than the PCR detection method. After co-culture, leaf discs were assayed for GUS activity
(using 0.5mgml ™" X-glcA) or transferred to regeneration media containing antibiotics.

Rice (Oryza sativa L. cv. Millin) was transformed using seed-derived callus based on the
protocol in ref. 28, with modifications (see Supplementary Information).

Arabidopsis thaliana L. cv. C24 was transformed using a floral-dip protocol'® with
bacteria resuspended in infiltration medium containing Murashige and Skoog Basal
Medium, 5.0% (w/v) sucrose, 0.05% (v/v) Silwet L-77 and 0.1% (w/v) MES, pH 5.7. The
modified media contained Murashige and Skoog Basal Medium, 1.0% (w/v) sucrose,
0.02% (v/v) Silwet L-77 and 0.1% (w/v) MES, pH 7.0.

Analysis of transformed plants

Genomic DNA was extracted from the regenerated plants using DNAzol (Invitrogen),
digested with EcoRT and used for Southern blotting with a **P-labelled GUSPlus probe.
Plant DNA sequences flanking the T-DNA insertion site(s) were determined by restriction
digest/adaptor ligation®”.
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A universal trend of amino acid gain
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Amino acid composition of proteins varies substantially between
taxa and, thus, can evolve. For example, proteins from organisms
with (G+C)-rich (or (A+T)-rich) genomes contain more (or
fewer) amino acids encoded by (G+C)-rich codons'™. However,
no universal trends in ongoing changes of amino acid frequencies
have been reported. We compared sets of orthologous proteins
encoded by triplets of closely related genomes from 15 taxa
representing all three domains of life (Bacteria, Archaea and
Eukaryota), and used phylogenies to polarize amino acid sub-
stitutions. Cys, Met, His, Ser and Phe accrue in at least 14 taxa,
whereas Pro, Ala, Glu and Gly are consistently lost. The same
nine amino acids are currently accrued or lost in human
proteins, as shown by analysis of non-synonymous single-
nucleotide polymorphisms. All amino acids with declining
frequencies are thought to be among the first incorporated
into the genetic code; conversely, all amino acids with increasing
frequencies, except Ser, were probably recruited late>”. Thus,
expansion of initially under-represented amino acids, which
began over 3,400 million years ago®’, apparently continues to
this day.

It is routinely assumed that extant proteins are in detailed
equilibrium and their evolution is a stationary and reversible
process: reciprocal fluxes of amino acid substitutions are equal,
amino acid frequencies are constant, and nothing would change if
time were to flow backwards'*'*. Accordingly, symmetrical substi-
tution matrices are used for protein sequence alignment’.

We analysed 15 sets of three-way alignments of orthologous
proteins encoded by triplets of closely related genomes (Table 1).
At sites where the outgroup and one of the ‘sister’ genomes carry the
same amino acid, whereas the other sister genome carries a different
one, the amino acid ancestral for the sister genomes can be inferred.
Accordingly, a specific, directed substitution can be assigned to the
lineage of the sister that differs from the outgroup. For each set, we
compared the 75 pairs of fluxes of forward and backward amino
acid substitutions that can be caused by single-nucleotide replace-
ments. The reciprocal fluxes differed by a factor of =1.5 for 575 of
the 1,125 pairs (51%), and the differences were statistically signifi-
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cant (P = 0.05, with sequential rejective correction for multiple
tests'*) for 175 pairs (16%). For example, after the divergence of
human and chimpanzee lineages, there were 102 Leu — Phe sub-

stitutions but only 57 Phe — Leu substitutions in the 7,552 com-  sequences’.

pared proteins. Thus, proteins are not in detailed equilibrium and
their evolution is irreversible. Asymmetrical substitution matrices
should be used for phylogeny-based alignment of multiple protein

Table 1 Frequency changes of the strong gainer and loser amino acids in the 15 taxa

