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Abstract

Background: The year 2009 is the 200% anniversary of the publication of Jean-Bapteste Lamarck's
Philosophie Zoologique and the [50% anniversary of Charles Darwin's On the Origin of Species.
Lamarck believed that evolution is driven primarily by non-randomly acquired, beneficial
phenotypic changes, in particular, those directly affected by the use of organs, which Lamarck
believed to be inheritable. In contrast, Darwin assigned a greater importance to random,
undirected change that provided material for natural selection.

The concept: The classic Lamarckian scheme appears untenable owing to the non-existence of
mechanisms for direct reverse engineering of adaptive phenotypic characters acquired by an
individual during its life span into the genome. However, various evolutionary phenomena that
came to fore in the last few years, seem to fit a more broadly interpreted (quasi)Lamarckian
paradigm. The prokaryotic CRISPR-Cas system of defense against mobile elements seems to
function via a bona fide Lamarckian mechanism, namely, by integrating small segments of viral or
plasmid DNA into specific loci in the host prokaryote genome and then utilizing the respective
transcripts to destroy the cognate mobile element DNA (or RNA). A similar principle seems to be
employed in the piRNA branch of RNA interference which is involved in defense against
transposable elements in the animal germ line. Horizontal gene transfer (HGT), a dominant
evolutionary process, at least, in prokaryotes, appears to be a form of (quasi)Lamarckian
inheritance. The rate of HGT and the nature of acquired genes depend on the environment of the
recipient organism and, in some cases, the transferred genes confer a selective advantage for
growth in that environment, meeting the Lamarckian criteria. Various forms of stress-induced
mutagenesis are tightly regulated and comprise a universal adaptive response to environmental
stress in cellular life forms. Stress-induced mutagenesis can be construed as a quasi-Lamarckian
phenomenon because the induced genomic changes, although random, are triggered by
environmental factors and are beneficial to the organism.

Conclusion: Both Darwinian and Lamarckian modalities of evolution appear to be important, and
reflect different aspects of the interaction between populations and the environment.

Reviewers: this article was reviewed by Juergen Brosius, Valerian Dolja, and Martijn Huynen. For
complete reports, see the Reviewers' reports section.

So who is that knight fighting for the honor of Nature? Why - of course, it's the fiery Lamarck!
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Osip Mandelshtam, Lamarck (1931)
(translated from Russian by EVK)

Background

The celebrations of Darwin's 200 years jubilee and the
150 anniversary of On the Origin of Species [1] in 2009, to
a large extent, overshadowed another anniversary: Jean-
Bapteste Lamarck's magnum opus, Philosophie Zoologique
[2], was published in 1809, the year of Darwin's birth [3].
Arguably, Lamarck's book was the first published mani-
festo of biological evolution as fittingly pronounced by
Darwin himself in the later editions of the Origin [4-6].
Lamarck's concept of evolution was limited in scope: in
particular, he did not believe in extinction of species but
rather thought that species are gradually transformed into
other species via phyletic modification. Lamarck also
believed in the innate tendency of organisms to progress
toward perfection down the succession of generations. In
line with this idea, Lamarck speculated on an extremely
simple and straightforward mechanism of evolutionary
change whereby the use of a particular organ would lead
to its gradual functional improvement that would be
passed through generations (the example of the giraffe's
neck is, probably, one of the most notorious "just so sto-
ries" in the history of biology). Later, a generalization of
Lamarck's hypothetical mechanism became known as
inheritance of acquired characters (characteristics) (IAC)
to emphasize a key aspect of this mechanism, namely, the
direct feedback between phenotypic changes and the
(what is now known as) the genotype (genome). How-
ever, it should be stressed that the phrase "inheritance of
acquired characters” is substantially imprecise in that
Lamarck and his followers were very particular about
adaptive (beneficial, useful) not just any acquired traits
being inherited. Furthermore, inheritance of acquired
characters certainly is not Lamarck's original idea; rather,
it appears to have been "folk wisdom" in Lamarck's day
[7]. Hereinafter we use the acronym IAC with this implicit
understanding.

As already mentioned Darwin was well aware of
Lamarck's work and generously acknowledged Lamarck's
contribution in the chapter on his scientific forerunners
that he included in the Origin starting with the 3rd edition
[4]. Darwin's own views on IAC markedly evolved. In the
first edition of the Origin, he allowed IAC as a relatively
unimportant mechanism of evolutionary change that was
viewed as subsidiary to random, undirected variation.
However, in the subsequent additions, Darwin viewed
IAC as being progressively more consequential, appar-
ently, in the face of the (in)famous Jenkin's nightmare of
blending inheritance [8] which Darwin was unable to
refute with a plausible mechanism of heredity. Even in
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Darwin's day, many scientists considered his giving in to
Lamarckian inheritance a sign of weakness and a mistake.

In the 1880s, the renown German biologist August Weis-
mann, in the context of his theory of germ plasm and
germline-soma barrier, set out to directly falsify IAC in a
series of experiments that became as famous as Lamarck's
giraffe [9]. Almost needless to say, cutting off tails of Weis-
mann's experimental rats not just failed to produce any
tail-less pups but did not result in any shortening of the
tail of the progeny whatsoever. Weismann's experiments
delivered a serious blow to the public perception of IAC
although, technically, they may be considered irrelevant
to Lamarck's concept that, as already mentioned, insisted
on the inheritance of beneficial changes, primarily, caused
by use of organs, not senseless mutilation (which was gen-
erally known to have no effect on progeny long before
Weismann, for instance, in the case of human circumci-
sion, although claims to the contrary were common
enough in Weismann's day and were the direct incentive
for his experiments). Lamarck's ideas survived Weis-
mann's experiments and more, perhaps, owing to the
notion of the innate trend toward progress as a driving
force of evolution that was attractive to various kinds of
thinkers (and many individuals who hardly met that clas-
sification). Be it as it may, the fate of "Lamarckism" was
arguably far worse than a quiet demise under the tails of
Weismann's rats.

