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Organisms are integrated, so mutations should affect many traits

Mutation

Phenotypes



Adaptive mutations affect few phenotypes
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Adaptive mutations affect few phenotypes
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How do we test this?
1. Need many adaptive mutants to study
2. Need to identify fitness-relevant phenotypes
3. Need to quantify effect on fitness locally and far away



DNA barcoding allows us to track and isolate thousands of adaptive mutants
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Many strongly adaptive mutants
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Genotype-to-Phenotype-to-Fitness Map
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Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Mutation 1




Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects

Mutation 1 ( P;
P>
P3

Pk



Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
Mutation 1 ( Py !
P> €2

. .

Pk Cr



Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
Mutation 1 ( Py !
P> €2

. .

Pk Cr

Conditions

P1€C1 + DGt FPiCr = fM1C1



Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
Mutation 1 ( P ¢y

P> &9 c\

P3 3

Pk Cr

Conditions



Mutation 1

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1 1
12) 2 v
P3 3
Pk Ck
L1

Conditions



Mutation 1

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1 €l
g ; '\/\
P3 €3
Pk Ck
.

Conditions



Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
Mutation 1 { P1 \( P4 )& 1) [ ¢ ./'\.\.
. C C C C
Mutation 2 | 24112 Z : 2 2 '\/\
Pi )\ Px Ck ) Uk J A Ck )\ Ck
.

Conditions



Mutation 1
Mutation 2

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
IZRYPZ Y )fc)(a ./'\.\.
P> VP2 Qe 2] @ -\/\
Pi )\ Px Ck ) Uk J A Ck )\ Ck

.

| | | |
Environments



Mutation 1
Mutation 2
Mutation 3
Mutation 4

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance

Pr\(P1T WP\ (P Sy (G ) )< A‘\z

P VP21 P2 || P2 Q%] ]] o\/\

P HP3tH5HH3 S 11S || <3

Pk )\ Px J\-Lr )\ PR Ck )\ )X Sk )\ Ck ._\/
I

| | | |
Environments



Mutation 1
Mutation 2

Mutation 4

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1( Pt Pi ciy(a) )G %‘\..\.
P> VP2 P> Qe 2] @ ﬁv\
P13 P3 S 1S || ¢
Pr )\ P« Py Ck )\ )X Sk )\ Ck

.

| | | |
Environments

Singular Value Decomposition



Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
Mutation 1  P1 \( PA Py Cry(C)fc)( %‘\“\.
Mutation 2 'v\
Mutation 4
.

| | | |
Environments

Singular Value Decomposition



Mutation 1
Mutation 2

Mutation 4

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1( Pt Pi ciy(a) )G %‘\..\.
P> VP2 P> Q] 2]] @ ﬁv\

Environments

Singular Value Decomposition



Mutation 1

Mutation 2 P>

Mutation 4

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1( Pt Pi ciy(a) )G %‘\..\.
P2 P> Q] 2]] @ ﬁv\

P3|l P3 P C3 C3 C3 C3

Environments

Singular Value Decomposition



Mutation 1
Mutation 2

Mutation 4

Revealing Fitness-Relevant Phenotypes
with Environmental Perturbations

Orthogonal Trait Effects Environmental Trait Importance
P1( Pt Pi ciy(a) )G %‘\..\.
P> VP2 P> Qe 2] @ ﬁv\
P13 P3 S 1S || ¢
Pr )\ P« Py Ck )\ )X Sk )\ Ck

.

| | | |
Environments

Singular Value Decomposition



We Measured Fitness In Many Environments Using Barcoding

9 batches of Evolution Condition

38
12

18
22

Fermentation Series

hour fermentation 4
hour fermentation

4
hour fermentation 4
hour fermentation 4

ag 28 resp
ag 28 resp

ag 28 resp
ag 28 resp

+ 8.5uM GdA x2

+ 0.4ug Benomyl

Drugs
+ 17uM GdA
+ 2ug FCZ

+ 2ug Benomyl

+ 0.5ug FCZ

+ DMSO

Respiration/Stationary Series

1
4

6

ransfer 3 Day
‘ransfer 5 Day

BEYY
BEYY

Day Transfer 7 Day

ransfer

ransfer

ransfer

Glucose/Oxygenation

w/ 1.4% glucose w/ 1.8% glucose
1.5% in Baffled flask x2

1.4% 1.6% 1.7% 1.8% 2.5% glucose

in Baffled

Carbon Sources
+ 0.5% Raf + 1% Raf
+ 1% Glycerol + 1% EtOH

+ 1% Suc 1% Raf

Salts

+ 0.2M NaCl + 0.5M NaCl
+ 0.2M KC] + 0.5M KCI



We Measured Fitness In Many Environments Using Barcoding

9 batches of Evolution Condition

38
12

18
22

Fermentation Series
nour fermen+a+:nn Nla~n 29 vAenr

nour ferme

nour ferme

hour ferme

Respiratior

1
4

6

BEYY
BEYY

BEYY

rans
rans

‘rans

Glucos:

+ 8.5uM GdA x2

| nE||~ EP7

~400 mutants in 45 conditions
for a total of
~18,000 fitness measurements

w/ 1.4% glucose w/ 1.8% glucose
1.5% in Baffled flask x2

1.4% 1.6% 1.7% 1.8% 2.5% glucose
in Baffled

Drugs
+ 17uM GdA

- 2ug FCZ

‘ug Benomyl

rces
+ 1% Raf

1% EtOH
! Raf




- |OBN NS0

- IDM NGO

- Aeq

- Aedg 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny 0 “S|yeg
- N|4 BngQ

- IOM INZ'0

- IDEN INZ'0

- Aeg g

- Aeq v

- 9N %S¢ ‘s|yed
- 18 %1 ONS %G|
- (69) VPO WNG'8
- HOY %1

- Aeq |

- N9 %8| ‘aled
- VPO ANNZL

- Aeqg ¢

— W94 1ycze
-ni4bng

- 9N %L ‘s|jed
— WJo94 Iyg|

- N9 %9’} ‘dled
- oN|9 %/ | ‘Sled
-y %l

- OSING %S0

- (89) ajed

- (69) alijed

— W94 IyQ

- (19) VPO NNG'8
- 18 %S0

- N9 %8’}

- AD %1

— WJio4 Iyczl|

- ON9 %L

- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03

iIronments

ition

Cond

Batches
of the
Evolution
Condition

Fitness Profiles Across Multiple Env

o)

I I I I I
= Lo =Pl Lo =
-— N~ o N o N
N

1.5 1

_
0
<

1.25
-0.25
-0.75

-1.0

o o

(894> 4ad) J01s9DUY O1 OAIIR|SI SSBULI



- |OBN NS0

- IDM NGO

- Aeq

- Aedg 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny 0 “S|yeg
- N|4 BngQ

- IOM INZ'0

- IDEN INZ'0

- Aeg g

- Aeq v

- 9N %S¢ ‘s|yed
- 18 %1 ONS %G|
- (69) VPO WNG'8
- HOY %1

- Aeq |

- N9 %8| ‘aled
- VPO ANNZL

- Aeqg ¢

— W94 1ycze
-ni4bng

- 9N %L ‘s|jed
— WJo94 Iyg|

- N9 %9’} ‘dled
- oN|9 %/ | ‘Sled
-y %l

- OSING %S0

- (89) ajed

- (69) alijed

— W94 IyQ

- (19) VPO NNG'8
- 18 %S0

- N9 %8’}

- AD %1

— WJio4 Iyczl|

- ON9 %L

- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03

iIronments

ition

Cond

Batches
of the
Evolution
Condition

Fitness Profiles Across Multiple Env

o)

I I I I I
= Lo =Pl Lo =
-— N~ o N o N
N

1.5 1

_
0
<

1.25
-0.25
-0.75

-1.0

o o

(894> 4ad) J01s9DUY O1 OAIIR|SI SSBULI



- |OBN NS0

- IDM NGO

- Aeq

- Aedg 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny 0 “S|yeg
- N|4 BngQ

- IOM INZ'0

- IDEN INZ'0

- Aeg g

- Aeq v

- 9N %S¢ ‘s|yed
- 18 %1 ONS %G|
- (69) VPO WNG'8
- HOY %1

- Aeq |

- N9 %8| ‘aled
- VPO ANNZL

- Aeqg ¢

— W94 1ycze
-ni4bng

- 9N %L ‘s|jed
— WJo94 Iyg|

- N9 %9’} ‘dled
- oN|9 %/ | ‘Sled
-y %l

- OSING %S0

- (89) ajed

- (69) alijed

— W94 IyQ

- (19) VPO NNG'8
- 18 %S0

- N9 %8’}

- AD %1

— WJio4 Iyczl|

- ON9 %L

- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03

iIronments

ition

Cond

Batches
of the
Evolution
Condition

Fitness Profiles Across Multiple Env

o)

I I I I I
= Lo =Pl Lo =
-— N~ o N o N
N

1.5 1

_
0
<

1.25
-0.25
-0.75

-1.0

o o

(894> 4ad) J01s9DUY O1 OAIIR|SI SSBULI



- |OBN NS0

- IDM NGO

- Aeq

- Aedg 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny 0 “S|yeg
- N|4 BngQ

- IOM INZ'0

- IDEN INZ'0

- Aeg g

- Aeq v

- 9N %S¢ ‘s|yed
- 18 %1 ONS %G|
- (69) VPO WNG'8
- HOY %1

- Aeq |

- N9 %8| ‘aled
- VPO ANNZL

- Aeqg ¢

— W94 1ycze
-ni4bng

- 9N %L ‘s|jed
— WJo94 Iyg|

- N9 %9’} ‘dled
- oN|9 %/ | ‘Sled
-y %l

- OSING %S0

- (89) ajed

- (69) alijed

— W94 IyQ

- (19) VPO NNG'8
- 18 %S0

- N9 %8’}

- AD %1

— WJio4 Iyczl|

- ON9 %L

- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03

iIronments

ition

Cond

Batches
of the
Evolution
Condition

Fitness Profiles Across Multiple Env

o)