Taxon Number of Amino acid Useful sitest G+C content Pu/Py
proteins distance* imbalance#
Hominidae 7,552 0.4, 8,549 (83) —0.098 —+0.051
79,79
Muridae 12,356 4.2, 242,639 (73) —0.003 +0.007
11.3,11.8
Saccharomyces 3,462 6.3, 90,496 (79) +0.135 +0.011
10.4,9.3
Pyrococcus 1,283 1.7, 35,300 (75) +0.160 -0.138
15.7,15.0
Escherichia 3,337 0.7, 7,511 (95) —0.188 —0.005
12,13
Salmonella 2,623 0.6, 4,560 (75) -0.162 —0.052
8.8,8.9
Buchnera 386 14.1, 10,794 (60) +0.504 —0.097
24.4,23.0
Vibrio 755 0.5, 1,063 (36) +0.057 —0.031
13.5,13.5
Pseudomonas 2,507 15.0, 95,260 (69) —0.508 +0.046
19.1,17.4
Bordetella 2,815 0.3, 2,822 (99) —0.453 +0.016
0.7,0.8
Helicobacter 768 1.7, 2,333 (54) +0.356 —0.073
23.7,23.5
Chlamydia 750 74, 13,033 (61) +0.272 +0.021
20.8, 20.1
Bacillus 3,728 3.0, 30,874 (87) +0.160 —0.006
4.8,4.7
Streptococcus 1,065 0.6, 1,589 (68) +0.312 -0.015
15.9,15.9
Staphylococcus 1,750 0.4, 1,754 (69) +0.385 —0.049
16.3,16.3
Substitutions to and from an amino acidt
Cys Met His Ser Phe Gly Glu Ala Pro
Hominidae 137/72, 324/204, 297/2086, 633/586, 231/115, 294/342, 232/386, 517/6086, 204/437,
+0.31]| +0.23| +0.18]| + 0.04 +0.34]| - 0.08 —0.25]| —0.08§ - 0.36]|
Muridae 2,547/1,729, 5,920/4,205, 5,702/4,752, 1,9904/1,8108, 4,461/3,895, 8,238/8,677, 8,056/11,269, 1,659/1,733, 7,350/9,883,
+0.19| +0.17]| +0.09]| + 0.08]| +0.07]| - 0.03§ - 0.17]| - 0.05]| - 0.158]|
Saccharomyces 778/430, 1,768/1,455, 1,715/1,6086, 7,776/7,567, 1,824/1,546, 3,370/2,511, 4,006/4,554, 5,336/4,950, 2,188/2,290,
+0.29]| +0.10]| +0.03 +0.01 +0.08]| +0.15]| - 0.06]| +0.04]| - 0.02
Pyrococcus 35/21, 772/426, 277/244, 1,756/1,222, 680/598, 727/757, 1,663/2,836, 1,241/1,598, 211/416,
+0.25 +0.29| + 0.06 +0.18]| +0.06 - 0.02 - 0.26]| - 0.18]| - 0.38]|
Escherichia 143/57, 238/155, 284/194, 738/549, 151/122, 239/334, 360/476, 531/1,129, 138/294,
+0.43]| +0.21]| +0.19| +0.15]| +0.11 - 0.17]| —0.14]| - 0.36]| - 0.36]|
Salmonella 67/11, 127/81, 122/74, 365/216, 84/57, 126/205, 176/202, 285/519, 53/167,
+0.79] + 0.22§ + 0.25§ +0.26]| +0.19 —0.24]| - 0.07 - 0.29]| - 0.52]|
Buchnera 75/35, 166/102, 191/105, 654/587, 249/164, 99/149, 327/263, 403/396, 65/124,
+0.36]| +0.25]| +0.29]| + 0.05 +0.21]| - 0.20§ +0.11§ -+ 0.01 - 0.31]|
Vibrio 4/0, 22/15, 16/10, 64/52, 18/17, 23/24, 45/70, 45/93, 10/21,
+1.00 +0.19 +0.23 +0.10 +0.03 - 0.02 -0.22 - 0.35]| - 0.36
Pseudomonas 501/339, 2,985/1,090, 1,737/1,252, 6,289/4,277, 1,956/1,623, 2,759/3,186, 3,780/5,448, 6,623/9,261 1,054/2,287,
+0.19]| +0.47]| +0.16]| +0.19]| +0.09]| - 0.07]| - 0.18]| - 0.17]| - 0.37]|
Bordetella 89/14, 104/66, 113/75, 301/153, 50/51, 157/247, 102/125, 248/575, 83/188,
+0.73|| +0.22§ +0.20§ +0.33| - 0.01 -0.22|| - 0.10 - 0.40l| - 0.39||
Helicobacter 15/11, 48/20, 55/24, 93/75, 31/28, 45/42, 44/67, 93/119, 14/27,
+0.156 +0.418§ + 0.39§ +0.11 +0.05 +0.03 - 0.21 —-0.12 -0.32
Chlamydia 107/59, 212/137, 249/150, 911/761, 238/160, 174/198, 307/512, 697/790 116/224,
+0.29]| +0.22|| +0.25]| +0.09]| +0.20]| - 0.07 —0.28]| - 0.06 - 0.32||
Bacillus 235/126, 960/722, 910/739, 2,044/1,861, 802/692, 898/932, 1,702/2,258, 1,911/2,117, 342/619,
+0.30ll +0.14] +0.10| +0.05§ +0.07§ - 0.02 —0.14]| —0.05§ - 0.291|
Streptococcus 20/3, 27/26, 38/28, 114/61, 28/21, 28/50, 61/101, 71/128, 18/47,
+0.74§ +0.02 +0.156 +0.30]| +0.14 -0.28 - 0.25§ - 0.29|| - 0.57]|
Staphylococcus 10/1, 32/23, 30/25, 97/75, 44/31, 33/53, 81/93, 76/103, 6/47,
+0.83 +0.16 + 0.09 +0.13 +0.17 -0.23 - 0.07 - 0.15 - 0.77|
Average D, +0.452 (0.07) +0.219 (0.03) +0.178(0.03) +0.135 (0.03) +0.120 (0.02) —0.098(0.03) —0.150 (0.03) —0.163 (0.04) —0.362(0.04)
(standard,
error of D)