Inspired by ideas of progress in biological evolution, the
flamboyant Viennese researcher and popularizer of sci-
ence Paul Kammerer in the beginning of the 20t century
embarked on a two-decade long quest to prove IAC [10-
14]. Kammerer's work included mostly experiments with
amphibians that changed their color patterns and breed-
ing habits depending on the environmental factors such
as temperature and humidity. Strikingly, Kammerer
insisted that the induced changes he observed were fully
inheritable. Kammerer's experiments drew criticism due
to his sloppy documentation and suspicious, apparently,
doctored drawings and photographs. Kammerer defended
his conclusions energetically but in 1923 his career came
to end after the famous geneticist William Bateson found
that Kammerer's showcase midwife toad that supposedly
acquired black mating pads, a trait that was passed to the
progeny, was actually injected with black ink. Kammerer
killed himself within two years after this disgraceful reve-
lation. Whether or not Kammerer was a fraud in the worst
sense of the word remains unclear; it is thought that he
might have used ink to "augment" a color change that he
actually observed, a scientific practice that was not
approved of even then, let alone now, but a far cry from
flagrant cheating. Kammerer's findings might find their
explanation in hidden variation among his animals that,
unbeknownst to him, became subject to selection [11] or,
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alternatively, in epigenetic inheritance [12-14]. Under the
most charitable of explanations, Kammerer ran a seriously
sloppy operation, even if he unknowingly stumbled over
important phenomena. Regardless of the specifics, the
widely publicized "affaire Kammerer" hardly improved
the reputation of Lamarckian inheritance. The worst for
Lamarck was yet to come.

In a cruel irony, Kammerer was warmly welcomed by the
Bolshevik leaders of the Soviet Union and nearly ended
up moving his laboratory to that country. Despite the
striking successes of Russian genetics in the 1920s (suffice
it to recall the names of Chetverikov and Vavilov), the
party leaders cherished the ideas of fast, planned, no-non-
sense improvement of nature, including human nature.
So, when the general situation in the country gravitated
toward mass terror and hunger around 1930, a suitable
team was found, under the leadership of the agronomist
Trofim Lysenko. Lysenko and his henchmen were not sci-
entists at all, not by any stretch, but utterly shameless
criminals who exploited the abnormal situation in the
country to amass in their hands extraordinary power over
Soviet scientific establishment and beyond. Lamarckian
inheritance that Lysenkoists, not without a certain per-
verse cleverness (to the modern reader, with a distinctly
Orwellian tint), touted as a "true Darwinian" mechanism
of evolution, was the keystone of their "theory". They took
Lamarck's idea to grotesque extremes by claiming, for
instance, that cuckoos repeatedly emerged de novo from
eggs of small birds as a particularly remarkable adapta-
tion. In his later years, after he fell from power, Lysenko
retained an experimental facility where he reportedly fed
cows butter and chocolate in an attempt to produce a
breed stably giving high-fat milk. Mostly, the Lysenkoist
"science of true Darwinism" was not even fraudulent
because its adepts often did not bother to fake any "exper-
iments" but simply told their ideologically inspired tales.
This could have been comical if not for the fact that many
dissenters literally paid with their lives, whereas almost all
research in biology in the Soviet Union was hampered for
decades. There is no reason to discuss Lysenko any further
here; detailed accounts have been published [15-17], and
the proceedings of the infamous 1948 session of the
Soviet Agricultural Academy, where genetics was officially
banished, remain a fascinating even if harrowing read
[18].

What concerns me here is that, quite understandably, the
unfortunate saga of Lysenko made the very idea of a
Lamarckian mechanism actually operating during evolu-
tion repulsive and unacceptable to most biologists. The
IAC itself remains, effectively, a derogatory phrase and is
presented as a grave error in judgment in otherwise admir-
ing accounts of Lamarck's work [3]. However, an objective
look at several routes of emergence and fixation of evolu-
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tionary change that surfaced in the genomic era reveals
mechanisms that appear suspiciously Lamarckian or at
least quasi-Lamarckian. In this article, we discuss these
classes of genomic changes and arrive to the conclusion
that some mechanisms of evolution that meet all Lamarc-
kian criteria do exist whereas, in many other instances,
there is no sharp distinction between "Lamarckian" and
"Darwinian" scenarios, with the two representing differ-
ent aspects of the interaction between organisms and their
environment that shapes evolution. Throughout this dis-
cussion, we stick to actual changes occurring in genomes,
leaving apart the separate, fascinating subject of epigenetic
inheritance.

The Lamarckian mode of evolution, its distinction from the
Darwinian mode and the criteria for the identification of

Lamarckian inheritance

Before turning to the wide range of phenomena that seem
to display all or some features of the mechanism of evolu-
tion proposed by Lamarck, it is of course necessary to
define the Lamarckian paradigm and the criteria an evolu-
tionary process must satisfy to be considered Lamarckian.
In doing so, we deliberately do not dwell on the differ-
ences between Lamarck's original views and the numerous
subsequent (mis)representations, but rather try to distill
the essence of what is commonly known as IAC and the
Lamarckian mode of evolution.

Lamarck's concept of heredity, which is also one of the
two cornerstones of his evolutionary synthesis, stands on
two principles that he promoted to the status of funda-
mental laws in Philosophie Zoologique and other texts:

1) Use and disuse of organs
2) The inheritance of acquired characters.

