examined their

independent impact on the phenotype. As there is no genome assembly of B. napus cv. Drakkar (thereafter
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referred as Drakkar) that was used for genetic transformation, we firstly developed primer pairs specific of
each copy using B. napus cv Darmor reference genome, and then performed PCR, cloning and sequencing
to obtain the different Drakkar perC full gene sequences (validated through phylogenetic analyses, see Table
S4 and S5). Thereafter, we identified using CRISPOR (http://crispor.tefor.net/) two different gRNA, each

targeting an identical exon region between the four perC copies (either exon 3 or 4) and that belong to the

Rieske functional domain (Fig. 1b). We then synthesized a fragment that notably contained the two gRNAs
(under U3 and U6 promoters, respectively, Table S6), and that was integrated by Gateway cloning into
pDeCas9 vector containing the BlpR Basta-resistance gene (Addgene plasmid # 61433). This vector was
used to transform 400 Drakkar hypocotyls using an adapted method from Cardoza and Stewart (2003).
After Bialaphos selection, plants were grown on Murashige and Skoog (MS) medium supplemented with
sucrose (30 g/l) to prevent potential photosynthetic deficiencies. Six Bialaphos resistant plants were
regenerated and their transformation was validated by verifying the presence of the Cas9 using PCR. We
then amplified each petC copy using a High fidelity Taq polymerase, and performed cloning/sequencing (8
clones per copy, per region surrounding the guide and per transformed plant, totaling 64 clones per tested
plant) to identify the potential Crispr-cas9 induced mutations within the transformed plants.

Overall, five of the six transformed plants presented the K.O. of one to six out of the eight B. napus petC
alleles (Table S5). Within these TO plants, some chimerism was observed. We thereafter performed self-
fertilisation of the five TO mutated plants, and searched for T1 plants without the Cas9 (to prevent the
presence of chimerism) and for which the mutation of one or several gene copies was fixed at the
homozygous stage. From the TO plant presenting 6 mutated alleles (2 alleles from A03, 1 allele from A09,
2 alleles from CO03 and 1 allele from C09, 25 T1 progenies (out of 154) were totally white (Fig. 1c, Table
S5). Cloning and sequencing of several white T1 plants revealed that they were K.O. for all eight alleles,
via the formation of a premature stop codon due to a frameshift within the coding region. We also sequenced
some of the plants harboring green leaves and within these latter, we obtained some triple mutant plants
that only harbored one functional copy (both wild type alleles) of either A09 or C09, highlighting that (i)
the A09 and C09 copies kept their ancestral function, (ii) that the retention of a single functional copy (at
least for A09 and C09) prevents to obtain a white leaves mutant. As these plants still contained the Cas9,
they were not further investigated.

From the other TO plants (mutation of 1 to 2 petC copies), we tested a total of 603 T1, of which nine were
Cas9 free, indicating that the Cas9 had been integrated at at least two different sites. Within these 9 T1 Cas9
free plants, we obtained either single (A03 or A09) or double (A03 and C03) homozygous T1 mutant plants,
which still harbored green leaves (Fig. 1¢). To more finely examine the potential impact of the loss of one
(either AO3 or A09 copy) or several copies (A03/C03) on the phenotype, we thereafter produced T2 seeds
from these 3 mutants and determined the saturating photosystem II electron transfer rate (ETRsat) under
light-saturating conditions (four replicates per genotype) using a Chlorophyll fluorescence Imaging
“Fluorcam” (Photon system Instruments) (Fig. S1), enabling to compare their maximal electron transfer
efficiency. These ETRsat values were normalized to chlorophyll content to account for possible variations
independent from the mutations. Overall, the results showed significant differences (ANOVA p-value
0.000528) between wild-type (718 pmol electrons.s™.g”! Chl) and mutated plants (324, 347 and 404 umol
electrons.s'.g! Chl) (Fig. 1d), highlighting that (i) the A03 and A09 copies kept the ancestral petC function,
(i1) but also that the phenotypic impact of the loss of these copies can only be visible under light-saturating
and not under normal growth chamber conditions (low light irradiance). Interestingly, no statistical
difference was observed between the single paleologous (A03 or A09) mutant plants (post-hoc Tukey HSD

p-value 0.223), despite the A09 copy showed about a twice (1.74 times) more important transcription level
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than the AO03 copy. Similarly, we did not observe any significant difference between the double

homoeologous mutants (for A03 and C03) and the single mutant plants (post-hoc Tukey HSD p-value

0.549).

Overall, the work described here enabled to validate experimentally that old paleologous petC copies kept

their ancestral function (only inferred for C03) since 22.5 millions of years. It also revealed that the very

long-term conservation of functional petC paleologous copies under high negative selective pressure can

be explained by their compensatory role under optimal conditions. This work also highlighted the

importance to K.O. all paleologous gene copies to totally suppress a major gene function in B. napus.
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Figure 1 Phenotypic impact of the Knock Out of one to all four paleologous petC copies in B. napus. (a)

Copy number and origin of pefc gene copies in Brassicaceae using Maximum likelihood phylogeny. (b)

Structure of the whole pefC gene (grey rectangles: exons; thick black lines: introns) and position of the two

guideRNA (red arrows) targeting the cyt-b6f domain (green rectangles) of all four petC copies. (c) Fixed

mutations of different perC copies: plants 28H (quadruple mutant: K.O. of all four copies), 37d (A03
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mutant), 42a (A09 mutant), 16h (A03/C03 mutant). (d) Comparison of the photosynthesis capacity (through
ETRsat) in single and double pefc mutants compared to a wild type Drakkar plant (*: p-value<0.05).
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188 and Cas9 free; (x) Photosystem II fluorescence measurements.
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