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The plant cell metabolism is compartmentalized
So is its genome
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Mitochondria and chloroplasts are not functionally autonomous

Import of >
2000 proteins

~25,000 genes
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The proper function of plant organelles relies on the interaction
between nuclear and organelle genetic units

Mitochondrial electron transport chain
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“Co-adaptation occurs when a variation in a factor encoded by one compartment will
select for a variation in a factor encoded by the other, due to physical |nteract|on
between the two factors.” Rand, 2004



Cytoplasmic and nuclear genomes are expected to be co adapted

“We expect variation in phenotypic traits that can contribute to fitness differences
between proper and impaired associations of variants.” Rand 2004

cytonuclear adaptation: break it to see it!



Cytonuclear co adaptation : break it to see it
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Biological questions

» Adaptive intra-specific variations in cytoplasm?
» Which phenotypic traits?

» Impact of cytonuclear interactions?



Biological questions

» Adaptive intra-specific variations in cytoplasm?
» Which phenotypic traits?

» Impact of cytonuclear interactions?
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The CYTOPHENO Project (2012-2016)

Detection of phenotypes affected
by variations in organellar genomes
and by the disruption of cytonuclear co adaptation
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Arabidopsis cytolines: cytoplasm exchange between natural accessions
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Experiment 1
Phenotyping Arabidopsis cytolines and their parents
for adaptive traits in the field

guestions

1. Do intraspecific natural variation in organelle genomes affect adaptive traits?
2. Are adaptive traits under the influence of cytonuclear co adaptation?




Arabidopsis adaptive traits in nature
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Phenotyping of cytolines in the field

experimental design

5 Blocks 9 arrays of 66 pods/block

1 plant/pod

Randomized Complete Block Design

larray=11Lx 6C

Common garden, University of Lille (North of France)
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Phenotyping of cytolines in the field

germination

production of data

— flowering

senescence

15/03/2013

27 quantitative traits

Germination (5)

Resource acquisition (3)

Phenology (4)

Architecture and seed dispersal (5)

Fecundity (10)

+ survival (qualitative trait)

Roux et al, 2016

25/07/2013L‘

2745 pods sowed
2228 plants harvested



Experiment 2
Phenotyping Arabidopsis cytolines and their parents
for seed physiological traits

guestion

Do cytonuclear interactions affect seed physiology?
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Phenotyping of seed traits : dormancy

experimental design

* 2 seed productions
» 2 plants at # positions in the growth chamber for each production

* 64 genotypes (56 cytolines + 8 natural accessions)

seeds sowed in vitro and incubated at 15°C or 25°C

production of data

germination (gmax) scored after 96h, 2 technical replicates

Boussardon et al, 2019

N\ post-harvest time
at harvest 3 months 6 months 9 months
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E. Arc et al.

Germination capacity
(Gmax (%) upon seed imbibition)

other phenotyped seed traits
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Dormant Seed Non-dormant Seed Aged seed
Reduced germination Germination Reduced germination
>
Time of dry seed storage

germination performance on
challenging medium (NaCl)

Proteomics 2011, 11, 1606-1618

germination efficiency after
controlled deterioration
(artificial ageing)

16



Experiment 3
Multi-omics phenotyping of Arabidopsis cytolines and their parents
in two nitrogen nutrition conditions

guestion
Does a disruption of cytonuclear coadaptation modify the molecular
response of plants to a nutrition stress?




Molecular phenotyping in two nitrogen nutrition conditions
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Phenotyping of seed traits : multi-omics on plants in two
nitrogen nutrition conditions

experimental design
* 4 genotypes : 2 natural accessions and their reciprocal cytolines
e 2 N conditions (standard & starved)
* 6 productions (randomised designs)
1 production : 4 plants/genotype/N condition

1 genotype 1 condition 1 date

___,—--@ shoot fresh weight

A -——
‘~->@ root fresh weight
B
Freeze and grind
C
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DY

cipk 3 biological

E ??? or repetitions
PR
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Molecular phenotyping in two nitrogen nutrition conditions

¢ nuclear transcriptome
- microarray hybridizations
_ <5 > 26884 nucgenes

production of data

Total RNA extraction

ganellar transcriptomes
< gRT-PCR
31 mt genes & 80 cp gen

1 sample <
(~400mg _ i
frozen i 3 3 5*}
powder) Total protein extraction e proteome - W
LC MS/MS
. «‘Zﬁ 665 proteins
s 3
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™% 9P
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Chardon et al, 2020




Statistical part of the project

Our motivation:

