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To maintain life across a fluctuating environment,
cells alternate hetween growth and quiescence
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S. pombhe: mating-type switching
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S. pombe: mating-type switching
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Tools to study quiescence
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Prerequisite to the determination of
mutations in non-dividing cells

e Ura mutants should not die during the 2 weeks of the experiment
e Growth mutants should be kept as low as possible

¢ All the mutants In the culture must be sequenced



ura- cells have a similar survival rate in quiescence
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Spontaneous mutations in gquiescence

100% 2 x 106 cells/ml
80 - Viability is good
Cells are metabolically active S
Transcription, translation, etc. E 60
(75
40 -
Refreshing the medium every
week 1 wild-type
Glucose, trace elements, etc. yp
0 2 4 8 16
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Spontaneous mutations in quiescence
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Spontaneous mutations in quiescence
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Spontaneous mutations in quiescence

Single cell

Days in quiescence
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Spontaneous mutations in quiescence

-
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Spontaneous 5-FOAF
ura mutants

1.3 x 10® 5-FOAR
per generation

Nb of 5-FOAR x 107
|

Days in quiescence

Mutations accumulate as a function of time (constant rate)
1 replication round = 107 5-FOAR =~ 3 days of quiescence

5-FOAR — DNA — PCR — Sequencing



Identification of the ura gene mutated

e Complementation test with a strain of the opposite mating type mutated in one or the other gene

e Replicate the colonies purified on 5-FOA onto a Phloxine B containing YPD plate

\ ==ura5 ...0
1

mm yrad ( }

YPD + Phloxine B

5-FOAR — DNA — PCR — Sequencing



5-FOAF cells accumulate as a function of time in GO

5-FOA® frequency (x 107)
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35%
30%

25%
20%
15% -
10% -
5% -
0% -

Substitutions in quiescence
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G>A A->G A>T GC>A A->C C->G
C>T T>C T>A G>T T>G G->C

\/

Transitions

\
™~

Transversions

= SNP D1
SNP D8 + D15

Suggesting that in quiescence:

)

ii) anincrease of dU incorporation during repair (A:T to C:G)

Vegetative: Ts/Tv = 1/2

Quiescence:
D1: Ts/Tv=1/2
D8+D15: Ts/Tv=1/4

Vegetative: AT bias = 61%

Quiescence:
D1: AT bias = 67%
D8+D15: AT bhias = 51%

cytosine deamination is processed differently (from G:C—A:T to C:G—G:C)

i) anincrease of the GC content that counter balances the somatic AT bias



Extrap

5-FOAY frequency (x 10-7)
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Can we extrapolate genome-wide?
5-FOA resistance Genome size
{ 6 x 108/ day J { 14 Mb J

\ /

Indels
413 x 10/ day N0 AN7E'Y,

4-1, 5“&. > A8 { J
TN 5000 genes
Big impact ;b ,\G'tg 5 15;1-?;, «
. : o/*
49
},\ Essential genes
B fitness effect <0.01

In collaboration with Guillaume Achaz

3 months of quiescence should result in
~ 1 mutation / genome



Accumulation of mutations genome-wide
(S. pombe genome: 14 Mb)

Refreshed conditions
100 :
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o
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8 i
Spontaneous 5FOA® 6 ooih mrefreshed
mutants 0 10 20 30 40 50 60 70 80 90
4 Days in quiescence
( 1.3x10° 5FOA® ] 2
per generation 4.10°¢ 5FOAR per day
N e
0 1 2 3 4 5 6 7 8 9 10 11 12 weeks in Quiescence



(S. pombe genome: 14 Mb)

Refreshed conditions

Expectation: 0.2 to 0.4 mutations per genome
after 3 months of quiescence

Accumulation of mutations genome-wide

.04
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Long term quiescence (up to 3 months)
1 day 21 days 3 months

'® ® ® & & o ©
©e 000 0 00
o0 00 0 00

e 00 0

@0 000 0 0 00
@000 00 00
@0 o000 000
@0 00000000

\&\

~ 100%

<1%

Colony size heterogeneity

suggesting the presence of
mutations



Phenotypic alterations as a function of
time spent in quiescence

time in # of colonies 18°C 37°C KCI Ca(NO3)2 CaClo TBZ HU SDS

GO w/ phenotype 1M  0.15M 0.3M 15pg/ml 4mM 0.01%
1 day 0/384 - - - - - - - -
1 month 0/384 - - - - - - - -
2 months 4/376 - - 1 1 4 - - -

