Supplementary Information for Nature article by L enski,
Ofria, Pennock & Adami on " The Evolutionary Origin of
Complex Features' (2003)

The first three sections below provide some background information on Avida and the logic
functions that digital organisms perform. The fourth section provides some additional data
on phenotypic and genomic evolution aong the line of descent in the case-study population,
up to the time of origin of the EQU function.

The Avida program and configuration files used in our experiments can be obtained free at
myxo.css.msu.edu/paper nature2003/. One can aso view more background information
about Avidaaswell as additional datafrom our experiments.

|. Avidainstruction set

Each position in the genome sequence of adigital organism is one of 26 possible instructions.
The table below shows the aphabetical code for each instruction, its mnemonic, and a brief
description of its function.

(a) nop-A
(b) nop-B
(c) nop-C
(d) if-n-equ
(e) if-less
(f) pop

(g) push

(h) swap- stk
(i) swap

() shift-r
(k) shift-I
(I) i nc

(m) dec

(n) add

(o) sub

(p) nand
(@10

(r) h-alloc
(s) h- di vi de
(t) h-copy
(u) h- search
(V) nov- head
(w) j mp- head

No-operation instruction; modifies other instructions
No-operation instruction; modifies other instructions
No-operation instruction; modifies other instructions

Test if two registers contain equal values

Test if one register contains alesser value than another
Remove a number from a stack and place it in aregister
Copy the value of aregister onto the top of a stack

Toggle the active stack

Swap the contents of two specified registers

Shift al the bits on aregister one to the right

Shift al the bits on aregister one to the left

Increment aregister

Decrement aregister

Cadculate the sum of the values in two registers

Cadlculate the difference between the values in two registers
Perform a bitwise NAND on the valuesin two registers
Output the value in aregister and replace with a new input
Allocate memory for an offspring

Divide off an offspring contained in memory (specified by heads)
Make a copy of asingle instruction in memory (specified by heads)
Find a pattern of nop-instruction in the genome

Move a head to point to the same position as the flow-head
Move a head by afixed amount stored in aregister



(x) get-head  Writethe position of a specified head into a register
(y) if-label  Testif aspecified pattern of nops has recently been copied
(2) set-flow Movetheflow-head to a specified position in memory

II. One- and two-input logic operations

There are two distinct one-input logic operations and eight distinct two-input operations. The
tables below show the output obtained by performing these operations on each possible bit-
wise input. The bottom rows indicate the minimum number of nand computations required to
perform each operation, proven through exhaustive search. To receive the reward for doing a
particular logic function, adigital organism must return the correct values for an entire series
of 32 bit-wise problems, including multiple examples of each possible combination of inputs.

1- 2-
Input Output Input Output
A ECHO NOT A B NAND AND OR_N* OR AND_N* NOR XOR EQU
0 0 1 00 1 0 1 0 0 1 0 1
1 1 0 0 1 1 0 0 1 0 0 1 0
10 1 0 1 1 1 0 1 0
# 0 1 1 1 0 1 1 1 0 0 0 1
nand
#
1 2 2 3 3 4 4 5
nand

* The order of the two inputsis arbitrary. Thus, the rewards for performing OR_N and
AND N aretriggered by the reciprocal operations, in which A and B are reversed.

[11. Shortest hand-written EQU program

The following hand-written program appears to be the shortest one using the set of available
instructions that performs the EQU function, and that does not depend on theinitial content
of stacks and registers (whoseinitial contents are represented by '? below). However, it has
not been proven that thisis the shortest program. Also, this program does not encode self-
replication, but only performs the EQU function.

| EQU

'# | Int | AX | BX | CX | Stack | Output
(1 10 P X [? ? [?

(2] 10 P X Y 2 [?




|4 | push ? X Y X.? |
5| nand |? XnandY Y X, ? |
|6 \ swap \? \Y \X nand Y |X,? \
|7 | nand |? Xor~Y  XnadY |X,? |
8 | swap Xor~y |2 XnandY  [X,? |
|9 | nop-A |

|10\ pop \X or~Y \X \X nand Y |‘? \

11| nand Xor~Y  |[Yor~X  XnandY |? |
12| swap XnandY |Yor~X  Xor~Y  |? |
| 13 \ nop-C \

14| nand XnandY [XxorY  |[Xor~Y  [? |
15| push XnandY [XxorY  Xor~Y  [XxorY,? |
116 | pop XnandY [XxorY X xor Y ? |

| 17 \ nop-C \
(18| nand XnandY [XequY  XxorY |2 |
19 10 XnandY |z XxorY |2 X equY

V. Phenotypic and genomic evolution along the line of
descent in the case-study population through the origin of
the EQU function at step 111

The entire line of descent is available at myxo.css.msu.edu/paper natur e2003/ along with
functional-genomic arrays for al 345 genotypesin the line of descent.

