SUPPLEMENTARY TEXT: True, Berlin and Lindquist
SUPPLEMENTARY RESULTS

The molecular nature of [PSI+]-dependent traits

In examining the remarkable diversity of [PSI]-dependent phenotypes we used several different genetic backgrounds (Supplementary Table 1) and focused on a subset of phenotypes that were robust and easy to score.  To facilitate subsequent genetic analysis, we also chose strains and phenotypes for which a mating partner was available that did not share the same [PSI+]-dependent phenotype.  We generated three sets of strains in these different genetic backgrounds to independently assess the possible phenotypic effects of other prions, of translational read-through, and of protein aggregation (Supplementary Table 1, Set #1, #2, #3, respectively).  

The results of the analysis of strain 5V-H19 for a few phenotypes are shown in the main text.  Similar results were obtained in other strain backgrounds.  For example, in the strain 74-D694, [PSI+] confers resistance to 10mM caffeine (Supplementary Fig. 2a, center).  Creating [PSI+]-like levels of nonsense suppression in the [psi-] derivative by replacing the wild-type SUP35 gene with the sup35-R8 allele1 recapitulated caffeine resistance.  Conversely, manipulations that reduced nonsense suppression in [PSI+] derivative, such as the deletion of NM2, the over-expression of sup35C2, or the expression of ASU sup35S17R  3, produced phenotypes resembling those of the original [psi-] derivative.  Disadvantageous [PSI+]-dependent traits in the strain 74-D694 were also due to nonsense suppression (Table 2a).  The [PSI+] derivative was more sensitive to 7.5mM ZnCl2 than the [psi-] derivative (Supplementary Fig.2a, right).  Replacing the wildtype SUP35 gene with the sup35-R8 allele in the [psi-] derivative increased nonsense suppression and restored sensitivity to ZnCl2.  When nonsense suppression was decreased (sup35(NM, sup35C overexpression, or sup35S17R) 2,3 the sensitivity to ZnCl2 was not observed.  Similarly, for a more subtle [PSI+]-dependent trait, resistance to paraquat in Bsc783/4c (Supplementary Fig. 2b), derivatives that abolished [PSI+] (cured or sup35(NM), or derivatives with masked nonsense suppression (sup35C or ASU sup35Q15R) 2,3 demonstrated [psi-]-like sensitivity to paraquat.

Several [PSI+]-dependent phenotypes could not be produced in [psi-] strains simply by altering translational read-through, suggesting that they are complex traits that require a contribution from other factors.  For example, the strain Bsc783/4c [PSI+] grew better on media containing 150mM CsCl than its [psi-] derivative (Supplementary Fig. 2b, right).  The CsCl resistance was eliminated by selectively curing [PSI+] by deleting the prion-forming domain of Sup35p.  It was also eliminated by reducing nonsense suppression (sup35C or the ASU sup35Q15R).  However, this resistance could not be recapitulated by simply enhancing nonsense suppression in [psi-] cells with the introduction of either sup35R320I (Supplementary Fig. 2b) or (upf14 (not shown).  Additionally, the CsCl resistance of Bsc483/4c could not be recapitulated by the expression of NM-GFP in the sup35(NM derivative (Supplementary Fig. 2b).  These data suggest that a combination of nonsense suppression and other factors such as protein aggregates are required to produce some phenotypes.  

The level of nonsense suppression in the various derivatives of the strains was assessed for all three stop codons by analyzing the read-through of β-galactosidase test constructs 5 (Supplementary Table 2, data not shown).  The level of all strains and mutants used in phenotypic analysis approximated those of the original [PSI+] and [psi-] derivatives as appropriate and were used to determine how nonsense suppression affected the phenotypes. 