3 months 6/334 1 1 1 1 3 3 2 1




Genome-wide analysis of quiescence

3 months of quiescence » - » _ GATK

- | Pindel, SOAPindel & Prism

3 months
243 genomes

4

0.6 mutation per
genome

72 SNPs
48%

77 Indels
52%

False dicovery rate (FDR) SNPs < 5%, Indels = 20% (Validated by Sanger-sequencing)



Accumulation of mutations genome-wide
(S. pombe genome: 14 Mb)

Behringer et al. 2015; Farlow et al. 2015 Gangloff et al. 2017
Growth Quiescence
1700 generations 3 months
96 genomes sequenced 243 genomes sequenced
6 mutations per genome 0.6 mutations per genome
(2.10'° mutation per generation per nucleotide)
422 SNPs 72 SNPs
78% 48%
119 indels 77 indels
22% 52%
+101 bp -215 bp

There are two antagonistic mutational forces during growth and quiescence
that affect the size and the composition of the S. pombe genome



4.107 cel

Unrefreshed conditions 1% survivors

£
=
5 4
g = 48 strains are sequenced after 3 months
S 0.1 % L N
m unrefreshed \
m refreshed ,&-
0-0%576 20 30 40 50 60 70 80 90 Cap-binding protein $
Days in quiescence
52 mutations (>1 per genome), tif452 pmct p
including 25 mutants in the MAPK and SAPK pathways MAPK module ~ ‘2cuclar calcium transporter

mes found Function Human homologues mkh1 pek1 pmk1 '

3 SAPKKK MAP3K4

2 SAPKK MAP2K1 = )= &-'é?

2 SAPK p38 wis4

: MAPKKK m winl  wis1  styl

2 MAPK ERK 2 &9-’{)-’@

6 Calcium efflux PMCA o * SAPK module

4 SAGA subunit ATXN7

1 CAP binding elF4E




Distribution of the S/MAPK mutants at the population level:
Targeted sequencing approach

1 day \ 100 ml (4.108 cells)

4 cultures T
(10 ml each, 4.107 cells) ’/ / / / (/ )\ £ 2 7
2 and 3 months 2 months

I 6 parallel subcultures
[a) /5 / ~ (10 ml each, 4.10 cells)

40488 434883838



Distribution of the S/MAPK mutants at the population level:
Targeted sequencing approach

; l !? g@uoﬁcelm

4 cultures 6 parallel subcultures

(10 ml each, 4.10" cells) ,/ /6 (10 ml each, 4.107 cells)

2 and 3 months 2 months

gded 43488338

DNA extracted from 1,000 independent ’\‘
colonies per culture

9 genes of interest ‘

“tiled” PCR, agarose electrophoresis, /

extraction, quantification, libraries — S

f

lllumina HiSeq
paired-end sequencing
12,000 to 53,000X coverage

=> Same mutation present more than 10 times




Targeted sequencing

4 clonal cultures

2 months culture 0

W sgf73-896 +T 0.9%
W win1-394 +13 bp 0.2%
m win1-1273 +17 bp 0.39
m mkh1-640 +A 13.0%
W mkh1-T959C C1 .4%3)/ —
m mkh1-T1885C 0.2%

m mkh1-T2914C 0.4%

= mkh1-A3351T 0.4%

m pmk1-254 -T 0.7%

m if452-G251T 0.2%

total =17.7%

4 - N

[/° \ \(/ 1 \/ 2 \/ 3 PCR and sequencing

culture 1 culture 2

m win1-1273 +17 bp 0.3% W sgf73-896 +T 9.6%
B win1-3010 +A 0.9% M win1-393 +13 bp 0.6%
W sty1-216 +9 bp 0.4% W win71-C813A 0.8%
= sty1-G647C 1.1% m win1-2339 -5 bp 0.8%
B mkh1-A639G 1.9% W win71-T2381G 0.3%
B mkh1-640 +A 21.3% sty1-G188C 3.7%
B mkh1-C2378G 0.8% h1-G250T 4.7%
m mkh1-A3138C 0.3% 1-640 +A 27.0%
= mkh1-3219 -18 bp 1.6%