Lamarck directly linked the 'use and disuse' clause to
effects of the environment on the "habits" of an organism
and, through the said habits, on the "shape and nature" of
body parts; and, of course, he considered these environ-
ment-effected adaptive changes to be heritable. Wrote
Lamarck: "...nature shows us in innumerable...instances
the power of environment over habit and of habit over the
shape, arrangement and proportions of the parts of ani-
mals" [2]. Thus, Lamarck's idea of heredity is based on the
threefold causal chain: environment-habit-form. Lamarck
insisted on the essentiality of change in habits as an inter-
mediate between the environment and (inheritable)
change of organismal form: "Whatever the environment
may do, it does not work any direct modification what-
ever in the shape and organization of animals. But great
alterations in the environment of animals lead to great
alterations in their needs, and these alterations in their
needs necessarily lead to others in their activities. Now if
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the new needs become permanent, the animals then
adopt new habits that last as long as the needs that evoked
them". Lamarck was not original in his belief in IAC that
appeared to be the folk wisdom of his day. However, he
was both more specific than others in spelling out the
above causal chain and, more importantly, he made this
scheme the foundation of the far more original concept of
evolution [7].

The second foundation of Lamarck's evolutionary synthe-
sis was his belief in the innate tendency toward increasing
organizational complexity - or, simply, progress - that, in
Lamarck's view, shaped biological evolution along with
the TAC. Although Lamarck often used the phrase "pou-
voir de la vie" to denote this fundamental tendency, his
idea was completely materialistic, even mechanistic, as he
attributed the trend toward progress to the motion of flu-
ids in the animal body which would carve channels and
cavities in soft tissues, and gradually lead to the evolution
of increasing organizational complexity. For a good meas-
ure, to explain why simply organized life form persisted
despite the progressive character of evolution, Lamarck
maintained that spontaneous generation was a constant
source of primitive organisms. The ideas of spontaneous
generation and the innate tendency toward progress, espe-
cially, with its naive mechanistic underpinning, are hope-
lessly obsolete. Whether or not there is an overall trend
toward increasing complexity over the course of evolution
of life, remains a legitimate subject of debate [19-22], but
of course, even those researchers who advocate the exist-
ence of such a trend would not characterize it as an
"innate tendency". In what follows, we address the much
more relevant and interesting problem of the IAC and its
contribution to the evolutionary process.

In terms compatible with modern genetics, Lamarck's
scheme entails that

1) environmental factors cause genomic (heritable)
changes

2) the induced changes (mutations) are targeted to a
specific gene(s)

3) the induced changes provide adaptation to the orig-
inal causative factor

(Figure 1). Obviously, the adaptive reaction to a specific
environmental factor has to be mediated by a molecular
mechanism that channels the genomic change. The dis-
tinction from the Darwinian route of evolution is straight-
forward: in the latter, the environment is not the causative
agency but merely a selective force that may promote fix-
ation of those random changes that are adaptive under the
given conditions (Figure 1). The Darwinian scheme is
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simpler and less demanding than the Lamarckian one in
that no specialized mechanisms are required to direct the
change to the relevant genomic locus (loci) and restrict it
to the specific modifications (mutations) providing the
requisite adaptation. Indeed, it is the difficulty of discov-
ering or even conceiving of mechanisms of directed adap-
tive change in genomes that have for decades relegated the
Lamarckian scheme to trash heap of history. In the rest of
this article we discuss the recent studies of several phe-
nomena that seem to call for resurrection of the Lamarck-
ian scenario of evolution. Of course, despite the
substantial mechanistic differences, the Lamarckian and
Darwinian schemes are similar in that both are essentially
adaptive in the final outcome and in that regard are radi-
cally different from random drift (which may be denoted
the "Wrightian modality of evolution", after Sewall
Wright, the originator of the key concept of random
genetic drift [23]) (Figure 1).

Lamarckian and quasi-Lamarckian phenomena

The CRISPR-Cas system of antivirus immunity in prokaryotes: the
showcase for a genuine Lamarckian mechanism

A recently discovered novel system of antiphage defense
in archaea and bacteria seems to function via a straightfor-
ward Lamarckian mechanism. The system is known as
CRISPR-Cas, where CRISPR stands for Clustered Regularly
Interspaced Short Palindromic Repeats and Cas for
CRISPR-associated genes (sometimes referred to as CASS
or simply CRISPR system) [24-26]. The CRISPR are inter-
spersed in the sense that they contain short unique inserts
(spacers) embedded within each palindromic repeat unit.
Archaeal and bacterial genomes contain cassettes of up to
multiple CRIPSR units, in some cases, more than one cas-
sette per genome. Although CRISPR have been recognized
over 20 years ago, even before the first complete bacterial
genome was sequenced, only much later was it realized
that CRISPR cassettes are always adjacent in genomes to a
group of cas genes that are predicted to encode various
(predicted) enzymes involved in nucleic acid metabolism
including several nucleases, a helicase, and a polymerase
[27-29]. Serendipitously, it was discovered that some of
the inserts in CRISPR cassettes are identical to fragments
of bacteriophage and plasmid genes[30,31], so the
hypothesis was formulated that the CRISPR-Cas system
utilized the phage-derived sequences as guide molecules
to destroy phage mRNAs analogously to the eukaryotic
RNA interference (RNAi) [32]. Although most of the
mechanistic details remain to be uncovered, the principal
propositions of this hypothesis have been validated: the
presence of an insert precisely complementary to a region
of a phage genome is essential for resistance [33]; the
guide RNAs form complexes with multiple Cas proteins
and is employed to abrogate the infection [34-36]; and
new inserts conferring resistance to cognate phages can be
acquired [37,38]. An important modification to the origi-
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nal proposal is that, in the systems so far explored, the
cleaved target is phage DNA itself rather than mRNA [39].

The mechanism of heredity and genome evolution
embodied in the CRISPR-Cas system seems to be bona
fide Lamarckian (Figure 2):

-an environmental cue (mobile element) is employed
to directly modify the genome

-the resulting modification (unique, element-specific
insert) directly affects the same cue that caused the
modification

-the modification is clearly adaptive and is inherited
by the progeny of the cell that encountered the mobile
element.