Elucidating the Mechanism of Fixation

Fixation of traits dependent upon nonsense suppression may occur by virtue of reversion of the stop codon.  Trivial examples are known: strains that are ade- due to nonsense mutations in adenine genes have a “hidden capacity” to become adenine prototrophs – by [PSI+] mediated read through – and can readily be fixed in the Ade+ state by reversion of the stop codon.  But what of the naturally occurring genetic variation that is responsible for the traits we examined here?  These traits are genetically complex and were not due to the reversion of same the nonsense codon.  We determined this by asking if the fixed, caffeine-resistant progeny from the cross of 74-D694 to W303-1A had acquired resistance by the same mechanism.  Progeny that maintained the trait after being cured of [PSI+] were mated to each other and sporulated.  

There was variation in the level of resistance among the progeny (data not shown), indicating either that there are multiple mechanisms and/or modifiers contributing to fixation that can be sorted in different ways to produce variations in the trait.  One mechanism by which fixation might occur derives from the fact that [PSI+] strains often contain modifiers of translational fidelity.  Genetic re-assortment of such modifiers could concentrate them in some progeny, fixing strains with unusually high levels of nonsense suppression.  Such a global mechanism that impairs translational fidelity is unlikely to be sustained in the wild.  If fixation occurred solely by this mechanism then its relevance to the evolution of new traits would be questionable.  Accordingly, we measured the rates of stop codon read-through in fixed progeny, using a set of ß-galactosidase test constructs5, each carrying a different intervening nonsense codon mutation.  None of the progeny had high levels of read-through.  Thus, none of the phenotypes were fixed by a general increase in read-through (Supplementary Table 4).  Rather, the phenotypes were fixed by virtue of the re-assortment of other genetic polymorphisms, by the appearance of new mutations, or by a combination of the two.
Competition Experiments

The [PSI+] and the [psi-] states are each capable of conferring strong selective advantages, depending upon both the genetic background and the particular environmental conditions.  Since [PSI+] is a metastable element that is both gained and lost at a low spontaneous rate (10-5 to 10-7), large populations of yeast may contain both [PSI+] and [psi-] derivatives6.  Due to the complexity of cell-to-cell interactions, however, it cannot be assumed that [PSI+] could confer a selective advantage in mixed populations.  To examine this possibility, mixed cultures of isogenic [PSI+] and [psi-] derivatives of 74-D694 were grown in complete rich media (YPD) with or without 10mM caffeine (see also Supplementary Figure 2a).  In conditions where there was no marked difference in growth between [PSI+] and [psi-] derivatives on their own (YPD), we also observed no difference in mixed populations (data not shown).  However, when grown in conditions where one derivative would be expected to flourish (YPD containing 10mM caffeine) the composition of the population was drastically altered within a few generations of growth.  For example, starting with a 1:1 ratio of [PSI+] 74-D694 to [psi-] 74-D694 in YPD containing 10mM caffeine, the ratio shifted to a ratio of 10:1 in 5 generations.  The same result was obtained when the [psi-] derivative of 74-D694 carrying the sup35-R8 mutation was competed with a 74-D694 [psi-] sup35(NM strain, confirming that nonsense suppression was responsible for the growth advantage.  These experiments demonstrate that [PSI+] can confer a selective advantage in mixed populations and suggest that the ability of yeast cells to switch between the [PSI+] and [psi-] states produces populations with phenotypic variants that can allow for the survival of the genomes under conditions where they might otherwise be lost.
SUPPLEMENTARY DISCUSSION

We have shown that [PSI+]-mediated phenotypes are generally due to uncovering the previously hidden potential to express new traits through the read-through of nonsense codons (Supplementary Fig. 1).  We have also shown that the phenotypes are genetically complex.  Their complexity likely arises from the accumulation of mutations in sequences that are not normally translated and are therefore not subject to strong selective pressures, including disabled open reading frames7,8 and the 3’ ends of natural mRNAs 9.  When cells switch to the [PSI+] state, previously hidden variants that can contribute to a new trait are uncovered in a single step, with the potential to provide the immediate appearance of novel complex traits.  By simultaneously revealing the effect of multiple genetic changes which differ in different genetic backgrounds, [PSI+] provides a unique mechanism for phenotypic plasticity and evolvability (Supplementary Fig. 3).