*Percentage of mismatches in alignments of orthologous proteins between sister genome 1 and sister genome 2, sister genome 1 and the outgroup, and sister genome 2 and the outgroup, respectively.
1 The number of sites where the two sister proteins contain different amino acids, and the percentage (in parentheses) of such sites where the outgroup has the same amino acid as one of the sisters.
3 The number of all substitutions creating (C) and removing (R), respectively, a particular amino acid are presented together with their normalized difference D = (C — R)/(C + R). Out of 135 values of
D, 89 (73 after the sequential rejective correction for multiple tests') deviate from 0 significantly.

§The values of D that deviated from 0O significantly (P = 0.01) are indicated.

|| The values of D that deviated from O significantly (P = 0.05), even after the multiple tests correction', are indicated.
9 The normalized difference between the number of substitutions creating and removing a G-C pair within a coding region.
#The normalized difference between the number of substitutions creating and removing a purine within the coding strand. Pu, purine; Py, pyrimidine.
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Ratio of create/remove substitutions

Figure 1 Normalized differences (D) between the number of substitutions creating (C)
and removing (R) each amino acid (D = (C — R)/(C + R)) in 15 genome triplets.

Table 2 Gain and loss of amino acids in human SNPs

Amino Number of Number of Relationship between
acid polymorphisms* substitutionst divergence and
polymorphism$

Cys 1,046/484, + 0.367 137/72, + 0.311 0.88

Met 1,219/811, + 0.201 324/204, + 0.227 1.06

His 1,616/835, + 0.319 297/206, + 0.181 0.75

Ser 2,5689/2,321, + 0.055 633/586, + 0.039 0.97

Phe 1,046/572, + 0.293 231/115, + 0.335 1.10

Asn 1,199/940, + 0.121 340/277, + 0.102 0.96

Thr 2,109/1,839, + 0.068 504/524, — 0.019 0.84

lle 1,660/1,245, + 0.143 525/450, 4+ 0.077 0.88

Val 2,459/2,038, + 0.094 725/674, + 0.036 0.89

Arg 2,321/3,665, — 0.225 570/670, — 0.081 1.34

GIn 1,510/1,151, + 0.135 359/291, + 0.105 0.94

Trp 557/221, + 0.432 61/25, + 0.419 0.97

Leu 2,178/1,690, + 0.126 394/397, — 0.004 0.77

Tyr 609/440, + 0.161 96/114, — 0.086 0.61

Asp 927/1,300, — 0.167 197/308, — 0.220 0.90

Lys 1,370/1,032, + 0.141 336/292, + 0.070 0.87

Gly 1,374/1,954, — 0.174 294/342, — 0.075 1.22

Glu 926/1,729, — 0.302 232/386, — 0.249 1.12

Ala 1,605/2,740, — 0.291 517/606, — 0.079 1.55

Pro 1,118/2,331, — 0.352 204/437, — 0.363 0.97

*For each amino acid, listed as in Fig. 1 in the order of the decreasing D values, the number of
human non-synonymous SNPs where the amino acid is the derived allele (p ), the number of
SNPs where the amino acid is the ancestral allele (p ), and the normalized difference D between
these numbers is presented (all the normalized differences deviate from O significantly,
P < 107, except for Ser).

