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Four null distributions were generated for dps-mir-317. As described in Methods, constrained alternatives are simulated de-
scendants of the inferred ancestor of dps-mir-317 that have the same structure as dps-mir-317. Unconstrained alternatives are
simulated descendants with any structure. Inverse folded are random sequences that fold into the same structure following the
method of Széllosi and Derényi (2009). Random sequences have the same length as dps-mir-317 and residues drawn with equal
frequencies.
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A version of Fig. 3 showing the outlying points and the regions shown in Fig. 3.



Figure S3

Test of the “inverted” selection hypothesis (see Results). We constructed a new null distribution of descendant pre-miRNA se-
quences. We took the structure-unconstrained set (Fig. 5) and removed the sequences with robustness lower than the median
robustness (left panels r,,; right panels r.). These null distributions, containing ~500 sequences each, simulate strong directional
selection for robustness in the absence of selection for structure. We find that such selection for mutational robustness would
cause an overall increase in robustness (A), which we did not observe in our real dataset (Fig. 3). Additionally, such selection

CDF

0.5

CDF
05

Mutational

Environmental .

Robustness Quantile

Mutational

Environment,

1

0

Distance Quantile

would still be insufficient to account for the lack of change in structure shown in Fig. 5B (B).

Figure S4

Mutational and environmental are skewed and correlated. (A) Distributions of mutational and environmental robustness for 221
natural pre-miRNAs. (B) Pairwise comparisons of mutational and environmental robustness of these sequences. (Spearman’s
rank correlation, p = 0.729).
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Table S1: Results of Constrained Simulations

As described in Methods, we downloaded micro-RNA sequences from Drosophila species and estimated their ancestral se-
quences. For branches that had at least 1 substitution and no indels, we measured the mutational and environmental robustness of
its ancestor and descendant and calculated the quantile of each descendant robustness with respect to a null distribution created
by “replaying the tape” of evolution from its ancestor.

Sub: number of substitutions between ancestor and descendant; ‘—" means that the branch contained indels. Samp: Number
of samples in constrained null distribution. Uniq: Number of unique values of this robustness. Anc: Ancestral robustness Desc:
Descendant robustness Quant: Quantile of descendant robustness with respect to constrained null.
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0.997022

0.996235

0.996664
0.996274

0.999165

0.997914

0.998929

0.995905
0.99686

0.584

0.473

0.832
0.337

0.849

0.213
0.006

0.650

0.685
0.868

0.990

0.716

0.465

0.411
0.417

79

61

119
49

762

66
74

10

27
950

881

96

63

0.997084

0.999233

0.997109
0.998176

0.99817

0.999124
0.99913

0.993814

0.99381
0.994591

0.997487

0.996057

0.998622

0.995986
0.991051

0.997074

0.999228

0.998113
0.998141

0.998581

0.999125
0.998986

0.991281

0.993667
0.993694

0.998787

0.995134

0.998922

0.996127
0.994287

0.488

0.610

0.960
0.404

0.830

0.610
0.138

0.600

0.648
0.722

0.959

0.165

0.986

0.694
0.500



Mutational Robustness Environmental Robustness
micro-RNA Sub  Samp | Uniq Anc Desc Quant | Uniq Anc Desc Quant

mir-92b-dmo
mir-92b-dpe
mir-92b-dps
mir-92b-dse
mir-92b-dsi
mir-92b-dvi
mir-92b-dwi
mir-92b-dya
mir-100-dan
mir-100-der
mir-100-dgr
mir-100-dme
mir-100-dmo
mir-100-dps
mir-100-dse
mir-100-dsi
mir-100-dvi
mir-100-dwi
mir-100-dya
mir-124-dan
mir-124-der
mir-124-dgr
mir-124-dme
mir-124-dmo
mir-124-dpe
mir-124-dps
mir-124-dse
mir-124-dsi
mir-124-dvi
mir-124-dwi
mir-124-dya
mir-125-dan
mir-125-der
mir-125-dme
mir-125-dmo
mir-125-dps
mir-125-dse
mir-125-dsi
mir-125-dvi
mir-125-dwi
mir-125-dya
mir-133-dan
mir-133-der
mir-133-dgr
mir-133-dme
mir-133-dmo
mir-133-dpe
mir-133-dps
mir-133-dse
mir-133-dsi
mir-133-dvi
mir-133-dwi
mir-133-dya
mir-184-dan
mir-184-der

o

2 2 0.995909 0.996536 0.250 2 0.995975 0.995154 0.000
0 0 0.995246 0.996559 — 0 0.997078 0.993696 —