If the decrease in translational termination fidelity is deleterious long-term, a beneficial phenotype may be selected in the [psi-] state and become fixed (Supplementary Fig. 3b).  One likely mechanism for fixation is the conversion of nonsense codons to sense codons but other genetic changes might be equally effective.  For example, we found that increasing the stability of mRNAs containing premature nonsense codons (as with the upf1 mutation) allowed some traits to be maintained in the absence of [PSI+].  This suggests that fixation might sometimes occur by the acquisition of mutations that change the stability of mRNAs.  Even changes in regulatory networks that alter the balance of particular mRNAs might fix some traits. The genetic complexity of the traits, and the rapid and diverse routes to their fixation, prevented us from easily identifying the critical nonsense codons whose read-through was responsible for the phenotypes, and the specific molecular events that led to their fixation.  Due to the complexity of the traits, the molecular mechanism that might lead to their fixation need not have any direct link to nonsense suppression.  In particular circumstances, however, it has the potential to provide the difference between the genome thriving in altered conditions and the extinction of the entire population (Supplementary Fig. 3). 

Just as the foundations of yeast genetics depended upon the availability of mutated laboratory strains that maintained stable mating types, the analysis of [PSI+] has depended upon the use of laboratory strains in which the element is stable and does not confer a significant disadvantage for growth.  In the wild, for most genomes in most conditions, a reduction in translation termination efficiency would likely be deleterious long term.  Indeed, repeated attempts to introduce [PSI+] in a different laboratory strain (S288c) failed (H. L. True, D. Blakeslee, and S. Lindquist, unpublished).  However, there are documented cases of diverse strains placed under strong selective pressures surviving only because they had spontaneously acquired the [PSI+] state10,11,12.  The capacity of the N-terminal prion domain of Sup35p to undergo conformational conversion to the [PSI+] state is an evolutionarily conserved property.  Indeed, recent mathematical modeling suggests that this property may have been conserved because it promotes evolvability13.  

Supplementary Figure 2   Translational read-through plays a key role in [PSI+]-dependent phenotypes.  a) The [PSI+] derivative of strain 74D is more resistant to 10mM caffeine than [psi-] (center).  This resistance is recapitulated by increasing nonsense suppression in the [psi-] strain with the sup35R-8 mutant, and lost when cells are cured of [PSI+] (delta NM) or have increased efficiency of translation fidelity ([PSI+]Sup35C or [PSI+] sup35S17R).  Similar results are seen with the sensitivity of 74D [PSI+] to 7.5mM zinc (right).  Changes in nonsense suppression alone alter this phenotype as well.  b). The [PSI+] derivative of strain Bsc783/4c is more resistant to 150mM CsCl than the [psi-] derivative.  The resistance is lost when the strain is cured or when nonsense suppression is decreased, but simply increasing nonsense suppression in the [psi-] strain (sup35R320I) did not recreate the CsCl resistance. 
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Supplementary Table 1.  Strains of Saccharomyces cerevisiae used in this study

Original parental strains

Strains of S.cerevisiae
            Genotype
	74-D694 (74D)
	MATa (& MAT() ade1-14(UGA) trp1-289 his3Δ-200 ura3-52 leu2-3,112 [PSI+][RNQ+]

	10B-H49 (10B)
	MAT( ade2-1(UAA) SUQ5 lys1-1 his3-11,15 leu2-3,112 kar1-1[PSI+][RNQ+]

	Bsc783/4c (Bsc)
	MATa SUQ5 ade2-1(UAA) ura3-1 his3-11 his3-15 leu2-3 leu2-112 [PSI+][rnq- ]

	SL1010-1A (SL)
	MAT( ade1-14(UGA) his5-2 met8-1 ura3-52 leu2-1 trp1[PSI+][RNQ+]