h1-G3145T 0.2%

mk1-G497T 1.2% .
=P ° m Pmk1-251 -A1.7%

total = 29.8% m pmk1-G592A 2.5%
m pmk1-1097 -16 bp 10.4%
] pmc1-2441 +18 bp 1.2%

total = 64.7%

culture 3
m win1-394 +10 bp 1.6%
M win1-504 -A1.7%
B win1-2363 -13 bp 3.8%
M win1-3680 -A 3.5%
E 7 win1 alleles<1% = 3.9%
B mkh1-236 -A 1.2%
W mkh1-640 +A 15.8%
B mkh-CT1884TG 0.2%
m mkh1-2254 +T 0.7%
m mkh1-G3124T 0.2%
m mkh1-T3137G 0.5%
m pmk1-435 -TA 0.7%

m pmk1-902 +14 bp 0.2%
total = 34.0%



Targeted sequencing

°°

4 clonal cultures

2 months culture 0

M sgf73-896 +T 0.9%
W win1-394 +13 bp 0.2%
m win1-1273 +17 bp 0.3% W sty71-216 +9 bp 0.4%
o I sty1-G647C 1.1%

mwin1-1273 +17 bp 0.3%
M win1-3010 +A 0.9%

W mkh1-A639G 1.9%
W mkh1-640 +A 21.3%
B mkh1-C2378G 0%
Emkh1-A3138C 0.3

m - .
m mkh1-T959C 1.
m mkh1-T1885C 0.2%
m mkh1-T2914C 0.4%
1 mkh1-A3351T 0.4%
W pmk1-254 -T 0.7%
W 7452-G251T 0.2% W P

kh1-3219 -18 bp 1.8%

total/= 17.7%

1if452-G251T is found only once
pmel-2440+18 is found only once

PCR and sequencing

culture 3
win1-394 +10 bp 1.6%
win1-504 -A1.7%
win1-2363 -13 bp 3.8%
win1-3680 -A 3.5%

7 win1 alleles<1% = 3.9%
mkh1-236 -A1.2%
mkh1-640 +A 15.8%

culture 2

W sgf73-896 +T 9.6%
B win1-393 +13 bp 0.6%
B win71-C813A 0.8%

W win1-2339 -5 bp 0.8%
W win1-T2381G 0.3%
Sty1-G183C 3.7/%

5 1%
1-640 +A 27.0%

- . (0]
pmk1-902 +14 bp 0.2%
total = 34.0%

O pmci-244] +18 bp 1.2%
total = 64.7%

mkh1-640+A is an hot-spot of mutation (stretch of 8 As)
mkh1, pmk1 and win1 are mutated in all cultures



Targeted sequencing

[7 - N

4 clonal cultures E K E K
Jo /1 \ / 24 \/ 3 PCR and sequencing

{

2 months culture 0 culture 1 culture 2 culture 3

M 59773-896 +T 0.9% m win1-1273 +17 bp 0.3% W sgf73-896 +T 9.6% m(win7-394 +10 bp 1.6%

W win1-394 +13 bp 0.2% M win1-3010 +A 0.9% M win1-393 +13 bp 0.6% | win1-504 -A1.7%

m win1-1273 +17 bp 0.3 m sty1-216 +9 bp 0.4% B win7-C813A 0.8% m|win1-2363 -13 bp 3.8%

m mkh1-640 +A 13.0% o sty1-G647C 1.1% W win1-2339 -5 bp 0.8% M| win1-3680 -A 3.5%

W mkh1-T959C 1.4% B mkh1-A639G 1.9% W win1-T2381G 0.3% m|7 win1 alleles<1% = 3.9%
W mkh1-T1885C 0.2% = B mkh1-640 +A21.3% sty1-G188C 3.7% W mkh1-236 -A1.2%