Legend: PD = phylogenetic depth. Born = update when genotype first appeared. Functions 0
and 1 denote inability or ability, respectively, to perform nine logic functions: NOT, NAND,
AND, OR_N, OR, AND_N, NOR, XOR, and EQU. Fit = fitness relative to immediate parent
calculated as product of replication efficiency and computational merit; gains are shown in
bold, lossesin italics. Mutations are highlighted in bold in the genome sequences, as are
changes in functions performed.

PD Born Functions Fit Genome Sequence

0 0 0000O0O0O0OO0O — rucavcecececececeececececeececcececceccececceccececcceceecccceutycasvab
1 32 0000O0O0O0O0 O 1.00 rucavcccececececececececececececececcccccccccceccheecececccutycasvab
2 93 0000O0O0O0O0O0 101 rucavcceceecccececcccecccececcccececepecccheeccccut ycasvab
3 143 000000 OO0 0O 1.36 rucavccececececcececececcecececececccccccecep_cccheececececcutycastvab
4 225 00000000 0 101 rucavccceceececccececcccecececcecccecepencheececeecutycastvab
5 284 0 00 0O0O0O0O0 O 101 rucavcczcececececcececececcececcecceeccccepencheececeqeut ycastvab
6 352 000O00O0O0O0 O 1.00 rucavcczcecececcccececececececececececececceccgenchecececeqeut ycastvab
7 361 0 00O0O0O0OOO 100 rucavcozccccecececcecececececcecececececcececgenchecececeqeut ycastvab
8 379 00 000O0O0O O 101 rucavcozcccececececcececececececcecececexcecgenchecececeqeut ycastvab
9 411 0 0 0 0 0 0 0 0 0 1.00 rucavcozccccececccccccecececccacxcecqenchececccqeutycastvab
10 567 0 0 0 0O0O0O0OOO0 100 rucavcozccccecececccccececececccacxecgenchecceceqeut ycastvab
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rucavcozccccccccccecccccccamxecqenchccecqceut ycast vab
rucavcozcccsceccccccceccecccamkecqencheccecqceut ycast vab
rucavcozcccsci cccccceccecccanmxecqencheccecqceut ycast vab
rucavcozcccsci ccccccceccccanxel gecncheccececqeut ycast vab
rucavcozj ccsci cccccccccccanxel gecnchececececqeut ycast vab
rucavcozj ccsci cccccccccccanxel gecnghcceccqcut ycast vab
rucavcozj ccsci cccccccccccanxel gcnghcepecqgcut ycast vab

rucavcot zj ccsc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ci sc
rucavcot zj ai sc
rucavcot zj ai sc
rucavcot zsai sc
rucavcot zsai sc
rucavcot zsaj sc
rucavcot dsaj sc
rucavcot dgaj sc
rucavcot dgaj sc
rucavcot dgagsc
rucavcot dgagsc
rucavcot dgagsc

ccccccececcccanxel gecnghcecpeqeut ycast vab
ccccececcccccanxel gecnghcepeqceut ycast vab
cccccccccccanxel gecnghpepecqeut ycast vab
cccneccccckcangel gcnghpepecqgcut ycast vab
ccenccccckcangel gcpghpepeqcut ycast vab
ccdnccccckcangel gcpghpepeqceut ycast vab
ccdnceccckcangel gcpghpcpecqcut ycast vab
ccdnceccckcanmgel gcpghpcpecqcut ycasttvab
ccdnceccckr angel gcpghpepcqcut ycastt vab
ccdnceccckr angel gcpghpecpcqcut ycastt vab
ccdncecccyr angel gqcpghpecpeqeut ycast t vab
ccdncecccyrangel gcpghpcpcqgcut ycasttvab
ccdncei ccyrangel gcpghpcpcqgcut ycasttvab
ccdncei ccyrangel gcpghpcpecqcut ycasttvab
ccdncei ccyrangel gcpghpcpecqcut ycasttvab
ccdncei ccyrangel gcpghpcpcqgcut ycasttvab
ccdncoi ccyrangel gcpghpcpecgcut ycasttvab
ccdncoi ccyrangel gcpghpcpcqgcut ycasttvab
ccdncosccyr angel qcpghpepeqeut ycast t vab
ccdncosccyr anget gcpghpepcqcut ycast t vab