* To be involved in the project at the beginning

* A project with many interactions with biologists

* Several datasets of different nature to study the same question

* No research in statistics but opportunity to do proper statistics from A to Z

People:

e Tristan Mary-Huard

* Benjamin Vittrant (M2 internship)

* Priscilla Monfalet (M2 internship and 6 months of IE)

Our tasks:

e Design of the experiments

* Modelling of the three datasets to answer the questions
e Visualisation of the results

* Validating the biological interpretation of the results

*  Writing the M&M of the papers



Phenotyping Arabidopsis cytolines and their parents

for adaptive traits in the field

guestions
1. Do intraspecific natural variation in organelle genomes affect adaptive traits?
2. Are adaptive traits under the influence of cytonuclear co adaptation?

for seed physiological traits

guestion
Do cytonuclear interactions affect seed physiology?

for molecular phenotyping in two nitrogen nutrition conditions

guestion
Does a disruption of cytonuclear coadaptation modify the molecular
response of plants to a nutrition stress?




Phenotyping Arabidopsis cytolines and their parents

for adaptive traits in the field

guestions
1. Do intraspecific natural variation in organelle genomes affect adaptive traits?
2. Are adaptive traits under the influence of cytonuclear co adaptation?

for seed physiological traits

guestion
Do cytonuclear interactions affect seed physiology?

for molecular phenotyping in two nitrogen nutrition conditions

guestion
Does a disruption of cytonuclear coadaptation modify the molecular
response of plants to a nutrition stress?

Several formulations of the SAME question

Do the nucleus and the cytoplasm interact together ?
23



What is an interaction ?
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Statistical Interaction: More than the Sum of its Parts

How to model cytonuclear interactions in the three datasets ?
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Phenotyping of cytolines in the field  roueta. 20

27 quantitative traits + 1 qualitative trait
Germination (5) Survival trait (1)
Resource acquisition (3)
Phenology (4)
Architecture and seed dispersal (5)
Fecundity (10)
5 Blocks
9 arrays /block

1array =11Lx 6C

Gaussian error

/

Yonej = K+ @y + Bt Yo+ (aB)p, + (BY)ne + Lin) + Cio) + Epnei
\ J
Y
Random effects within th%SbIock




Phenotyping of cytolines in the field Roux et al, 2016

Ybncij =K+ a, + Bn+ Tc + (aB)bn + (BY)nc + I-i(b) + Cj(b) + Ebncij

What traits are under a genetic effect ?

What traits are under a cytoplasmic effect ?

Are adaptive traits under the influence of cytonuclear co adaptation?

For (k,I) a couple of parents, we tested

[(BY) - (BY)] - [(BY)i -(BY)y]=0  versus [(BY)w - (BY)] - [(BY)i -(BY)y]#0

Global FDR control on all the pairs (k, 1) and all the traits at 5%
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Global effects of nucleus, cytoplasm, and cytonuclear
interactions on phenotype

Model terms
Cytoplasm x Block x
Block Nucleus Cytoplasm nucleus nucleus
Variance

Phenotypic class F P F P F P F P F P structure’
Germination

Germination time 1805 *** 96.46 *** 0.5 NS 294 *** 536 *** hmg

Germination percentage 4 das 3724  **+ 221.52  *** 0.8 NS 172 *h 402 *** hmg

Germination percentage 5 das 567 *** 127.64  *** 21 NS 263 **+ 225  **x htg

Germination percentage 6 das 304 * 125.78  *** 1.3 NS 269 **+ 3.69 *r+ hmg

Germination percentage 13 das 1546  *** 52,55 242 465 **~ 17 & 253 A2 htg
Resource acquisition

Rosette surface area 28 das 1145 === 259.35  *x+ 529 28 bl 182 * hmg

Rosette perimeter 28 das 875 *** 111.98  *=*~ 354 o+ 162  *~ 234 **+ htg

Rosette diameter at flowering 357 * 3393 *x+ 2.59 * 162 o 1.83 * hmg
Phenology

Bolting time 1.75 NS  2648.29 **~ 31 * 253  *~ 28 b htg

Flowering interval 238 NS 57.59 **~ 0.9 NS 155 - 298  **+ htg

Reproductive period 565 *h 321 ik 1.09 NS 275 x> 1.88 * htg

Length of life cycle 127 %%+ 27323 **+ 521 **+ 543 *xx 502  xx+ htg
Architecture and seed dispersal

Height from soil to the first fruit on the main stem® 1429  **+ 227.55  *x* 8.22 x*+ 394 xr= 3.07 * htg