m mkh1-T2914C 0.4% M mkh1-C2378G 0.8% h1-G250T 4.7% B mkh1-640 +A 15.8%

= mkh1-A3351T 0.4% = mkh1-A3138C 0.3% 1-640 +A 27.0% m mkh-CT1884TG 0.2%
m pmk1-254 -T 0.7% = mkh1-3219 -18 bp 1.6% -2517 +14 bp 1.2% B mkh1-2254 +T 0.7%
W tif452-G251T 0.2% W pmk1-G497T 1.2% I;( 11<25é311 4/§T1 07.02/% m mﬁ%-%%; g;g 8.\%‘;?
= 0, - - pm - - . (o] - m - . ()
total =17.7% total = 29.8% w Pmk1-G592A 2.5% m pmk1-435 -TA 0.7%
m pmk1-1097 -16 bp 10.4% m pmk1-902 +14 bp 0.2%
] pmc1-2441 +18 bp 1.2% total = 34.0%
total = 64.7%
3 months culture 0 culture 1 culture 2 culture 3
m S973-896 +T 4.3% B win1-C2668T 1.2% m S9f73-896 +T 43.5% m win1-394 +10 bp 1.1%
m win1-394 +13 bp 1.5% m win1-3010 +A 1.2% m win1-2339 -5 bp 0.2% m| win1-504 -A 1.1%
m win1-1273 +17 bp 1.5 m sty1-216 +9 bp 1.8% m sty1-G188C 0.7% m|win1-2363 -13 bp 3.8%
m 7 win1 alleles<1% = 2% m mkh1-640 +A 10.2% B mkh1-640 +A 5.3% m| win1-3680 -A 4.4%
m sty1-C74G 0.6% = mkh1-3219 -18 bp 0.2% m pmk1-G592A 2.7% M6 win1 alleles<1% = 3.4%
W sty1-G197T 0.5% m pmk1-T577G 6.1% total = 52.4% m mkh1-236 -A 1.4%
B mkh1-640 +A 9.0% total = 20.7% m mkh1-640 +A 21.5%
m mkh1-T959C 0.9% ' m Mkh1-2593 +38 bp 0.2%

m pmk1-1091 +26 bp 0.3% 1 mkh1-3340 -A 1.2%
M| (if452-G251T 0.7% m pmk1-435 -TA 0.3%
total = 22.1% 1 pmc1-G280T 0.2%

total = 38.6%




Targeted sequencing

6 parallel sub-cultures @L\ L\ A A

very simila> ‘

2 months -> DNA <

PCR1 -> Sequencing 1

PCR2 -> Sequencing 2

subculture 1

B win1-357-Complex-1.2%
M win1-394+13bp 3.5%

m win1-T2478A 1.9%

m win1-3010+A 2.5%

m 8 win1 alleles<1% =2.3%
M wis1-G868C 1.5%

W wis1-T1108G 3.4%

m wis1-A1493G 0.3%

m wis1-1740+T 1%

m sty1-T562C 0.2%

m mkh1-640+A 0.6%

m tif452-G390T 4.1%

] total = 22.5%



Targeted sequencing

6 parallel sub-cultures

subculture 1
mwin1-357-Complex-1.2%
mwin1-394 +13 bp 3.4%
Wwin1-T2478A 1.8%
mwin1-3010 +A 2.5%
m10 win1 alleles<1% =2.8%
mwis1-G868C 1.6%
mwis1-T1108G 3. 4%
mwis1-A1493G 0.3%
mwis1-1740 +T 1.0%
msty1-T562C 0.2%
mmkh1-640 +A 0.6% =
mtif452-G390T 4.3%

total = 23.1%

subculture 3

m win1-1273 +17 bp 1.8%
W win1-1877 -T 1.6%

W win1-2179 +17 bp 1.8%
B win1-3010 +A 2.8%

m 9 win1 alleles<1% = 5.2%
W wis1-T944G 9.2%

m wis1-CC1281TT 8.5%
m wis1-A1329T 0.4%

m wis1- 1740 +T 6.2%

m sty1-A1 0%

m sty; G4§31('I:' ? 53//0

m sty1-T535 4%
-m%m 640 +A 1.0% =
W mkh1-T1885C 0.2%

1 pmc1-1293 -4 bp 0.1%

total = 44.7%

2 months -> DNA <

subculture 2 | 959% of mutations are different
with mkh1640+A hot spot

W win1-394 +13 bp 2.4%
M win1-G1100A 1.0%
MW win1-3489-C 1.1%

B 3 win1 alleles 1.2%
W wis1-T1380A 4.6%
m wis71-T1511G 1.0%
m sty1-A553T 12.5%

total = 23.8%

PCR1 -> Sequencing 1

PCR2 -> Sequencing 2

subculture 4

mwin1-2982 -AT 2.4%
mwin1-3045 -A1.2%
mwin1-3352 -6 bp 3.6%
=11 win1 alleles<1% = 5.4%
mwis1-T1588G 1.9%
S