1 For each amino acid, the number of substitutions creating (s) and removing (s ) it since the
human-chimpanzee divergence is shown, together with the normalized difference.
FTheratior = (s./p)/(s_/p ) was computed for each amino acid. For a gainer, r > 1 if a large
fraction of the substitutions that created it were driven by positive selection; conversely, if many
substitutions removing a loser were driven by positive selection, r < 1 for it**. Clearly, the values
of rare not higher for gainers than for losers, arguing against a major role of positive selection.
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Hominidae
Muridae
Saccharomyces
Pyrococcus
Escherichia
Salmonella
Buchnera

Vibrio
Pseudomonas
Bordetella
Helicobacter
Chlamydia
Bacillus
Streptococcus
Staphylococcus

Average

| D] = 0.33 corresponds to a twofold difference between Cand R. A tentative
phylogenetic tree of the analysed taxa is shown to the left of the matrix.

Moreover, amino acid composition of proteins is far even from a
total equilibrium (Fig. 1 and Table 1). With all substitutions
taken into account, regardless of the number of nucleotide replace-
ments required, five strong ‘gainers’ (Cys, Met, His, Ser and Phe)
accrue in 14 or all 15 taxa, and frequencies of four strong ‘losers’
(Pro, Ala, Glu and Gly) decline in at least 13 taxa. Four amino acids
are weak gainers, which either accruein 11 taxa (Asn, Thrand Ile) or
accrue slowly in all taxa (Val); in contrast, Lys is a weak loser, lost in
ten taxa (Table 1). Frequencies of the remaining six amino acids
(Arg, Gln, Trp, Leu, Tyr and Asp) evolve more erratically, although
many individual changes are highly significant, reflecting taxon-
specific mutational and selective pressures'™ (Supplementary
Table 1).

The only conceivable source of systematic error in this analysis
could be failure to identify the ancestral amino acid at a site where
multiple substitutions occurred. This could disproportionately
reduce the number of detected substitutions that remove evolvable
and/or rare amino acids, thus creating a false impression that the
frequencies of such amino acids increase'®. However, a conservative
(for our purposes) correction for multiple substitutions did not
change the results substantially (Supplementary Methods and
Supplementary Table 1). Also, the pattern of amino acid gain and
loss in three taxa where the outgroup was close enough to the sister
genomes to make misidentification of the ancestral state unlikely
(Escherichia, Bordetella and Bacillus) was the same as in the
remaining 12 taxa (Fig. 1 and Table 1). Furthermore, limiting the
analysis to highly conserved regions of proteins did not affect this
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pattern (data not shown). Finally, we examined human single-
nucleotide polymorphisms (SNPs) polarized unambiguously by
orthologous chimpanzee sequences. Because a majority of even
non-synonymous human SNPs are effectively neutral", they are
expected to reveal a pattern of ongoing amino acid gain and loss in
the human proteins similar to that during the course of human-—
chimpanzee divergence. Indeed, this was the case (Table 2), which
corroborates our inferences from interspecies comparisons.

Because the sister species in all the 15 taxa are closely related, the
observed pattern directly reflects only the last ~10 million years of
evolution. We cannot conceive of a global external factor that could
cause, during this time, parallel evolution of amino acid compo-
sitions of proteins in 15 diverse taxa that represent all three domains
of life and span a wide range of lifestyles and environments. Thus,
currently, the most plausible hypothesis is that we are observing a
universal, intrinsic trend that emerged before the last universal
common ancestor of all extant organisms. A comparison of extant
proteins and reconstructed ancient proteins®’ implied a long-term
trend consistent with the trend observed in recent evolution
(Supplementary Table 2), despite several substantial limitations of
the deep reconstructions.

This trend in protein evolution is not driven by any simple trend
at the DNA level. Among the losers, Pro, Ala and Gly are encoded by
(G+C)-rich codons, so declining G4-C content might, potentially,
drive their loss'™*. However, Arg and Trp, also encoded by (G+C)-
rich codons, are not consistently lost, whereas Tyr and Lys, encoded
by (A+T)-rich codons, are not gainers. Furthermore, frequencies of
strong gainers or losers encoded by two codons, one containing two
Gs or Cs and the other containing one G or C (Cys, His and Glu),
cannot be directly affected by G4+C content. Most importantly,
there was no consistent pattern in evolution of the G4C content
(which increases more often than it declines, in nine and six taxa,
respectively; Table 1), purine/pyrimidine strand imbalance
(Table 1), or several other DNA-level parameters (data not
shown), in marked contrast to the uniformity observed at the
protein level.