76 69 0.997432 0.997302 0.375 72 0.998462 0.998473 0.717

2 2 0.986035 0.993409 0.250 2 0.992355 0.993557 0.500
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2473 | 1678 0.996496 0.995172 0.247 | 1771 0.996234 0.993128 0.128

A O OO |

1000 | 941 0.996354 0.99313 0.237 | 918 0.996222 0.989908 0.096
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micro-RNA

Sub

Samp

Uniq

Mutational Robustness

Anc

Desc

Quant

Uniq

Environmental Robustness

Anc

Desc

Quant

mir-184-dgr
mir-184-dme
mir-184-dmo
mir-184-dpe
mir-184-dps
mir-184-dse
mir-184-dsi
mir-184-dvi
mir-184-dwi
mir-184-dya
mir-210-dan
mir-210-der
mir-210-dgr
mir-210-dme
mir-210-dmo
mir-210-dpe
mir-210-dps
mir-210-dse
mir-210-dsi
mir-210-dvi
mir-210-dwi
mir-210-dya
mir-219-dan
mir-219-der
mir-219-dgr
mir-219-dme
mir-219-dmo
mir-219-dpe
mir-219-dps
mir-219-dse
mir-219-dsi
mir-219-dvi
mir-219-dwi
mir-219-dya
mir-263a-dan
mir-263a-der
mir-263a-dgr
mir-263a-dme
mir-263a-dmo
mir-263a-dpe
mir-263a-dps
mir-263a-dse
mir-263a-dsi
mir-263a-dvi
mir-263a-dwi
mir-263a-dya
mir-263b-dan
mir-263b-der
mir-263b-dgr
mir-263b-dme
mir-263b-dpe
mir-263b-dps
mir-263b-dse
mir-263b-dsi
mir-263b-dvi
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222

74
74

72

»

71

86

71

384

75
4

193

72
69

62

63

63

72

63

261

0.994969

0.994993

0.558

0.994323 0.996945 0.125

0.996383

0.994133
0.993343

0.997663
0.996158
0.997931
0.997731

0.997247

0.997247

0.997732

0.997247

0.998434

0.998475

0.996535

0.996324
0.99657

0.998076
0.996164
0.997908
0.997247

0.997222

0.997247

0.997919

0.997247

0.998688

0.998236

11

0.052

0.899
0.912

0.951
0.833
0.875
0.500

0.444

0.542

0.855

0.542

0.970

0.100

76

190

73
72

72

66

84

66

318

0.994924
0.998456

0.995623

0.995357
0.995041

0.991794
0.992952
0.994261
0.995038

0.992668

0.99267

0.994509

0.992659

0.998307

0.996206

0.994756
0.9936

0.997559

0.99511
0.995098

0.992426
0.992955
0.99372
0.994447

0.992606

0.992658

0.995398

0.992676

0.998728

0.994773

0.423
0.250

0.180

0.311
0.595

0.708
0.333
0.750
0.000

0.324

0.408

0.826

0.549

0.917

0.200



micro-RNA

Sub

Samp

Uniq

Mutational Robustness
Anc Desc

Quant

Uniq

Environmental Robustness

Anc

Desc

Quant

mir-263b-dwi
mir-274-dan
mir-274-der
mir-274-dgr
mir-274-dme
mir-274-dmo
mir-274-dpe
mir-274-dps
mir-274-dse
mir-274-dvi
mir-274-dwi
mir-274-dya
mir-275-dan
mir-275-der
mir-275-dgr
mir-275-dme
mir-275-dmo
mir-275-dpe
mir-275-dps
mir-275-dse
mir-275-dsi
mir-275-dvi
mir-275-dwi
mir-275-dya
mir-276a-dan
mir-276a-der
mir-276a-dgr
mir-276a-dme
mir-276a-dmo
mir-276a-dpe
mir-276a-dps
mir-276a-dse
mir-276a-dsi
mir-276a-dvi
mir-276a-dwi
mir-276a-dya
mir-276b-dan
mir-276b-der
mir-276b-dgr
mir-276b-dme
mir-276b-dmo
mir-276b-dpe
mir-276b-dps
mir-276b-dse
mir-276b-dsi
mir-276b-dvi
mir-276b-dwi
mir-276b-dya
mir-277-dan
mir-277-der
mir-277-dgr
mir-277-dme
mir-277-dmo
mir-277-dpe
mir-277-dps
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98
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57