A peculiarity of the CASS-mediated heredity is that it
appears to be extremely short-lived: even closely related
bacterial and archaeal genomes do not carry the same
inserts, the implication being that, as soon as a bacterium
or archaeon ceases to encounter a particular bacteri-
ophage, the cognate insert rapidly deteriorates (indeed,
the inserts hardly can be evolutionarily stable in the
absence of strong selective pressure because a single muta-
tion renders them useless)[32,37,38]. Nevertheless, the
Lamarckian scenario seems undeniable in the case of
CASS: adaptive evolution of organisms occurs directly in
response to an environmental factor, the result being spe-
cific adaptation (resistance) to that particular factor [32].
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The mechanism of CASS: a bona fide Lamarckian system.

Other potential Lamarckian systems functioning on the CASS
principle

It is instructive to compare the hereditary and evolution-
ary features of the CASS with those of eukaryotic RNA
interference (RNAi) and, more specifically, siRNA and
piRNA, and immune systems, the two systems in eukary-
otes that, at least, in general terms are functionally analo-
gous to CASS. Neither of these systems seems to utilize a
straightforward Lamarckian mechanism. Nevertheless,
both can be considered to display certain "Lamarckian-
like" features. The siRNA system (a distinct branch of
RNAI) definitely "learns" from an external agent (a virus)
by generating siRNAs complementary to viral genes [40-
42], a process that could be related, at least metaphori-
cally, to Lamarck's "change of habits". Moreover, there is
a degree of memory in the system because in many organ-
isms siRNAs are amplified, and the resistance to the cog-
nate virus can persist for several generations [43,44]. Such
persistence of siRNA is one of the manifestations of
increasingly recognized RNA-mediated inheritance,
sometimes called paramutation [45,46]. The key differ-
ence from CASS is that (as far as currently known) siRNAs
are not incorporated into the genome, so Lamarckian-type

epigenetic inheritance but not bona fide genetic inherit-
ance seems to be involved.

However, even that distinction becomes questionable in
the case of transposon-derived piRNAs which form rap-
idly proliferating clusters that provide defense against
transposable elements in the germ lines of all animals
[47,48]. In the case of piRNA, like with the CRISPR-Cas,
fragments of mobile element genomes are integrated into
the host genome where they rapidly proliferate, appar-
ently, under the pressure of selection for effective defense
[48]. All the criteria for the IAC and the Lamarckian mode
of evolution seem to be met by this system. It seems par-
ticularly remarkable that the sequestered germline, a cru-
cial animal innovation, that seems to hamper some forms
of Lamarckian inheritance, such as those associated with
HGT, itself evolved a specific version of IAC.

Notably, recent findings in both plants and arthropods,
although preliminary, indicate that these eukaryotes inte-
grate virus-specific DNA into their genomes and might
employ these integrated sequences to produce siRNAs that
confer immunity to cognate viruses [49,50]. If corrobo-
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rated by more detailed research, these mechanisms will be
fully analogous to CRISPR-Cas and decidedly Lamarckian.

Horizontal gene transfer: a major Lamarckian component
Arguably, the most fundamental novelty brought about
by comparative genomics in the last decade is the demon-
stration of the ubiquity and high frequency of horizontal
gene transfer (HGT) among prokaryotes, and a considera-
ble level of HGT in unicellular eukaryotes as well [51-56].
Prokaryotes readily obtain DNA from the environment,
with phages and plasmids serving as vehicles, but in many
cases, also directly, through the transformation pathway
[57]. The absorbed DNA often integrates into prokaryotic
chromosomes and can be fixed in a population if the
transferred genetic material confers even a slight selective
advantage onto the recipient, or even neutrally[58]. The
HGT phenomenon has an obvious Lamarckian aspect to
it: DNA is acquired from the environment, and naturally,
the likelihood to acquire a gene that is abundant in the
given habitat is much greater than the likelihood to
receive a rare gene. The second component of the Lamarc-
kian scheme, the direct adaptive value of the acquired
character, is not manifest in all fixed HGT events but is rel-
evant and common enough.

Perhaps, the most straightforward and familiar case in
point is evolution of antibiotic resistance. When a sensi-
tive prokaryote enters an environment where an antibiotic
is present, the only chance for the newcomer to survive is
to acquire a resistance gene(s) by HGT, typically, via a
plasmid [59]. This common (and, of course, extremely
practically important) phenomenon seems to be a clear
case of Lamarckian inheritance. Indeed, a trait, in this
case, the activity of the transferred gene that mediates anti-
biotic resistance, is acquired under a direct influence of
the environment and is clearly advantageous, even essen-
tial in this particular niche.

More generally, any instance of HGT when the acquired
gene provides an advantage to the recipient, in terms of
reproduction in the given environment (that is specifically
conducive to the transfer of the gene in question), seems
to meet the Lamarckian criteria. Recent comparative-
genomic studies indicate that HGT is the principal mode
of bacterial adaptation to the environment through the
extension of metabolic and signaling networks that inte-
grate new, horizontally acquired genes and hence incor-
porate new capabilities within pre-existing frameworks
[60-62]. Quantitatively, in prokaryotes, HGT appears to
be a far more important route of adaptation than gene
duplication [62,63].

A provocative indication that HGT might be an adaptive
phenomenon is the recent discovery of the Gene Transfer
Agents (GTAs). The GTAs are derivatives of defective bac-
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teriophages that pack a variety of bacterial genes and
transfer them within bacterial and archaeal populations
[64,65]. The properties of GTAs remain to be investigated
in detail but it seems to be a distinct possibility that these
agents are dedicated vehicles of HGT that evolved under
the selective pressure to enhance gene transfer. Should
that be the case, one would have to conclude that HGT
itself is, in part, an adaptive phenomenon.