	5V-H19 (5V)
	MATa (& MAT() SUQ5, ade2-1(UAA) can1-100 leu2-3,112 ura3-52 [PSI+][RNQ+]

	D1142-1A (D11)
	MATa cyc1-72 aro7-1 his4-166 leu2-1 lys2-187 met8-1 trp5-48 ura3-1

	W303-1A (W303)
	MATa can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1 (UAA) [RNQ+]


Set #1:  Strain derivatives with altered prion states
	Strain Created
	Initial Assayed Prion State
	Manipulation
	Resultant
Prion State
	Read-Through
	In Genetic Backgrounds

	[psi - ]
	[PSI+]1
	GdHCl-cured A
	[psi - ][rnq - ]2
	​(
	all except W303



	R(2-5
	[PSI+]1
	sup35R(2-5 B
	[psi - ][RNQ+]1
	(
	all except D11, W303

	sup35(NM
	[PSI+]1
	sup35C B
	[psi - ][RNQ+]1
	(
	all except D11, W303

	(hsp104
	[PSI+]1
	hsp104::HYG A
	[psi - ][rnq - ]
	(
	all



	(rnq1 [PSI+]
	[PSI+]1
	rnq1::KAN/HYG3
	[PSI+]
	+
	all (W303 N/A)

	(rnq1 [psi - ]
	[psi - ]2
	rnq1:: HYG
	[psi - ]
	(
	all




Set #2:  [psi -] strain derivatives with enhanced nonsense suppression
	Strain Created
	Initial Assayed Prion State
	Manipulation
	Resultant Prion State
	Read-Through
	In Genetic Backgrounds

	sup35-R8 [psi - ]

	[psi - ]2
	sup35-R8
	[psi - ][rnq - ]2
	+
	74D

	sup35C653R [psi - ]
	[psi - ]2
	sup35C653R
	[psi - ][rnq - ]2
	+
	5V

	sup35R320I [psi - ]

	[psi - ]2
	sup35R320I
	[psi - ][rnq - ]2
	+
	Bsc

	(upf1 [psi - ]4

	[psi - ]2
	upf1::HYG
	[psi - ][rnq - ]2
	+
	All except 74D, W303

	(ski7 [psi - ]4

	[psi - ]2
	ski7::HYG
	[psi - ][rnq - ]2
	+
	74D, 5V, Bsc


Set #3:  Strain derivatives with aggregates and efficient translation termination
	Strain 
Created
	Initial Assayed Prion State
	Manipulation
	Resultant Prion State
	Read-Through
	In Genetic
Backgrounds

	sup35C [PSI+]

	[PSI+]1
	URA3::pSup35C
	[PSI+][RNQ+]1
	(
	all except D11, W303

	sup35Q15R [PSI+]

	[PSI+]1
	LEU2::pSup35Q15R
	[PSI+][RNQ+]1
	(
	all except D11, W303

	sup35S17R [PSI+]

	[PSI+]1
	LEU2::pSup35S17R
	[PSI+][RNQ+]1
	(
	all except D11, W303

	(NM/NMG
	[PSI+]1
	(NM URA3::pNMG
	[psi - ][RNQ+]1
	(
	74D, 5V, Bsc


1 [RNQ+] except for Bsc [rnq  - ]; W303 always [psi - ]

2 [rnq  - ] except for 74D [RNQ+]

3 KO with Kanamycin (KAN) in Bsc, SL, 5V; KO with Hygromycin B (HYG) in 74D, 10B, D11

4 SUP35-independent changes in nonsense suppression via alterations in nonsense mediated decay   
((upf1 [psi - ]) and nonstop decay ((ski7 [psi - ])

A Different manipulations were performed for curing because the effectiveness of these methods has not been directly compared on many prions.
B Smaller deletions (R(2-5) of the N-terminal domain may be less disruptive to termination activity, but a complete loss of the region ((NM) provides a better control for the re-introduction of NM-containing aggregates in the (NM/pNMG (pNMG is the plasmid for NM-GFP expression) strain derivatives.