rucavcot dgagsqci ccdncosccyr anget qcpghpcpcqcut ycast t vab
rucavci t dgagsqgci ccdncosccyr anget gcpghpecpcqcut ycast t vab
rucavci t dgagsqgcpccdncosccyr anget gcpghpepcqcut ycast t vab
rucavci t dqagsqcpccdncosccypanget gcpghpcpecqcut ycast t vab
rucavci t dgagsqcpcl dncosccypanget qcpghpcpcqgcut ycasttvab
rucavcot dgagsqcpcl dncosccypanget qcpghpcpcqcut ycasttvab
rucavcot dqgagsqgcpcl dncosccypanget gcpghpcpcqcut ycastttvab
rucavcot dgagsqgcpcl dncosccypangrt gcpghpcpcqcut ycastttvab
rucavcot dgagsqcpcl dncosccdpangrt qcpghpcpcqcut ycastttvab
ruzavcot dgagsqcpcl dncosccdpangrt gcpghpcpcqcut ycastttvab
ruzavcot dgagsqcpcl dncosccdpangrt qcpghpgpcqcut ycastttvab
ruzavcot cqagsqgcpcl dncosccdpangrt gcpghpgpcqcut ycastttvab
ruzavcoti gagsqcpcl dncosccdpangrt qcpghpgpcqcut ycastttvab
ruzavcoti zagsqcpcl dncosccdpangrt gcpghpgpcqcut ycastttvab
ruzavcoti zagsqcpcl dncosccdpanmbt gcpghpgpcqgcut ycast ttvab
rj zavcoti zagsqcpcl dncosccdpangbt gcpghpgpcqcut ycastttvab