Stress-induced mutagenesis and activation of mobile
elements: quasi-Lamarckian phenomena

Darwin emphasized the evolutionary importance of gen-
uinely random, undirected variation whereas the Lamarc-
kian modality of evolution is centered at directed
variation that is specifically caused by environmental fac-
tors. The real evolution seems to defy such oppositions. A
crucial case in point is the complex of diverse phenomena
that collectively can be denoted stress-induced mutagene-
sis[66,67], one major facet of which is activation of
mobile elements. In her classic experiments, McClintock
demonstrated activation of "gene jumping" in plants
under stress and the importance of this stress-induced
mobility of distinct "controlling elements" for the emer-
gence of resistance phenotypes [68,69].

The later, also famous and controversial, experiment of
Cairns and coworkers on reversion of mutations in the lac
operon induced by lactose brought the Lamarckian mech-
anism of evolution to the fore in a dramatic fashion
[70,71]. Cairns et al. showed strong enhancement of
frameshift reversion in the lac operon in the presence of
lactose and boldly speculated that the classical Lamarck-
ian mechanism of evolution was responsible for the
observed effect, i.e., that lactose directly and specifically
caused mutations in the lac operon. Subsequent, more
thorough investigations, including the work of Cairns and
Foster, showed that this was not the case: stress such as
starvation was shown to induce mutations but not in spe-
cific loci [72-77]. Crucially, the mutations underlying the
reversion of the lac- phenotype and other similar pheno-
types have been shown to be strictly stress-induced: lac-
cells plated on a medium with lactose as the only carbon
source experience starvation stress - rather than emerging
from the pool of pre-existing rare, spontaneous mutations
[78-80].

Actually, stress-induced mutagenesis, specifically, the
mutagenic SOS repair pathway in E. coli was discovered
long before the experiments of Cairns. Moreover, Radman
[81] and Echols [82] independently came up with the
seminal idea that this mutagenic form of repair actually
could be an adaptive, anti-stress response mechanism
rather than malfunctioning of the repair systems. The two
decades of subsequent research seem to prove this striking
conjecture beyond reasonable doubt.
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The adaptive character of error-prone DNA repair is sup-
ported by several lines of strong evidence. The activity of
the SOS pathway and the other mutagenic repair mecha-
nisms are elaborately regulated, in particular, through the
switch from high-fidelity to error-prone double-strand
break repair affected by the dedicated o-factor, RpoS,
apparently, to produce the optimal mutation rate [83].
Mutations produced by error-prone repair processes,
although not targeted to specific genes, are not randomly
scattered in the genome either. On the contrary, these
mutations are clustered around double-stranded breaks, a
phenomenon that is thought to have evolved as a distinct
adaptation that allows coordinated evolvability of clus-
tered, functionally linked genes (a central feature of
genome architecture in prokaryotes) in rare cells where
beneficial mutations emerge while limiting the damage to
other parts of the genome [67,83-86]. More recently,
stress-induced mutagenesis, in particular, retrotransposon
mobilization, was demonstrated also in yeast and in ani-
mals [87-89], suggesting that this mechanism of adaptive
evolvability is general across the entire range of cellular
life forms [67].

Stress-induced mutagenesis is a rule among bacteria rather
than an exception: among hundreds investigated natural
isolates of E. coli, more than 80% showed induced muta-
genesis in aged colonies, and the excess of stress-induced
mutations over constitutive ones varied by several orders
of magnitude [90].

Strikingly, it appears that stress-induced genome instabil-
ity is also central to the progression of cancer in animals
[82]. Tumors evolve under conditions of perpetual
hypoxic stress which induces extensive genome rearrange-
ment and mutation [91,92]. These stress-induced changes
comprise the basis for the survival of mutants that are
capable of uncontrolled growth in spite of the stress.
Despite the differences in the actual mechanisms of muta-
genic repair and its regulation, malignant tumors in ani-
mals are conceptually not so different from bacterial
populations evolving under stress [67].

Adaptive evolution resulting from stress-induced muta-
genesis is not exactly Lamarckian because the stress does
not cause mutations directly and specifically in genes con-
ferring stress resistance. Instead, organisms evolved mech-
anisms that in response to stress induce non-specific
mutagenesis which, however, appears to be fine-tuned in
such a way so to minimize the damage from deleterious
mutations in those rare genomes that carry a beneficial
mutation. This type of mechanism is best defined as
quasi-lamarckian. Indeed, in the case of stress-induced
mutagenesis: i) mutations are triggered by environmental
conditions; ii) the induced mutations lead to adaptation
to the stress factor(s) that triggered mutagenesis; iii) muta-
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genic repair is subject to elaborate regulation which leaves
no reasonable doubt regarding the adaptive nature of this
process.

Remarkably, there is a direct link between the Lamarckian
aspects of stress-induced mutagenesis and HGT via the
phenomenon of antibiotic-induced HGT of resistance
determinants [93,94]. More specifically, many antibiotics
induce the SOS response which in turn leads to the mobi-
lization of integrating conjugative elements (ICEs) that
serve as vehicles for the antibiotic resistance genes. Here
we observe an apparent convergence of different mecha-
nisms of the genome change in the Lamarckian modality.