I I I I I
= Lo =Pl Lo =
-— N~ o N o N
N

1.5 1

_
0
<

1.25
-0.25
-0.75

-1.0

o o

(894> 4ad) J01s9DUY O1 OAIIR|SI SSBULI



iIronments
(@)

Fitness Profiles Across Multiple Env

L

- |OBN NS0

- IDM NGO

- Aeq

- Aeq 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny 0 “S|yeg
- N|4 BngQ

- IOM INZ'0

- IDEN INZ'0

- Aeg g

- Aeq v

- 9N %S¢ ‘s|yed
- 18 %1 ONS %G|
- (69) VPO WNG'8
- HOY %1

- Aeq |

- N9 %8| ‘aled
- VPO ANNZL

- Aeqg ¢

— W94 1ycze
-n4bng

- 9N %L ‘s|jed
— WJo94 Iyg|

- N9 %9’} ‘dled
- oN|9 %/ | ‘Sled
-y %l

- OSING %S0

- (89) ajed

- (69) alijed

— WwJo94 Jyg

- (19) VPO NNG'8
- 18 %S0

- N9 %8’}

- AD %1

— WJio4 Iyczl|

- ON9 %L

- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03
- 03

ition

Cond

Batches
of the
Evolution
Condition

I I I I I
o © v 9 9

1.5 1

_
0
<

1.25
-0.25
-0.75

o o

(9242 Jad) u101s90UY O BAIR[D] SSOULl

-1.0 1 GPB2
PDE2

Yo
N
S



iIronments
O

Fitness Profiles Across Multiple Env

L

GPB2

- 10BN ING'0

- IDM NGO

- Aeq /

- Aeq 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny0 “S|yed
- n|4 Bbng'Q

- IOM NC0

- IDEN INZ'0

- Aeg g

- Aeq v

- ON|9 %G°Z ‘sled
- 48y %1 ONS %G|
- (68) VPO INNG'8
- HOY %1

- Aeq |

- ON|9 %8’ | ‘aled
- VPO NN/

- Aeqg ¢

— WJioa4 Jycze

- ni4bng

- ON|9 %1’ ‘led
— Wlia4 Jygi|

- N9 %9’} ‘dled
- oN|9 %/} ‘Sljed
-8y %l

- OSINA %S0

- (89) aijed

- (69) aled

— WJioa4 JyQ

- (19) VPO NNG'8
- 18 %S0

- ON|O %8’

- A9 %1

— W94 Yzl

- N9 %t

- 03
- O3
- O3
- O3
- O3
- O3
- O3
- O3
- O3

ition

Cond

Batches
of the
Evolution
Condition

I I I I I
o © v v Q9

1.5 -

_
0O
<

1.25
-0.25
-0.75

(@) (@)

(9242 Jad) u101s90UY O BAIR[D] SSOULl

-1.0 { PDE2

To)
N
5



ts

ironmen
Strong perturbations
@

L

— IOBN ING'0

— IDM ING0

— neq /,

- Aeg 9

- uag |w/Bng ‘s|yeq
- uag Jw/bny0 “S|yed
— Ni4 bNgQ

— IOM INC'0

— IDEN INC'0

- ned g

- Aeq ¥

- ON|9 %S¢ ‘sljed
— 484 %L ONS %G1
- (68) VPO NNS'8

- HOM %1

- Aeq |

- ON9 %8°| ‘sljed
- YPO NN/}

- ned ¢

- w94 Jyze

Fitness Profiles Across Multiple Env

Subtle perturbations

- nj4 bng

- ON|9 %t ‘slyed
— Wlia4 Jygi|

- ON|9 %9°| ‘s|eq
- oN|9 %/'| ‘slijed
-1y %l

- OSING %S0

- (89) aled

- (69) alied

— WJioa4 JyQ

- (19) VPO NNG'8
- 1By %S0

- ON[9 %81

- A9 %1

— W94 Yzl

- ON[D %t )

- 03

- 03

- 03

- 03

- 03

- 03

- 03

- 03

- 03

ition

Cond

1.5 -

0...
-1.0 {1 PDE2

I I I I I I
o Lo Lo Lo o =0
- N~ o AN o o

1.25

(@) (@)

-0.25
-0.75

(9242 Jad) u101s90UY O BAIR[D] SSOULl

To)
N
5



Variance explained by component

Subtle perturbations reveal 8 fitness-relevant phenotypes
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Variance explained by component

Subtle perturbations reveal 8 fitness-relevant phenotypes
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Subtle perturbations reveal 8 fitness-relevant phenotypes
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The phenotype space from subtle perturbations
clusters mutations by gene
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Use Cross-Validation to Test Predictive Power

Construct model
w/ subtle perturbations
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Phenotype space can predict fithess in strong perturbations!
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Smallest 3 components add predictive power in strong perturbations
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Subtle Perturbations
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Smallest 3 components add predictive power in strong perturbations
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Adaptive mutations affect few fitness-relevant phenotypes
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8th component drives significant improvement in 6 Day condition
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