Proteins currently gain, on average, ~0.007 Cys and lose ~0.014
Pro residues per substitution (Table 3). Using a simple linear model

to extrapolate the observed dynamics backwards, we estimate that,
since the time when the nine gainers first appeared, about two
substitutions have been accepted per protein site, and proteins at
that time mostly consisted of today’s losers (Table 3). This epoch
probably antedates the last universal common ancestor, which
probably lived ~3.5 billion years ago'®. Amino acid substitutions
in murid rodents', insects®°, vertebrates®®, diatoms>', Entero-
bacteriaceae” and Buchnera™ occur with average rates of 1.5, 1.5,
1,2, 0.2 and 1.5 substitutions per site per billion years, respectively.
Thus, the average number of substitutions per site since the last
universal common ancestor is probably between 0.7 (the number
suggested by Enterobacteriaceae; the proteins of the endosymbiont
Buchnera evolve unusually quickly for bacteria®) and 7, a range that
includes the above estimate.

A forward extrapolation shows that the asymptotic frequencies of
the gainers (losers), to be reached in the distant future, are much
higher (lower) than their current frequencies. In extant proteins,
gainers tend to be under-represented (except for Met), and losers
are over-represented (except for Pro), relative to the frequencies
corresponding to equal usage of all codons, but these differences are
predicted to decline (Table 3).

Gainers (or losers) do not seem to be unusually similar to each
other in terms of their physico-chemical properties, metabolic
pathways, or codon assignments. However, a loser-rich and gai-
ner-poor amino acid composition of primordial proteins may be
explained historically by the order in which amino acids were
recruited into the genetic code®®. All four strong losers (but only
one of the five strong gainers, Ser) are among the ten amino acids
produced in spark experiments imitating conditions for pre-biotic
synthesis®. All strong losers, but none of the strong gainers, are
among the eight amino acids found in the Murchison meteorite and
thought to be abiogenic’. A consensus chronology of incorporation
of amino acids into the genetic code, based on 60 criteria’, suggests
that all strong losers are among the six most ancient amino acids,
whereas four of the five strong gainers (except for Ser) are among
the seven recruited last (Table 3; see also Supplementary Table 3).
Notable exceptions are Tyr and Trp, assumed to have been recruited
among the last but not accumulating consistently. Perhaps these

Table 3 Inferred evolutionary trajectories of amino acid frequencies

Amino Rate of gain/losst Current Asymptotic Frequency with Number of Initial Consensus order®

acid* frequency frequencyt unbiased substitutions frequency of recruitment into
usage of codons§ since origin|| the genetic code

Cys +0.0067 *= 0.00171 0.012 0.032 0.033 1.363 - 16

Met -+0.0088 * 0.00126 0.025 0.038 0.016 1.595 - 19

His -+0.0073 = 0.00107 0.022 0.032 0.033 1.592 - 14

Ser +0.0167 = 0.00356 0.062 0.080 0.098 1.597 - 6

Phe +0.0042 + 0.00091 0.042 0.053 0.033 4.067 - 17

Asn +0.0073 + 0.00268 0.040 0.048 0.033 1.985 - 13

Thr +0.0091 * 0.00282 0.051 0.061 0.066 1.957 - 9

lle -+0.0089 =+ 0.00500 0.068 0.077 0.049 2.120 - 12

Val -+0.0098 * 0.00182 0.069 0.078 0.066 1.927 - 4

Arg -+0.0038 * 0.00433 0.051 0.056 0.098 3.195 - 10

Gin +0.0020 + 0.00184 0.038 0.041 0.033 3.821 - iRl

Trp +0.0002 =+ 0.00041 0.011 0.012 0.016 - - 20

Leu —0.0017 = 0.00346 0.103 0.100 0.098 - 0.109 8

Tyr —0.0005 * 0.00118 0.032 0.031 0.033 - 0.034 18

Asp —0.0039 =+ 0.00229 0.052 0.047 0.033 - 0.074 3

Lys —0.0065 * 0.00333 0.059 0.051 0.033 - 0.092 15

Gly —0.0063 + 0.00253 0.072 0.059 0.066 - 0.093 1

Glu —0.0137 = 0.00244 0.065 0.048 0.033 - 0.136 7

Ala —0.0239 * 0.00862 0.081 0.058 0.066 - 0.242 2

Pro —0.0139 = 0.00262 0.043 0.022 0.066 - 0.101 5

*Assuming that u and v, the per site rates of substitution from and to an amino acid, respectively, are constant, x, the frequency of the amino acid, obeys the equation dx/dt = v(1 — x) — ux. Thus,
X(t) = (xo — VI(u + v))exp(—(u + v)t) + v/(u + v), with time measured in the units of the number of amino acid substitutions per site. We used values of u and v that are their arithmetic means across
the 15 taxa. Obviously, forward and backward extrapolations of x obtained in this way should be treated with caution.

1 The average number of gained or lost residues per one amino acid substitution per protein site for the 15 taxa (mean =* standard error; n = 15).

1In the distant future, the frequency of an amino acid will approach v/(u + v).