rjzavcotti zagsqgcpcl dncosccdpangbt gcpghpgpcqcut ycastttvab
rnzavcot ti zagsqcpcl dncosccdpangbt gcpghpgpcqcut ycastttvab
rnzavcot ti zagpgcpcl dncosccdpangbt gcpghpgpcqcut ycastttvab
rnzavcot ti zagpgcpcl dncoszcdpangbt gcpghpgpcqcut ycastttvab
rnzavcotti zagpgcpcl dncoszcdpanggt gcpghpgpcqcut ycastttvab
rnmeavcotti zpgpqcpcl dncoszcdpanggt qcpghpgpcqcut ycast tt vab
rneavcot hti zpgpqcpcl dncoszcdpanggt gcpg_pgpcqcut ycastttvab
rnzavcot hoi gpgpqcpcl dncoszt dpanggt qcpgpgpcqcut ycast tt vab
rnzavcot hhi gpgpgcpcel dncoszt dpanggt qcpgpgpcqcut ycastttvab
rnzavcot hhi gpgpqcpcl dncoszt dpanggt qcpgpsgpcqcut ycastttvab
rmzavcot hhi gpgpgcpcl t ncoszt dpanggt qcpgpsgpcqcut ycastttvab
rnzavcot ehi gpgpqcpcl t ncoszt dpanggt qcpgpdgpcqcut ycastttvab
rnzavcot ehi gpgpgcpcl t ncor zt dpanggt gcpgpdgpcqcut ycast tt vab
rnzavcot ehi gpgpgcpct | t ncor zt dpanggt gcpgpdgpcqcut ycast tt vab
rnzavcot ehi gpt qpgcpcet | t ncor zt dpanggt gcpgpdgpcqcut ycastttvab
rnzavcot ebi gpt gpgcpct | t ncor zt dpamgt gecpgpdgpcqcut ycastttvab
rnzavcyt ebi gpt gpgcpct | t ncor zt dpangbt gcpgpdgpcqcut ycastttvab
rnzavcyt ebi gpt gpgcpcet | t ncor ct dpangbt gcpgpdgpcqcut ycastttvab
rnmezavcyt ebi gpt qpgcpcet | t ncor ct dpangzt gcpgpdgpcqcut ycastttvab
rnezavceyt nbi gpt qpgecpct | t ncor ct dpangzt gcpgpdgpcqgcut ycastttvab
rnzavczt nbi gpt gpgcpcet |t ncor ct dpangzt gcpgpdgpcqcut ycastttvab
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rnzavczt nbi gpt gpgcpcet |t ncor ct dpangst gcpgpdgpcqcut ycastttvab
rnezavczt nbi gpt qpgecpcet | t ncor ct dpangdt gcpgpdgpcqcut ycastttvab
rnezavczt nbi gpt qpgcpcet | t ncor ct dpangdt gcpgpdbpcqcut ycastttvab
rnezavczt nbi gpt gpgcpcet |t ncor ct dpangdt gcpgpcbpcqcut ycastttvab
rnzavczt wbi gpt gpgcpcet |t ncor ct dpangdt gcpgpcbpcqcut ycastttvab
rnmezavczt wbi gpt gpgepcet | t ncoget dpangdt gcpgpcbpcqgcut ycastttvab
rnmezavczt wbi gpt gpgecpct | t ncogct bpangdt gcpgpcbpecqgcut ycastttvab
rnmezavczt whi gpt gpgcpcet | t ncogect bnangdt gcpgpcbpecqcut ycastttvab
rnzavczt wbi gpt gpgcpcet | t ncoget bnangdt gcpgpi bpcqcut ycastttvab
rnmezavczt whi gpt qpgepcet | t ncoget bnangdt gcpgpi bpcgcut ycastt_vab
rnezavczt whi gpt gpqcpcet | t ncoget bnanmgdt qcpgpi f pcqcut ycast t vab
rnzavczt wbi gpt gpgcpcet | t ncoget bnanmgdt gecpqpi f pgqcut ycast t vab
rnzavczt wbi gpt gpgcpcet | t ncoget bnanmgdt gepepi f pggcut ycastt vab
rnzavczt wbi gpt gpgcpcet | t ncoget bnangdt gecpepi f pgqcut ycastttvab
rneavczt gbi gpt gpgcepcet | t ncoget bnangdt gepepi f pgqcut ycastttvab
rnezavcj t gbi gpt gpgcpcet |t ncoget bnamgdt gepepi f pggcut ycastttvab
rnezavcj t gbi gpt gpgcpcet |t ncoget bnangdt gepepi f pgt gcut ycastttvab
rnezavcj t gbi gpt gpgcpcet |t ncoget bnamgdt gept epi f pgt gcut ycastttvab
rnmeavcj t gbi gpt qpgcpct | t ncoget bnangdt gepti pi f pgt gcut ycastttvab
rneavcj t gbi gpt gqpgcpct | t ncoget bnanmgdt qepti pi f pg_gcut ycastttvab
rneavcj t gci gpt gpgecpcet | t ncoget bnanmgdt qept i pi f pggcut ycastttvab
rnezavcj tdci gpt gpgepcet |t ncoget bnamgdt gept i pqgf pggcut ycastttvab
rnmeavcjtzci gpt gpgepcet | t ncoget bnanmgdt qept i pgf pggcut ycastttvab
rneavcat zci gpt gpqcpcet | t ncogct bnanmgdt qept i pgf pggcut ycastttvab
rnezavcgt zci gpt gpqcpcet | t ncoget bnanmgdt gept i pgf pggcut ycastttvab
rneavcgt zci gpt gpgepcet | t ncoget bnanmgdt gept i pgf pgqcut ycuastttvab
rnezavcgt zci gpt gpgepcet | t ncoget bnamgdt gept i pqgf pggcut ycuastttva_
rnzavcegt nti gpt gqpgepct | t ncoget bnangdt gept i pqf pggcut ycuastttva
rnzavcg_nci gpt gpgepcet | t ncoget bnamgdt gepti pgf pggcut ycuastttva
rnzavcgnci gpt gpgepcet | et ncoget bnamgdt gept i pqgf pggcut ycuastttva
rnzavcgnei gpt gpgepcet | et ncoget bkamgdt gept i pqgf pggcut ycuastttva
rnmezavcgnti gpt gpqcpct | et ncoge_bkanqgdt qept i pgf pggcut ycuastttva
rnezavegnti qgpt gqpgepct | et ncogebkanmgdt qept i pqf pggcut ycuastttva
rnzavcgnci qgpt gpgepcet | et ncogecbgangdt gept i paf pggcut ycuastttva
rnzavcgnci qgpt gpgepcet | et ncogcbeanydt gept i pqgf pggcut ycuastttva
rnezavcgnti qgpt qpgepct | et ncogcbeanqdt qept i pgf pqgxut ycuastttva
rmzavcgnti qgpt gpgqcpcet | et ncogcbeanqydt qept i pqf pggxut ycuastttva