Maximum height® 1195 === 101.59  **=* 7.08 *** 411 **= 238 * htg

Number of basal branches® 028 NS 9.01 **~ 1 NS 067 NS 0.56 NS hmg

Number of primary branches® 078 NS 681.29 **+ 1.68 NS 187  ** 1.88 NS htg

Total number of branches® 098 NS 491.58 *** 1.71 NS 174 ** 1.77 NS htg
Fecundity

Total fruit length = proxy of total seed production® 436  ** 5404 *** 054 NS 077 NS 104 NS htg

Total fruit length on the main stem’ 07 NS 124.16  **~ 1.22 NS 092 NS 095 NS htg

Fruit number on the main stem® 16 NS 124.64 *** 1.32 NS 096 NS 102 NS htg

Mean fruit length on the main stem?® 041 NS 21003  *** 1.28 NS 434 *** 207 NS htg

Total fruit length on primary branches® 327 * 29.29 **~ 0.51 NS 099 NS 1.25 NS htg

Fruit number on primary branches® 1314  *** 70.08 *** 1.79 NS 187 & 242 x*+ htg

Mean fruit length on primary branches® 38 *h 95.28  *** 0.85 NS 376 **= 1.56 NS htg

Ratio of seeds produced on the main stem® 384 3176  *** 233 NS 16 * 1.8 * hmg

Ratio of seeds produced on primary branches’® 362 * 2991 *** 226 NS 185  *~ 1.61 * hmg

Percentage of aborted of fruit® 463 NS 85.51 **= 164 NS 1036 *** 1.61 NS htg
Survival 9155 4k 69.12 *** 2095 *** 2951 *** 1003 *** hmg
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Roux et al, 2016

Majority of adaptive traits are influenced by
cytonuclear interactions

Nucleus Cytoplasm | Cyto x nuc
Traits effect effect effect

Germination (5)

Resource acquisition (3) 3 3 3
Phenology (4) 4 2 4
Architecture and seed
dispersal (5) 5 2 4
Fecundity (10) 10 0

Survival (1) 1 1 1
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Sha and Ct-1 nuclear alleles have contrasted phenotype outputs
in alien cytoplasmic backgrounds

ratio fruit produced main stem/total
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Phenotyping of seed traits: dormancy sousadonetal 2019

Response variable: percentage of germinated seeds after 96h

2 seed productions
e 2 plants at # positions in the growth chamber for each production

post-harvest time >

at harvest 3 months 6 months 9 months

3 o © o o 9 o @ D\
‘ ( Q® O O ! QO O Q D | A o O 9 D /’(

seeds sowed in vitro and incubated at 15°C or 25°C
30



Statistical analysis of seed dormancy

Large discrepancy observed between post-harvest times
-> analysis per post-harvest time

Large number of missing data for some genotypes
-> incomplete and unbalanced design

Five explicative factors (shelf, nucleus, cytoplasm, temperature)
-> starting from the most complete model, nested models were
sequentially fitted and the best one according to BIC was selected.

Then the contrasts relevant to the addressed question were tested
p-values were adjusted using the Bonferroni procedure to control
the family-wise error rate (FWER) at 5%.



Statistical analysis for a post-harvest time of 3 months

The selected model was the one with all the first and second order terms plus
4 third order interactions

shelf x cytoplasm x nucleus (SCN)

harvest x cytoplasm x nucleus (HCN)

shelf x harvest x nucleus (SHN)

harvest x temperature x nucleus (HTN)

Effect of each foreign cytoplasm (c) in each natural accession nuclear
background (c', n') was tested with the null hypothesis using the contrast
(Cc—=Cc')+(CNcn'=CNc'n')

+1/25>tin{1,2}(TCtc—TCtc')

+1/25> hin{1,2} (HC hc—HChc')

+1/25 hin {1,2} (HCN hen' = HC he'n')

+1/25 sin {1,2} (SC sc—SC sc')

+1/25 Sin {1,2} (SCN hcn' = SC he'n')

Hence the cytoplasm effects in each nuclear background should be interpreted
as averaged on the germination temperatures, the harvests and the shelves.



Statistical analysis for a post-harvest time of 3 months

The selected model was the one with all the first and second order terms plus
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Statistical analysis for a post-harvest time of 3 months

The selected model was the one with all the first and second order terms plus
4 third order interactions

shelf x cytoplasm x nucleus (SCN)

harvest x cytoplasm x nucleus (HCN)

shelf x harvest x nucleus (SHN)

harvest x temperature x nucleus (HTN)

An effect of the cytonuclear interacting combination was tested for all pairs of
cytoplasms (c, c') and for all pairs of nuclei (n, n').

As no third order interaction involving both nucleus and cytoplasm was

included in the selected model, cytonuclear interacting combinations could be
tested independently from other model terms.