415

919

75

79

573

68

72

80

79

79
1026

0.999082 0.999048

0.998025 0.992638

0.998994 0.999458

0.996477 0.996384

0.996477 0.996779

0.999298 0.998698

0.996477 0.995685

0.999274 0.999274

0.99883  0.998654

0.99883  0.998832

0.998746  0.998746

0.998617 0.998913

0.998402 0.998252

0.998402 0.998269
0.999271 0.999376

12

0.313

0.059

0.902

0.499

0.599

0.167

0.590

0.663

0.505

0.605

0.489

0.883

0.281

0.301
0.904

56

69

53

417

916

77

73

707

70

75

80

90

87
1202

0.99918

0.996582

0.999128

0.998087

0.998081

0.99951

0.998087

0.999647

0.999025

0.999024

0.99881

0.999367

0.999397

0.999397
0.999528

0.999121

0.994549

0.999145

0.998199

0.998993

0.998306

0.997866

0.999647

0.998045

0.999126

0.998805

0.999385

0.999286

0.99934
0.99954

0.207

0.145

0.833

0.651

0.943

0.167

0.578

0.600

0.293

0.785

0.466

0.755

0.286

0.337
0.743



micro-RNA

Sub

Samp

Uniq

Mutational Robustness

Anc

Desc

Quant

Uniq

Environmental Robustness

Anc

Desc

Quant

mir-277-dse
mir-277-dsi
mir-277-dvi
mir-277-dwi
mir-277-dya
mir-278-dan
mir-278-der
mir-278-dgr
mir-278-dme
mir-278-dmo
mir-278-dpe
mir-278-dps
mir-278-dse
mir-278-dsi
mir-278-dvi
mir-278-dwi
mir-278-dya
mir-279-dan
mir-279-der
mir-279-dgr
mir-279-dme
mir-279-dmo
mir-279-dpe
mir-279-dps
mir-279-dse
mir-279-dsi
mir-279-dvi
mir-279-dwi
mir-279-dya
mir-280-dan
mir-280-der
mir-280-dgr
mir-280-dme
mir-280-dmo
mir-280-dpe
mir-280-dps
mir-280-dse
mir-280-dvi
mir-280-dwi
mir-280-dya
mir-281-1-dan
mir-281-1-der
mir-281-1-dgr
mir-281-1-dme
mir-281-1-dmo
mir-281-1-dpe
mir-281-1-dps
mir-281-1-dse
mir-281-1-dvi
mir-281-1-dwi
mir-281-1-dya
mir-281-2-dan
mir-281-2-der
mir-281-2-dgr
mir-281-2-dme

O Wo~O

- w o |

| O]l Oh~h 2000 |

D= | =2 N oo | N

o

O =2 O —=-NMNOMNMNOCOON—= =<0 |

1000

1000

1000
89

76
1000

2957
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10
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678