The dissolution of a conflict: the continuum of Darwinian
and Lamarckian mechanisms of evolution

In the preceding sections, we discussed a considerable
variety of phenomena some of which seem to strictly meet
the Lamarckian criteria whereas others qualify in quasi-
Lamarckian (Table 1). The crucial difference between
"Darwinian" and "Lamarckian" mechanisms of evolution
is that the former emphasizes random, undirected varia-
tion whereas the latter is based on variation directly
caused by an environmental cue and resulting in a specific
response to that cue (Figure 1). Neither Lamarck nor Dar-
win were aware of the mechanisms of emergence and fix-
ation of heritable variation. Therefore, it was relatively
easy for Lamarck to entertain the idea that phenotypic var-
iation directly translates into heritable (what we now con-
sider genetic or genomic) changes. We now realize that
the strict Lamarckian scenario is extremely demanding in
that a molecular mechanism must exist for the effect of a
phenotypic change to be channeled into the correspond-
ing modification of the genome (mutation). There seems
to be no general mechanisms for such reverse genome
engineering and it is not unreasonable to surmise that
genomes are actually protected from this type of muta-
tion. The "central dogma of molecular biology" which
states that there is no information flow from protein to
nucleic acids [95] is a partial embodiment of this situa-
tion. However, in principle, the backward flow of specific
information from the phenotype - or the environment
viewed as extended phenotype - to the genome is not
impossible owing to the wide spread of reverse transcrip-
tion and DNA transposition. Highly sophisticated mecha-
nisms are required for this bona fide Lamarckian scenario
to work, and in two remarkable cases, the CASS and the
PpiRNA system, such mechanisms have been discovered.

Although the existence of other bona fide Lamarckian sys-
tems, beyond the CASS and the piRNA, is imaginable and
even likely, as suggested, for instance, by the discovery of
virus-specific sequences, potentially conferring resistance
to the cognate viruses, in plant and animal genomes
[49,50] these mechanisms hardly constitute the main-
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Table I: Lamarckian and quasi-Lamarckian phenomena
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Phenomenon Biological role/ Phyletic spread Lamarckian criteria
function
Genomic changes Changes are Changes provide
caused by specific to relevant adaptation to the
environmental genomic loci causative factor
factor
Bona fide Lamarckian
CRISPR-Cas Defense against Archaea and bacteria  Yes Yes Yes
viruses and other (present in ~1/3
mobile elements sequenced genomes)
piRNA Defense against Animals Yes Yes Yes
transposable elements  (apparently, all)
in germline
HGT (specific cases) Adaptation to new Archaea, bacteria, Yes Yes Yes
environment, stress unicellular eukaryotes
response, resistance
Quasi-Lamarckian
HGT Diverse innovations Archaea, bacteria, Yes No Yes/no
(general unicellular eukaryotes
phenomenon)
Stress-induced Stress response/ Ubiquitous Yes No or partially Yes (but general
mutagenesis resistance/ evolvability/
adaptation to new Adaptability enhanced
conditions as well)

stream of genome evolution. In contrast, the mechanisms
that we denoted in the preceding sections as quasi-
Lamarckian are ubiquitous. Conceptually, these mecha-
nisms seem to be no less remarkable - and no less sophis-
ticated - than the genuine Lamarckian scenario, because
the quasi-Lamarckian processes translate mutations that,
in and by themselves, are random into specific, adaptive
responses to environmental cues.

The theme of powerful, often adverse effects of the envi-
ronment on organisms seems to be common to different
facets of the Lamarckian mode of evolution described
here, be it the case of the CASS system or stress induced
mutagenesis. This association is most likely not spurious:
it stands to reason that strong signals from the environ-
ment trigger (quasi)Lamarckian processes whereas rela-
tively weak signals ("business as usual") are conducive to
the Darwinian modality of evolution (Figure 3).

In a recent discussion of the evolutionary significance of
HGT [96], Poole suggested that the Lamarckian aspect of
HGT, which was invoked by Goldenfeld and Woese [56]as
the dominant modality of the earliest stages of life evolu-
tion, becomes illusory when "a gene's view" of evolution

[97] is adopted. Indeed, it appears that the Lamarckian
modality is associated primarily, if not exclusively, with
the organismal level of complexity, and does not apply to
the most fundamental level of evolution which indeed
involves genes, independently evolving portions of genes
(e.g. those encoding distinct protein domains) and

Lamarckian modality

—

-

stress level

Darwinian modality

Figure 3
Environment, stress and the Lamarckian and Darwin-
ian modalities of evolution.
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mobile elements [98]. In that sense, Lamarckian evolu-
tion may be considered an "emergent phenomenon", per-
haps, not surprisingly, considering the need for complex
mechanisms for the integration of new material into the
genome, to realize the Lamarckian scheme.

In our opinion, the view of directed and undirected varia-
tion and their places in evolution presented here diffuses
the long-standing tension between the Darwinian and
Lamarckian scenarios. Indeed, evolution is a continuum
of processes, from genuinely random to those that are
exquisitely orchestrated to ensure a specific response to a
particular challenge. The critical realization suggested by
many recent advances referred to in this article is that
genomic variation is a far more complex phenomenon
than previously imagined and is regulated at multiple lev-
els to provide adaptive reactions to changes in the envi-
ronment. The distinction between Lamarckian and
Darwinian mechanisms of evolution potentially could be
considered as one of only historical, semantic or philo-
sophical interest. However, the radical reappraisal of the
nature of genomic variation and the realization that much
of this variation is adaptive, thus apparently eliminating
the conflict between the Lamarckian and Darwinian sce-
narios, is a veritable, although underappreciated para-
digm shift in modern biology.