§Frequency of an amino acid attained if all non-stop codons were used equally; that is, n/61, where n is the number of codons that encode the amino acid.
|| The estimated average number of substitutions per site since the moment when the frequency of a gainer was 0.
Y The frequency of a loser at the moment in the past since which two substitutions per average site occurred.
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amino acids reached equilibrium concentrations more quickly than
other late recruitments.

The initial frequency of a late-coming amino acid must be low
because too many simultaneous changes in all proteins of the cell
must be lethal. In particular, four of the five strong gainers (except
for Ser) are thought to have been recruited by capturing codons that
previously encoded other amino acids®. Such recruitments would
need time to gain a foothold, at the expense of the primordial amino
acids. Indeed, reconstructed ancient proteins were poor in Cys
residues and some other late-coming amino acids, suggesting that
they still accrued for some time after the last universal common
ancestor (refs 8, 9 and Supplementary Table 2). However, it is
remarkable that accumulation of late-coming amino acids con-
tinues to this day throughout the entire range of cellular life,
affecting, among other things, the human—chimpanzee divergence
and the genetic variability within human populations.

Accumulation of the gainers could not be driven solely by
random drift because selectively neutral equilibrium would have
been reached a long time ago. If gainers were favoured by positive
selection, the rate of fixation of amino acid substitutions would be
increased but the level of polymorphism would not. However, an
analysis similar to the McDonald—Kreitman test** did not reveal any
excess, in the course of human—chimpanzee divergence, in the rate
of substitutions that add gainers or remove losers, relative to the
density of corresponding human SNPs (Table 2). Probably,
accumulation of the gainers was caused mostly by relaxation of
negative selection if, for example, an ever-increasing fraction of sites
where only Gly conferred high fitness initially became tolerant to
Cys. Opening of extra sites to the gainers, if caused by epistatic
interactions with other evolving sites>*¢, can be very slow. O

Methods

All 12 available triplets of complete prokaryotic genomes—for which the divergence of the
amino acid sequences of orthologous proteins from the sister genomes (the closest pair)
was within 0.3-15%, and the outgroup-sisters divergence was <25%—were extracted
from the NCBI genome database using the Entrez retrieval engine (http://
www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html). There are also three
suitable triplets of eukaryotic genomes, resulting in the following 15 triplets, with sister
genomes shown in parentheses. Hominidae: (Homo sapiens, Pan troglodytes), Mus
musculus; Muridae: (M. musculus, Rattus norvegicus), H. sapiens; Saccharomyces:

(S. cerevisiae, S. paradoxus), S. mikatae; Pyrococcus: (P. horikoshii, P. abyssi), P. furiosus
DSM 3638; Escherichia: (E. coli K12, E. coli O157:H7), E. coli CFT073; Salmonella:

(S. typhimurium LT2, S. enterica enterica serovar Typhi Ty2), Shigella flexneri 2a strain 301;
Buchnera: (B. aphidicola strain APS, B. aphidicola strain Sg), B. aphidicola strain Bp; Vibrio:
(V. vulnificus YJO16, V. vulnificus CMCP6), V. parahaemolyticus RIMD 2210633;
Pseudomonas: (P. syringae pv. tomato strain DC3000, P. putida KT2440), P. aeruginosa
PAO1; Bordetella: (B. bronchiseptica RB50, B. parapertussis), B. pertussis Tohama I;
Helicobacter: (H. pylori 26695, H. pylori ]99), H. hepaticus ATCC 51449; Chlamydia:

(C. trachomatis, C. muridarum), C. caviae GPIC; Bacillus: (B. anthracis strain Ames,

B. cereus ATCC 10987), B. cereus ATCC 14579; Streptococcus: (S. pyogenes M1 GAS,

S. pyogenes MGAS315), S. agalactiae NEM316; Staphylococcus: (S. aureus aureus Mu50,
S. aureus aureus MW?2), S. epidermidis ATCC 12228.

Human—chimpanzee-mouse and S. cerevisiae=S. paradoxus-S. mikatae alignments
were obtained from refs 27 and 28, respectively, and mouse-rat-human alignments were
constructed as described in ref. 19. Triplets of orthologues, identified using the reciprocal
best-hit approach®, were aligned by ClustalW™, except for pre-aligned primate and yeast
proteins. To eliminate erroneous alignments and misidentified orthologues, triplets in
which the divergence between two sister sequences significantly (P < 0.001) exceeded the
minimal divergence between a sister and the outgroup sequence were discarded. To
eliminate incorrectly aligned regions, which could originate from errors in genome
assemblies or gene structure prediction, we analysed only sites embedded within a frame of
length ten with at least six matches between the sister sequences and at least four matches
between each of the sisters and the outgroup. All alignments are available at ftp://
ftp.ncbi.nih.gov/pub/koonin/Jordan/Cysteine.