565

387
78

69
775

1550

70

72
1330

11
791
1352
10

69

0.999055

0.999263

0.997247
0.99713

0.997155
0.997802

0.996784

0.994942

0.992234

0.993286
0.994258

0.998413
0.9992
0.998619

0.998619
0.998468
0.9992
0.995786

0.998487

0.995998

0.99929

0.997201
0.997478

0.99579
0.997926

0.997223

0.99617

0.993103

0.986859
0.997058

0.997959
0.999185
0.998558

0.997987
0.998722
0.999138
0.996555

0.998579

13

0.020

0.832

0.821
0.921

0.086
0.391

0.900

0.728

0.750

0.071
0.812

0.500
0.581
0.632

0.591
0.769
0.608
0.550

0.801

803

705

788
89

74
861

2392

77

78
1684

11
901
1641
10

66

0.998425

0.998088

0.997139
0.994758

0.997097
0.996728

0.993873

0.988585

0.989894

0.986668
0.990724

0.996996
0.998313
0.99812

0.99812
0.996252
0.998312
0.994172

0.998849

0.996959

0.998309

0.996354
0.99479

0.997266
0.996888

0.996009

0.994806

0.99287

0.982474
0.996248

0.997081
0.998207
0.998171

0.996371
0.997747
0.997792
0.994633

0.998997

0.080

0.849

0.235
0.551

0.704
0.228

0.900

0.687

0.000

0.103
0.875

0.000
0.312
0.714

0.727
0.685
0.252
0.500

0.877



micro-RNA

Sub

Samp

Uniq

Mutational Robustness

Anc

Desc

Quant

Uniq

Anc

Desc

Environmental Robustness

Quant

mir-281-2-dmo
mir-281-2-dpe
mir-281-2-dps
mir-281-2-dse

mir-281-2-dvi
mir-281-2-dwi

mir-281-2-dya

mir-282-dan
mir-282-der
mir-282-dgr
mir-282-dme
mir-282-dmo
mir-282-dpe
mir-282-dps
mir-282-dse
mir-282-dsi
mir-282-dvi
mir-282-dwi
mir-282-dya
mir-283-dan
mir-283-der
mir-283-dgr
mir-283-dme
mir-283-dmo
mir-283-dpe
mir-283-dps
mir-283-dse
mir-283-dsi
mir-283-dvi
mir-283-dwi
mir-283-dya
mir-284-dan
mir-284-der
mir-284-dgr
mir-284-dme
mir-284-dmo
mir-284-dpe
mir-284-dps
mir-284-dse
mir-284-dsi
mir-284-dvi
mir-284-dwi
mir-284-dya
mir-285-dan
mir-285-der
mir-285-dgr
mir-285-dme
mir-285-dmo
mir-285-dps
mir-285-dse
mir-285-dsi
mir-285-dvi
mir-285-dwi
mir-285-dya
mir-286-dan
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1000