Conclusion

A close examination of a variety of widespread processes
that contribute to the generation of genomic variation
shows that evolution does not rely entirely on stochastic
mutation. Instead, generation of variation is often con-
trolled via elaborate molecular machinery that instigates
adaptive responses to environmental challenges of vari-
ous degrees of specificity. Thus, genome evolution
appears to span the entire spectrum of scenarios, from the
purely Darwinian, based on random variation, to bona fide
Lamarckian where a specific mechanism of response to a
cue is fixed in an evolving population through a distinct
modification of the genome. In a broad sense, all these
routes of genomic variation reflect the interaction
between the evolving population and the environment in
which the active role belongs either to selection alone
(pure Darwinian scenario) or to directed variation that
itself may become the target of selection (Lamarckian sce-
nario).
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Reviewers' reports

Reviewer I: Juergen Brosius, University of Muenster

This is a timely, captivating and clear presentation of yet
another and highly significant testimony to the fact that in
nature, we rarely encounter clear boundaries. Figure 1 is a
centerpiece of the article, as it clearly pinpoints the salient
differences between Lamarckian, Darwinian and also neu-
tral evolution, but at the same time it illustrates their great
similarities. Key in the Lamarckian mode are the muta-
tion-directing mechanisms. Although acquired traits can
be passed onto the next generation in case of a greatly
reduced Weismann barrier as would have been the case in
an RNA world, where genotype and phenotype were
almost indistinguishable on the same ribonucleic acid
molecule [99], the directional component was almost cer-
tainly absent.

While commenting on Kammerer in the Background sec-
tion, the authors might include that very recently A. Var-
gas has revisited Paul Kammerer's controversial midwife
toad experiments. He comes to the conclusion that there
might be substance to Kammerer's observations based
upon what we learned about patterns of epigenetic inher-
itance, in the meantime [12]; see also commentaries by
Wagner and Pennisi [13,14].

Authors' response: We modified the text accordingly and cited
these publications; the pointer to this recent re-analysis of Kam-
merer's work is greatly appreciated.

It is also worth noting that memes [97] and cultural evo-
lution in general obey the laws of both Darwinian and
Lamarckian evolution [100]. Recently, it was proposed
that the human lineage is at the verge of several major evo-
lutionary transitions [101], one of these being a capability
very close to Lamarckism with the potential to direct
acquired knowledge on phenotype/genotype relation-
ships into our germ-line, the tools of Genetic Engineering
and Molecular Medicine representing the mutation direct-
ing mechanisms [99,102]. Hence, I would recommend to
qualify the sentence on page 20: "There seems to be no
general mechanisms for such reverse genome engineering
and it is not unreasonable to surmise that genomes are
actually protected from this type of mutation" with "up to

now .

Authors' response: These are interesting possibilities but we
are of the opinion that, when and if realized, these aritficial
methods of introducing directed changes into genomes will be
qualitatively distinct from naturally evolved mechanisms.
Accordingly, we did not modify the text of the article in the
belief that the reader is adequately served by this comment.

However, we do not need to wait for this to fully develop.

The authors recognized that a mechanism of capturing
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invader nucleic acids (e.g., from viruses and plasmids)
and using it antisense to the genetic material that evolved
in Archaea and Bacteria long ago is very close to the defi-
nition of Lamarckism. This mechanism is well described
in the article. Although there are a number of original
papers and reviews on the subject, no one seems to have
recognized the significance of the findings with respect to
Lamarckism (but see ref. 24 and Acknowledgements).

Concerning definitions regarding "adaptation to the orig-
inal causative factor" or the "adaptive reaction", at least
initially, this is not always the case: Strictly speaking, the
CRISPR system is an exaptation. For example, the viral
sequences did not evolve for the function in the host;
instead the host is co-opting them subsequent to integra-
tion for RNA-based antivirus immunity. Perhaps one way
out would be the use of the term "aptation" which com-
prises exaptation and adaptation as suggested by Gould
and Vrba [103].

Authors' response: We think this is a very subtle although,
perhaps, valid semantic point. Again, the interested reader will
be alerted by the comment.

Horizontal gene transfer (HGT), which was rampant in
the RNA world [99], I would not hang up too high with
respect to Lamarckism. The CRISPR system is a much
more impressive example. With respect to HGT, once
more [ only see a continuum with HGT on one end and
sex among members of the same species on the other.
HGT is just limit-, border-, or barrierless sex acquiring dif-
ferent genes instead of different alleles [99].

Obviously, I do not quite agree with the view that the
"Lamarckian modality is associated primarily, if not exclu-
sively, with the organismal level of complexity, and does
not apply to the most fundamental level of evolution
which indeed involves genes, independently evolving
portions of genes (e.g. those encoding distinct protein
domains) and mobile elements [98]" because of the
inseparability of genotype and phenotype in the RNA
world [99]. However, I agree with the authors to consider
Lamarckism as largely an "emergent phenomenon" (but
see the CRISPR system) in our lineage (see memes and
other evolutionary transitions discussed above).

Stress-induced mutations, whether point mutations
including small indels including SOS repair or large indels
in the form of mobile genetic elements constitute a crude
machinery, at best, but hardly directed. Despite a prefer-
ence for TTAAAA during RNA mediated retroposition in
placental mammals [104], insertions can happen at
almost any locus and hardly can be considered specific. At
a later point, the authors put this in the right perspective.
I hope misguided individuals do not stop reading before
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they reach these important paragraphs. Giving an outlook
on the future of our species, we might expect a sharp
increase in mutations and retroposition, due to the self-
inflicted stress by feedback from our environment.

Once more, one can only agree with Stephen Jay Gould: ".
our deepest puzzles and most fascinating inquiries often
fall into a no-man's land not clearly commanded by either

party” [7].

Reviewer 2: Valerian Dolja, Oregon State University

I follow the recent series of Eugene Koonin's conceptual
papers pretty closely, and I must admit that this latest one
is a surprising twist. When we were taught Biology, work
of Lamarck appeared to be a fine example of a feasible,
coherent, and even likable theory that, however, had no
experimental support whatsoever. By and large, this per-
ception did not change in the last four decades of our
direct engagement in biology research.