In each three-sequence alignment, only sites where the outgroup and one of the sisters
carries the same amino acid but the two sisters carry different amino acids were analysed.
Sites where the outgroup differed from both sisters were ignored because the ancestral
state of the sisters cannot be inferred. The 15 20 X 20 matrices of amino acid substitutions
are available at ftp://ftp.ncbi.nih.gov/pub/koonin/Jordan/Cysteine. Fluxes of reciprocal
substitutions caused by single-nucleotide replacements were compared and the statistical
significance of the observed deviations from detailed equilibrium was estimated for each of
the 75 pairs of reciprocal fluxes using a proportion test, after which sequential rejective
Bonferroni procedure'* for multiple tests was applied to the whole set of results. Owing to
the close relatedness of the sister genomes, substitutions that require two or three
nucleotide replacements comprised, on average, only 6.8% of all substitutions (from 0.7%
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in Hominidae to 17% in Pseudomonas) and, thus, were too uncommon to compare
individual fluxes. The total gain or loss of an amino acid was calculated by counting all
substitutions to and from it (Table 1; see also Supplementary Table 1).

This approach relies on close similarity between the sister and the outgroup sequences.
Otherwise, it becomes prone to systematic error stemming from two sources: (1) the
probability of identical substitutions in the outgroup and one of the sister lineages or of
multiple substitutions in a lineage becomes substantial, leading to erroneous inference of
the ancestral state and, thus, to misidentification of the substitution; and (2) the fraction
of sites where both sisters differ from the outgroup becomes substantial, and exclusion of
such sites biases the count of substitutions. To deal with these effects, we used a statistical
correction for multiple substitutions (Supplementary Methods). The correction was
devised to be conservative with respect to the asymmetry of reciprocal substitutions; that
is, it tends to underestimate gain or loss of amino acids.

Human non-synonymous SNPs were extracted from dbSNP build 120 (http://
ncbi.nlm.nih.gov/SNP/). The ancestral amino acid for each SNP was inferred using the
orthologous chimpanzee sequence from the UCSC chimpanzee genome assembly, version
PanTrol (http://hgdownload.cse.ucsc.edu/goldenPath/panTrol/bigZips/). The 29,262
SNP sites were analysed as described for substitutions between species.
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Contributions of an avian hasal
ganglia—forebrain circuit to
real-time modulation of song

Mimi H. Kao, Allison J. Doupe & Michael S. Brainard
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Cortical-basal ganglia circuits have a critical role in motor
control and motor learning'. In songbirds, the anterior forebrain
pathway (AFP) is a basal ganglia—forebrain circuit required for
song learning and adult vocal plasticity but not for production of
learned song’. Here, we investigate functional contributions of
this circuit to the control of song, a complex, learned motor
skill. We test the hypothesis that neural activity in the AFP of
adult birds can direct moment-by-moment changes in the
primary motor areas responsible for generating song. We
show that song-triggered microstimulation in the output
nucleus of the AFP induces acute and specific changes in learned
parameters of song®’. Moreover, under both natural and experi-
mental conditions, variability in the pattern of AFP activity is
associated with variability in song structure. Finally, lesions of
the output nucleus of the AFP prevent naturally occurring
modulation of song variability. These findings demonstrate a
previously unappreciated capacity of the AFP to direct real-time
changes in song. More generally, they suggest that frontal
cortical and basal ganglia areas may contribute to motor
learning by biasing motor output towards desired targets or
by introducing stochastic variability required for reinforcement
learning.

Song is a complex, learned motor skill that involves the precise
coordination of vocal and respiratory musculature in order to
produce highly stereotyped renditions of a memorized song
model. Two pathways have been identified in the songbird forebrain
that contribute to this behaviour (Fig. 1a): (1) a motor pathway that
is required throughout life for normal song production®; and (2) a
basal ganglia—forebrain circuit’ (the AFP) that is necessary for song
learning and plasticity but not for the production of adult song®.
The AFP converges with the motor pathway at the premotor nucleus
RA (robust nucleus of the arcopallium). Although lesion studies
have demonstrated that the AFP is required for vocal motor
plasticity”™, its function in motor control and learning remains
unclear.