W st

B k1640 +A1.6% =
mmkh1-2396 +G 0.8%

m mkh1-2846 +5 bp 0.2%
I mkh1-A3152G 0.2%

total = 19.5%

subculture 5

mwin1-394 +13 bp 4.0%
mwin1-1024 -C 2. 0%
mwin1-1265 -5 bp 2.4%
mwin1-3010 +A 1.8%
m13 wint aIIeIes<1% =6.3%
mwis1-T1088G 1.0%
mwis1-T1182G 5 2%
mwis1-G1427C 0.7%
mwis7-G1430A 0.2%
W sty1-C545T 13.2%
Isty1—A5580 1.4%
sty1-G646A 0.7%
msty1-T659A 10.2%
mmkh1-640 +A 1.6%
Emkh1-3294 -9 bp 0.2%

total = 50.9%

subculture 6

m win1-394 +13 bp 4.5%

W win1-397 +10 bp 1.4%

MW win1-1905 -C 1.0%

W win1-2313 +G 4.8%

W win1-C2764T 2.2%

m win1-3010 +A 1.1%

m win1-3105 +TA 1.2%

m win1-3401 -T 1.2%

m win1-3507 +31 bp 1.2%

m win1-C3548A bp 1.2%

M| win1-C3551 -A1.1%
S T o
m wini- - Complex 1.0%
m win1-3816 -T 1.3%

= 11 wint aIIeIes<1% =6.8%
m wis1-1740 +T 1.2%

m sty1-T535C 4. 8%

W mkh1-640 +A2.2% <=

W tif452-T260C 1.0%

W tif452-C383G 0.5%

total = 41.0%



Detail of the 195 in

vidual mutations recovered
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Is there a benefit to the cell?



WT and mutants behave alike in pure cultures
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Co-cultures in quiescence
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Co-cultures in quiescence

WT::KAN in co-culture with WT (0.1%)
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The proportion of KAN resistant cells is constant throughout the experiment



Co-cultures in quiescence
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Is a slow release of nitrogen responsible for cell death?

We determined that 0.2 mM of glutamate is required to replicate the genome of 4.10° cells

We added 1/10th (0.02 mM) this amount every day to a 3-day-old quiescent culture
to mimic slow nitrogen release

Days in GO
0 1 2 3 4 5 6 7
\ \ \ \ \
! . ! . ! . ! . ! .
FACS

(DNA content)



Calcofluor staining

+ 0.02 mM Glutamate (every day)
at day 6
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Conclusions

Suboptimal nitrogen concentrations trigger:

e In wild-type cells
- rapid exit from quiescence (Sty1- dependent)
- S-phase arrest and apoptosis (Sgf73 and Pmk1- dependent)

¢ |In the (S/MAPK) mutants

- slow proliferation
- pmk1/sgf73 exit quiescence at a low concentration of nitrogen in a binary mode
- sty1 delays quiescence exit until a higher concentration of nitrogen becomes available

HOW? Remains an open question

Non-dividing conditions promote genetic diversity
and generate a social cellular environment prone
to kin selection (sacrifice of many for the benefit of
some to preserve the species)
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Microbial competition: Escherichia coli mutants that take over stationary phase cultures.
Zambrano MM, Siegele DA, Almirén M, Tormo A, Kolter R.

G SP phenotype: Growth dvantage in Stationary Phase

¢ During starvation most of the mutations in E. coli are found in RpoS

* RpoS (Sigma S) is induced during starvation and protects
the cells against stress by helping to scavenge nutrients



The five phases of the bacterial life cycle
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Once bacteria are inoculated into fresh medium, there is an initial lag period (1) followed by exponential-phase growth (2). After remaining at high density
for 2 or 3 days - stationary phase (3), cells enter death phase (4). After ~99% of the cells die, the survivors (8) can be maintained under long-term
stationary-phase culture conditions for months or years.

Finkel SE. (2006) Nature Reviews Microbiology, 4(2), 113-120. doi: 10.1038/nrmicro1340



Population dynamics of long-term
stationary-phase cultures
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Finkel SE. (2006) Nature Reviews Microbiology, 4(2), 113-120. doi: 10.1038/nrmicro1340



Mutations as a function of time/age
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A

food starvation

» time

Take home message

Mutations: f(division) + f(time)
Potential impact on:

Evolution (molecular clock)
Heterogamy/Anisogamy (Male and Female sexes)

Somatic cells (embryo/postmitotic)
Aging-related diseases (cancer and neuro degeneration)
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