Enter discovery of the CRISPR system based initially on
the bioinformatics analysis of the prokaryotic genomes by
Koonin's team, and then confirmed experimentally in sev-
eral labs, again, with Koonin's direct involvement. Even
though in its infancy (e.g., it is not known how phages
respond to this defense; they either have CRISPR suppres-
sors or are busy evolving those), CRISPR already emerged
as a truly Lamarckian phenomenon, complete with a
mechanism for insertion of the acquired phage DNA frag-
ments into bacterial genomes. With the addition of
PiRNA facet of RNAI system and other, 'quasi-Lamarckian'
phenomena such as HGT (particularly when mediated by
GTAs), inheritance of the environmental DNA becomes a
major player in, at least, evolution of prokaryotes.

However, one can still ask how relevant this partial vindi-
cation of Lamarck is to the contemporary, mechanism-
based understanding of biological evolution. One argu-
ment is that, vili-nili, Lamarck and Darwin based their
concepts solely on observational natural philosophy
rather than on investigation of underlying molecular
mechanisms. It seems that the latter beats the former; suf-
fice it to say that the Mendel laws are trivial consequence
of the DNA replication mechanisms. In a sense, it does
not matter so much, Darwinian or Lamarckian, when it is
understood how evolution operates at the molecular,
organismal, and population levels.

This having been said, I still believe that the effort of reviv-
ing Lamarck's ideas should be applauded for at least the
following reasons. Firstly, it enriches the conceptual
framework of modern evolutionary theory by providing a
novel insight into complexity of relationships between
genomes and environment, and by showing several amaz-
ing examples of how the latter can directly or indirectly
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change the former. It is also fitting that Koonin who co-
fathered discovery of the CRISPR system, has also brought
this, now molecular mechanism-based Lamarckism back
to the fold of evolutionary biology. Secondly, it shows
how even the seemingly opposing theories can be com-
bined to complement each other. This pluralistic
approach appears to be a strong and continuing trend in
Koonin's work, be it introns early vs late or TOL vs FOL
debates. Thirdly, it emphasizes the need and the benefits
of continuous rethinking and reinterpreting the history of
science. The significance of the latter issue is hard to over-
estimate given the dramatic personal story of Kammerer
(recently recapitulated in Science) that intertwined with
the darkest days of Russian biology under Stalin and
Lysenko.

In conclusion, I think that Koonin and Wolf essay will be
very instructive for the broad audience of the students of
evolution and their opponents alike. It integrates so seam-
lessly the literary, historical, philosophical, and mechanis-
tic approaches. It also helps a lot that the paper is very
engaging, impossible to put aside before finishing.

Authors' response: We appreciate the constructive comments
and would like to emphasize that the primary goal of this paper
is indeed not a reappraisal of the role of Jean-Bapteste Lamarck
in the history of evolutionary biology. To engage in such an
undertaking, one needs to be a professional historian of science,
which we certainly are not, and of course, to be able to read
Lamarck's oeuvre in the original which, most unfortunately, we
cannot do (at least, not without a long-term, sustained effort).
Rather, this paper focuses on the increasing realization of the
more direct and active involvement of environmental factors in
evolutionarily relevant genomic change than perceived within
the Modern Synthesis of Evolutionary Biology. This emerging
new aspect of evolution necessarily brings to mind Lamarck but
we do not propound a revival of the actual ideas of Philosophie
Zoologique.

Reviewer 3: Martijn Huynen, Radboud University

Koonin and Wolf have written an interesting and provoc-
ative study on the Lamarckian aspects of some non-ran-
dom genetic changes. In commenting on this paper I will
try to not run into semantic issues about what is really
Lamarckian.

Some newly discovered systems like the CAS system can,
also in my view, clearly be regarded as Lamarckian, and I
applaud the authors for carefully making their case. To
regard Horizontal Gene Transfer (HGT) as Lamarckian
one would however have to show that a substantial frac-
tion of HGT is indeed adaptive. I do not think we have
data to substantiate that. One could of course argue that
species living in the same environment share the same
needs, like adaptation to high temperatures, and thus the
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transfer of Reverse Gyrase from Archaea to Bacteria could
be regarded as Lamarckian. I doubt however that of the
total number of genes that get transferred a reasonable
fraction will have adaptive value. It may be tentative to
think so, but we simply have no data to separate the
effects of the process of HGT from the process + the effect
of selection.

I would therefore not agree that "any instance of HGT
when the acquired gene provides an advantage to the
recipient, in terms of reproduction in the given environ-
ment (that is specifically conducive to the transfer of the
gene in question), seems to meet the Lamarckian criteria",
because there will be many non-adaptive HGTs, just as
there are many non-adaptive mutations.

Authors' response: we do not claim that all or most of HGT is
adaptive or Lamarckian but only that there is a substantial
Lamarckian component to it. The quoted sentence says nothing
about the frequency of adaptive HGT, so we maintain that it is
valid. Further, one has to clearly distinguish between the occur-
rence of HGT and its fixation in the population. Of course, the
huge majority of occurring HGT is non-adaptive but that does
not necessarily apply to the fixed transfers.

Similarly I do not think that there is evidence to support
that the stress induced changes in tumors are adaptive in
themselves, even though some of them could indeed be
selected, and I do not know of any evidence to support
that "the induced mutations lead to adaptation to the
stress factor(s) that triggered mutagenesis".

Authors' response: it is important to emphasize that, unlike
the case of CRISPR and the adaptive component of HGT, which
we view as bona fide Lamarckian, we denote stress-induced
mutagenesis including that occurring in tumors, a quasi-
Lamarckian phenomenon (Table 1). So we do not posit that
induced mutations are adaptive "in themselves" but rather that
some of them are, often, only a small fraction. However, all
these mutations are directly induced by environmental stress
factors, and those that are adaptive, even if a small minority,
are most consequential for evolution.

Finally: at least I do not realize that "much of this varia-
tion is adaptive". But this study did get me to think about
it, and as such I think this manuscript provides valuable
new insights and thoughts about the possible continuum
between Darwinian and Lamarckian evolution.
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