Previous modelling work has hypothesized that a critical contri-
bution of the AFP to song plasticity relies on its capacity to
modulate ongoing song'®''. Such a modulatory influence might
serve to introduce into song the stochastic variability that is
necessary for reinforcement learning'’, or to systematically bias
song towards desired targets in a manner that eventually becomes
encoded in the song motor pathway'’. Consistent with this hypoth-
esis, the AFP exhibits patterned neural activity in singing birds'>".
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However, previous studies have failed to demonstrate any direct
contribution of the AFP to the production of adult birdsong. In
adult zebra finches, lesions of LMAN (lateral magnocellular nucleus
of the anterior nidopallium), the output nucleus of the AFP
(Fig. la), have not been reported to affect ongoing song. Moreover,
whereas stimulation in the motor pathway of quiescent birds can
elicit vocalizations'*'">, comparable microstimulation in LMAN
does not. Finally, a previous study did not report any gross effects
of LMAN microstimulation on song'*. These findings indicate that
LMAN is not an obligatory premotor structure for song, but they
leave unresolved whether, and how, patterned activity from the AFP
modulates song production.

Here, we examine the hypothesis that neural activity in the AFP
contributes to vocal control by using microstimulation triggered by
real-time song to manipulate activity in LMAN during precisely
targeted parts of a song (Fig. 1b). We report that artificially altering
the pattern of activity in LMAN induces acute changes in the
structure of individual song elements, or ‘syllables’, without altering
the order or structure of ensuing syllables. Such changes include
increases and decreases in sound frequency (a learned parameter of
song; ref. 6), as well as increases and decreases in sound amplitude (a
parameter of song that is precisely controlled; refs 7, 16). Figure 1c
illustrates a representative experiment. Every time the bird sang
a rendition of a stereotyped sequence of syllables, or ‘motif’
(‘abcdef’), syllable ‘D’ was detected using a real-time template-
matching algorithm. After detection, microstimulation was
delivered in LMAN on randomly selected trials (in this case, during
the first motif rendition, but not the second). In this experiment,
LMAN stimulation caused a systematic downward shift in the
fundamental frequency of syllable ‘¢’ Figure 1d illustrates a second
experiment using the same paradigm in which LMAN microstimu-
lation caused a systematic decrease in the loudness of the targeted
syllable. Such acute, stimulation-induced changes in syllable struc-
ture were observed for 18 of 20 sites in LMAN of five birds
(Supplementary Tables 1 and 2).

Evoked changes in syllable structure were tightly locked to the
delivery of stimuli. In cases where latency could be assessed, the
mean latency between the onset of a stimulus and an effect on
syllable structure was 50 ms, but it could be as short as 35 ms (see
Supplementary Fig. 1). In addition, the effects of stimulation
typically terminated within 6070 ms after the end of the stimulus
train (Fig. 1d). LMAN projects directly to the song motor nucleus
RA, which is thought to provide motor commands that control
the precise structure of individual song elements with a latency of
40-45ms'*"”. Although the exact mechanisms and pathways
underlying the influence of LMAN on song remain to be
determined, both the rapidity with which LMAN stimulation
could drive changes in syllable structure and the rapid termi-
nation of its effects are consistent with a direct modulation of RA
by LMAN.

In a given experiment, stimulation in LMAN typically induced
systematic changes in syllable structure, rather than a general
degradation of song structure or an enhancement of song varia-
bility. When stimulation elicited a significant shift in the mean
fundamental frequency of a syllable, it had no effect on the
variability of the fundamental frequency in 59% of cases (note the
standard deviation (s.d.) of the histograms in Fig. 2b), increased the
variability in 30% of cases (Fig. 1c), and reduced the variability in
the remaining 11% of cases. Thus, the predominant effect of
artificially imposing a fixed pattern of activity in LMAN during
singing was to shift systematically the mean value of syllable
parameters, rather than to grossly disrupt song.

There was significant specificity to the changes elicited by
microstimulation in LMAN. For 13 of 18 sites, a fixed pattern of
stimulation had qualitatively different effects when delivered during
different syllables (Supplementary Table 2). Figure 2a shows a case
in which stimulation delivered at a fixed site in LMAN caused
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We reported a universal trend of amino-acid gain and loss observed
for recent evolutionary history among a diverse set of 15 taxa,
with amino acids of declining frequencies being the first to be
incorporated into the genetic code and those of increasing frequen-
cies being late recruits. We have since discovered that a similar
scenario for protein evolution was proposed by Zuckerkandl and
colleagues more than thirty years ago'. Their analysis of a far smaller
vertebrate-specific data set of two protein families also revealed
asymmetric patterns of amino-acid substitution, and they went on
to speculate that “extrapolation to zero occurrence of the rare amino
acids might define the time at which they were introduced into the
genetic code.”
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