HO{(CNcn—CNc'n)—(CNcn'—=CNc'n"') =0}



Boussardon et al, 2019

novel cytonuclear combinations
can modify dormancy depth and release
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novel cytonuclear combinations
can modify germination performance
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1007 i [
= ||[ I — ! 1
| |
L — L
| 1 n— " "
| 1 " "
- : : I l
50 - o - o
| 1 1 I "
R o
L I !
- -
— 1 | !
L -
| —1 I :
| — |
| I 1 :
O | 1 | | 1 1
| | ! | = | | | | I.--I--..
Blh-1 Ct-1 Jea Sha I?k[kh*-l (’Z"gg*l Jea Sha
Xk %k k k %k k
stratified seeds
erminated on
; ] H,0 cytoplasms

B NacCl

36
Boussardon et al, 2019



Diversité du nombre d’interactions significatives impliquant
chaque fonds nucléaire et chaque fonds cytoplasmique

Chaque noyau et chaque cytoplasme est testé dans 196 combinaisons
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new cytonuclear combination
can enhance seed longevity

Nucleus Sha Nucleus Ct-1
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Molecular phenotyping in two nitrogen nutrition conditions

Chardon et al, 2020

-

nuclear transcriptome
microarray hybridizations
26884 nuc genes — .. ,
Specific pre-processing
organellar transcriptomes
gRT-PCR
31 mt & 80 cp genes

Normalisation step to remove technical biaises

Signal analysis to answer the biological questions
—— with an ANOVA

proteome
LC MS/MS p-values were adjusted to control FDR at 5%

665 proteins
The scripts and datasets used are available as a git

project https://forgemia.inra.fr/GNet/cytopheno_omics

metabolome
GC-TOF-MS
81 metabolites

—_—

The main task was to translate the biological questions into contrasts 39



Molecular phenotyping in two nitrogen nutrition conditions

Chardon et al, 2020

Each type of accumulation was modeled with a three-way ANOVA

Yiir = L+ G+ N; + A+ CN;; + CAy + NA; + CNAy, + Ej,

the nitrogen supply across both cytoplasms and both nuclei,
mean(all genotypes in nitrogen starvation) - mean(all genotypes in control nitrogen supply).

the nucleus origin across both nitrogen supplies and both cytoplasms

mean(genotypes with Jea nucleus in both nitrogen conditions) - mean(genotypes with Ct-1
nucleus in both nitrogen conditions)

a cytoplasm x nucleus interaction effect across both nitrogen supplies
mean(both cytolines in both nitrogen conditions) -

mean(both parental lines in both nitrogen conditions).

a cytoplasm x nuclear x nitrogen interaction effect.

[mean( in nitrogen starvation) - mean( in control nitrogen
supply)] - [mean(both cytolines in nitrogen starvation) — mean(both cytolines in control
nitrogen supply)].
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cytolines have a sensible different molecular response to N starvation
than their natural parents

_ cytoplasm x nucleus interaction (7153)
nitrogen (12255)

cytoplasm x nucleus x nitrogen interaction (604)

43
Chardon et al, 2020 nuclear DEGs



cytolines have a sensible different molecular response to N starvation
than their natural parents

cytoplasm x nucleus interaction (7153)

nitrogen (12255)

same effect of N starvation
and disruption of

opposite effects of N
starvation and disruption

coadaptation of coadaptation
C _ -
thylakoid membrane organization 1 Golgi organization 1 _
translation 1 _ protein ubiquitination 1
8 DNA repl|cat|0n |n|t|at|0n | - cytoplasm x nucleus x nitrogen interact ) prOteIn transport ]
: )
§ rRNA processing 1 N protein deubiquitination 1
0
g cytokinesis by cell plate formation o gene silencing by RNA - -
g - I
.g) chloroplast fission 1 S phosphorylation of RNA polymerase Il -
[ microtubule-based movement 1 - % vesicle-mediated transport - -
= 0
ribosomal large subunit assembly 1 - o histone modification 1 -
cell division 1 - ER to Golgi vesicle-mediated transport - -
meiotic chromosome separation 1 - inorganic anion transmembrane transport { -

12 3 4
-log10(p-value) -log10(p-value)

O A
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general conclusions and take home messages

Interactions between nuclear and organellar genomes are worth considering
v’ Intraspecific variation in cytoplasm genomes is relevant for adaptive phenotypes
v Traits impacted by cytonuclear interactions are relevant to plant breeding

v" New cytonuclear genetic combination may have improved performances

importance of open and frequent exchanges -> improvement of mutual understanding

improvement of the biologist’s skills in statistical modeling ©

improvement of the statistician’s skills in biology © rotem
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