Supplementary Table 2.  Read-through in derivatives of strain 5V-H19

	Strain Name
	% RT UAA
	%RT UAG
	%RT UGA

	[PSI+]
	      16
	      4.5
	      1.7

	[psi-]
	      3.6
	      0.4
	      0.1

	ΔNM
	      2.9
	      0.3

	      0.1

	[psi-] Δupf1
	      13
	      6.5
	      1.7

	[psi-] sup35C653R
	      17
	      2.9
	      0.6

	[PSI+] sup35Q15R
	      3.0
	      0.3
	      0.1


· %RT: percent read-through as compared to a standard of the same strain. 

· Numbers are averages of two independent cultures on the same day.  

· The trends were the same from different days, but the absolute numbers varied.

Supplementary Table 3.  Segregation of read-through dependent phenotypes is multigenic.

	Parent a
	Parent  ( 

	           Phenotype1
                    Tested
	Phenotype
in Diploid2
	 Total #
Tetrads
	              Segregation Pattern1
             (# of Tetrads)

	D11[PSI+]
	5V[PSI+]
	Paraquat: 5V[PSI+]R
	        R
	   16
	1R:3S (2); 1R:1I:2S (9); 1R:2I:1S (3); 2R:2S (2); [F]

	Bsc[PSI+]   
	5V[PSI+]
	Caffeine: 5V[PSI+] R
	        U
	   12
	1R:3S (8); 1R:1I:2S (2);2R:2S (2); [F]

	W303[psi -]
	5V[PSI+]
	Caffeine: 5V[PSI+] R
	        R
	    7
	3R:1S (1); 1R:1I:2S (3); 2R:2S (3); [F]

	W303[psi -]
	74D[PSI+]
	Caffeine: 74D[PSI+] R
	        R
	    6
	 2R:2S (4); 1R:3S (2); (F)

	Bsc[PSI+]
	74D[PSI+]
	Caffeine: 74D[PSI+]R
	        R
	    9
	2R:2S (4); 1R:3S (3); 1R:1I:2S (2); [NT]

	Bsc[PSI+]

	5V[PSI+]
	CsCl: Bsc[PSI+] R
	        U
	   14
	1R/I:3S (8); 1R:1I:2S (4); 2R/I:2S (2); [N]

	Bsc[PSI+]

	5V[PSI+]
	Hydroxyurea: 5V[PSI+] S
	        R
	   13
	1S:3R (7); 1S:1I:2R (2); 2S:2R/I (4); [F]

	Bsc[PSI+]   
	5V[PSI+]
	Paromomycin: 5V[PSI+]S
	        R
	   12
	1S:3R (8); 1S:1I:2R (3);0S:4S (1); [F]


1R=Resistant; S=Sensitive; I=Intermediate; 

1[F]=Fixation Observed in several cured progeny; [NT]=Not Tested for Fixation; [N]=No Fixation Observed

2R=Recessive; U=Underdominant

Supplementary Table 4.  Read-through in outcrossed progeny fixed for caffeine resistance

	Strain Name
	   %RT UAA*
	  %RT UAG*
	  %RT UGA*

	
	[PSI +]  
	[psi - ]
	[PSI +]  
	[psi - ]
	[PSI +]  
	[psi - ]

	74-D694
	  1.6
	  0.2
	  3.5
	  0.3
	  3.0
	  0.2

	W303
	  N/A
	  0.1
	  N/A
	  0.1
	  N/A
	  0.1

	Spore1
	  0.5
	  0.1
	  1.2
	  0.1
	  0.8
	  0.1

	Spore2
	  0.5
	  0.1
	  1.3
	  0.1
	  1.2
	  0.1

	Spore3
	  0.4
	  0.1
	  1.4
	  0.2
	  1.2
	  0.1


* %RT: percent read-through as compared to a standard of the same strain 