75

75

80

146
76
690

1000

206

1000
89

1000

100

19

789

61

61

68

132
63
672

618

159

819
70

727

75

0.998487

0.997388

0.998846

0.998597

0.998597

0.99902

0.978105
0.991134
0.978105

0.978105

0.998715

0.998518

0.998633
0.998472

0.998311

0.998715

0.998049

0.998122

0.999258

0.998834

0.998496

0.998261

0.96369
0.993837
0.958677

0.972221

0.99842

0.998649

0.997138
0.998014

0.998071

0.998724

14

0.500

0.914

0.800

0.913

0.293

0.019

0.469
0.941
0.022

0.250

0.818

0.488

0.141
0.051

0.278

0.685

19

843

71

71

73

143
74
667

823

191

929
83

858

95

0.998852

0.993896

0.99812

0.997349

0.997346

0.997994

0.983019
0.983973
0.982991

0.983015

0.996955

0.996263

0.998417
0.99619

0.9968

0.99696

0.995247

0.994452

0.999142

0.998337

0.99626

0.996758

0.968075
0.989077
0.968311

0.969783

0.996489

0.998091

0.993222
0.995636

0.995816

0.997354

0.211

0.552

0.200

0.933

0.067

0.087

0.219
0.934
0.016

0.250

0.713

0.631

0.107
0.169

0.372

0.820



micro-RNA

Sub

Samp

Uniq

Mutational Robustness

Anc

Desc

Quant

Uniq

Environmental Robustness

Anc

Desc

Quant

mir-286-der
mir-286-dme
mir-286-dmo
mir-286-dpe
mir-286-dps
mir-286-dse
mir-286-dsi
mir-286-dvi
mir-286-dwi
mir-286-dya
mir-287-dan
mir-287-der
mir-287-dme
mir-287-dmo
mir-287-dpe
mir-287-dps
mir-287-dse
mir-287-dsi
mir-287-dvi
mir-287-dwi
mir-287-dya
mir-288-dan
mir-288-der
mir-288-dgr
mir-288-dme
mir-288-dmo
mir-288-dpe
mir-288-dps
mir-288-dse
mir-288-dsi
mir-288-dvi
mir-288-dwi
mir-288-dya
mir-289-dan
mir-289-der
mir-289-dme
mir-289-dpe
mir-289-dps
mir-289-dse
mir-289-dsi
mir-289-dya
mir-304-dan
mir-304-der
mir-304-dgr
mir-304-dme
mir-304-dmo
mir-304-dps
mir-304-dse
mir-304-dsi
mir-304-dvi
mir-304-dwi
mir-304-dya
mir-305-dan
mir-305-der
mir-305-dgr
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1000

77
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10

74
65
2139
1000

N

53
47

931

76

645

2884

11

10

70
61
1697
945

)\

51
46

0.991552

0.99518

0.991552

0.911064

0.936672

0.93708

0.921466

0.995442

0.977506

0.994721
0.995074

0.994721
0.995973

0.996514
0.996823
0.996513
0.995973

0.996513

0.990366

0.996724
0.99564

0.98807

0.997731

0.9868

0.925945

0.961715

0.917895

0.899049

0.99507

0.904057

0.995221
0.988699

0.981842
0.982074

0.997129
0.996396
0.996814
0.995547

0.997689
0.995368

0.996315
0.990908

15

0.500

0.674

0.058

0.434

0.250

0.157

0.409

0.950

0.833
0.500

0.875
0.074

0.885
0.177
0.798
0.506

0.750

0.462
0.330

954

76

639

2863

11

10

73
63
1737
917

N

52
47

0.990662

0.992827

0.990662

0.968225

0.961749

0.986905

0.957292

0.996643

0.991792

0.99791
0.997846

0.997906
0.995568

0.995565
0.998165
0.995772
0.995569

0.995771

0.995493

0.996504
0.992683

0.981107

0.993928

0.98337

0.977545

0.965901

0.950597

0.942928

0.997159

0.948236

0.996921
0.982899

0.991199
0.994567

0.994552
0.997298
0.996158
0.997884

0.9971

0.995763

0.995141
0.993501

1.000

0.527

0.026

0.258

0.000

0.182

1.000

0.900

0.667
0.500

1.000
0.377

0.635
0.200
0.703
0.884

0.500

0.264
0.809



micro-RNA

Sub

Samp

Uniq

Mutational Robustness
Anc Desc

Quant

Uniq

Environmental Robustness

Anc

Desc

Quant

mir-305-dme
mir-305-dmo
mir-305-dpe
mir-305-dps
mir-305-dse
mir-305-dsi
mir-305-dvi
mir-305-dwi
mir-305-dya
mir-306-dan
mir-306-der
mir-306-dgr
mir-306-dme
mir-306-dmo
mir-306-dpe
mir-306-dps
mir-306-dse
mir-306-dvi
mir-306-dya
mir-307-dan
mir-307-der
mir-307-dgr
mir-307-dme
mir-307-dmo
mir-307-dpe
mir-307-dps
mir-307-dse
mir-307-dsi
mir-307-dvi
mir-307-dwi
mir-307-dya
mir-308-dan
mir-308-der
mir-308-dgr
mir-308-dme
mir-308-dmo
mir-308-dpe
mir-308-dps
mir-308-dse
mir-308-dsi
mir-308-dvi
mir-308-dwi
mir-308-dya
mir-309-dan
mir-309-der
mir-309-dme
mir-309-dmo
mir-309-dpe
mir-309-dps
mir-309-dse
mir-309-dsi
mir-309-dvi
mir-309-dwi
mir-309-dya
mir-314-dan
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1000
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85
715
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0.996805 0.995346

0.996805 0.996622

0.998181 0.998441

0.999224
0.998008

0.998948
0.998929

0.9971 0.997866

0.9971 0.995809

0.993205

0.992048

0.993205
0.995847

0.995202
0.996344

0.995847
0.994849
0.993205

0.993445
0.995887
0.995177

0.997246 0.997527

0.981819 0.974911
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0.208

0.500

0.237
0.250

0.500

0.417

0.250

0.562
0.926

0.105
0.643
0.875

0.837

0.500

798
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