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Parallel universes of Black Six biology
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Abstract

Creation of lethal and synthetic lethal mutations in an experimental organism is a cornerstone of genetic
dissection of gene function, and is related to the concept of an essential gene. Common inbred mouse strains
carry background mutations, which can act as genetic modifiers, interfering with the assignment of gene
essentiality. The inbred strain C57BL/6J, commonly known as “Black Six”, stands out, as it carries a spontaneous
homozygous deletion in the nicotinamide nucleotide transhydrogenase (Nnt) gene [GenBank: AH009385.2],
resulting in impairment of steroidogenic mitochondria of the adrenal gland, and a multitude of indirect modifier
effects, coming from alteration of glucocorticoid-regulated processes. Over time, the popular strain has been
used, by means of gene targeting technology, to assign “essential” and “redundant” qualifiers to numerous genes,
thus creating an internally consistent “parallel universe” of knowledge. It is unrealistic to suggest phasing-out of
this strain, given the scope of shared resources built around it, however, continuing on the road of “strain-unawareness”
will result in profound waste of effort, particularly where translational research is concerned. The review analyzes the
historical roots of this phenomenon and proposes that building of “parallel universes” should be urgently made visible
to a critical reader by obligatory use of unambiguous and persistent tags in publications and databases, such as
hypertext links, pointing to a vendor’s strain description web page, or to a digital object identifier (d.o.i.) of the
original publication, so that any research done exclusively in C57BL/6J, could be easily identified.

Reviewers: This article was reviewed by Dr. Neil Smalheiser and Dr. Miguel Andrade-Navarro.
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Introduction
The concept of an essential gene, whose targeted inactiva-
tion results in lethality of a genetically modified organism,
is a cornerstone of genetic dissection of gene function. Also
important is the derivative concept of synthetic lethality,
wherein inactivation of either of any two genes is not lethal,
but simultaneous inactivation is lethal. Although synthetic
lethality was reportedly discovered in fruit fly Drosophila
as early as in 1922 (historical account [1]), Theodosius
Dobzhansky first made extensive use of it and, indeed,
coined the term. He wrote [2] in his 1945 paper:
“Chromosomes A and B evidently contain genes, or
groups of genes, which taken separately are not lethal
to homozygotes raised at 16.5 degrees, but which be-
come lethal when combined by crossing over. In view
of their known origin by crossing over, chromosomes
Nos. 18, 41, and 63 may be said to carry “synthetic lethals.”
Ultimately, an exhaustive gene network can be constructed,
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if all synthetic lethal phenotypes are analyzed [3], aiding in
post-genomic methods of drug discovery [4]. Considerable
progress in analyzing “lethal combinations” [5] has been
achieved in bacteria and yeast [6,7], and in the nema-
tode C.elegans (recent review [8]) but the corresponding
analysis in mammals lags behind.
A major portion of our current knowledge about gene

function in mammals is derived from the phenotypes of
mouse strains with targeted or random gene inactivation
[9]. The mouse research community enjoys the availabil-
ity of an extensive palette of standardized inbred strains,
as well as strains with targeted inactivation/mutation of
specific genes, and many of these are commercially avail-
able from established sources (The Jackson Laboratory,
Charles River, Harlan, Taconic Farms, to name a few).
An ambitious project aimed at inactivation of all predicted
mouse genes is in progress [10]. Even though mouse
models of disease are not limited to targeted gene mutation
or inactivation, the results of studies of the strains produced
by gene targeting technology have made an undisputable
impact on biology and medicine.
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In recent times, it has been found that the most com-
mon inbred mouse strains carry background mutations
[11-18] that conceivably interact with phenotypes created
by targeted gene disruption, thus possibly interfering with
the assignment of “essential” and “redundant” gene quali-
fiers. Such mutant alleles are among “modifier genes”, the
case of cystic fibrosis CFTR gene being the classical ex-
ample (recent review [19]), some of which are capable of
altering the phenotype of a large number of other muta-
tions. Beside the large number of known modifiers with a
limited effect (recent review [20]), a few point mutations
with implied systemic effect have been uncovered in spe-
cific groups of strains by modest, gene-focused approach
[11-18]. In addition, a much larger number of differences
between the genomes of laboratory mouse strains, mostly
with unclear consequences, have been discovered since
the application of next generation sequencing [21-24].
Genome changes that occurred during the rodent lineage
specification, such as large segmental duplications ([23,24]
and references therein), can now be clearly distinguished
from relatively late changes in the mouse genome that
have occurred since domestication, presumably as the re-
sult of adaptation to a life in captivity and in production
facility [25,26].
The inbred strain C57BL/6J, commonly known, along

with its other substrains, as “Black Six” stands out, as it
carries a homozygous spontaneous deletion in the Nnt gene
[12,27]. The product of this gene [GenBank: AH009385.2],
by virtue of its expression profile [28] directly affects the
function of steroidogenic mitochondria [29] and through
the function of the hypothalamic-pituitary-adrenal axis, ad-
renal response to stress (for a recent succinct review, see
[30]). At the same time, the strain has been used by means
of gene targeting technology to assign “essential” and “re-
dundant” qualifiers to numerous genes. The purpose of this
review is not to raise another concern about the import-
ance of exact mouse nomenclature, but to expose the
particular danger of the Nnt mutation, which, due to its
underappreciated wide systemic effect, has aided in creation
of an internally consistent “parallel universe” of knowledge,
growing at an alarming rate. The review analyzes the histor-
ical roots of this phenomenon and proposes that building
of “parallel universes” should be urgently made visible to a
critical reader by obligatory use of unambiguous animal
strain identifiers in publications and databases, such as
hypertext links pointing to a vendor’s strain description
web page (including stock number), or to a digital object
identifier (d.o.i.) of the original publication.

Review
The power of Black Six
In March 1998, a panel of international scientists met to
make recommendations to the National Institutes of
Health (USA) regarding priorities for generating mouse
genomics and genetics resources. A consequence of these
recommendations was the general approval of a strategy
to sequence the mouse genome. The action plan for
mouse genomics was published in Nature Genetics [31].
Although there was considerable debate in the research

community about which mouse strain should ultimately
be used to derive the index mouse genome sequence, the
Coordinating Group unanimously decided on October 5,
1998 that the best choice was the C57BL/6J strain, com-
mercially available from The Jackson Laboratory. The
reason for selecting C57BL/6J out of a palette of other
popular strains was “confidence of strain derivation, wide-
spread use among the research community and favorable
breeding characteristics” [31]. Widespread use of this
strain was, in large part, determined by established tar-
geted mutation technology [32-34], wherein the strain was
routinely used as a host for genetically transformed cells,
derived from a 129-family strain. In 2002, C57BL/6J be-
came the first mouse strain with a sequenced genome, al-
beit with many gaps, and also the first mammalian model
organism with a reference genome. This was carried out
in contrast to the way in which the human genome
sequence was derived [35,36]; the human genome was a
consensus of several genetically distant individuals. In
2009 a new, considerably refined, C57BL/6J genome
sequence was published [23].
These events had a snowball effect and reinforced the

use of the C57BL/6J strain in the mouse research com-
munity. Publications show that many laboratories started
to move their mutant genes of interest to the C57BL/6J
background, even when they may originally have been
obtained in a different strain. In 2013 this strain was
introduced into space research [37,38].
As the great majority of laboratories were not equipped

to make genetically modified strains on their own, but
rather collaborated to create such a strain, borrowed or
purchased it, a logistics pyramid emerged spontaneously
to ensure the widespread use of the C57BL/6J strain through-
out the research community. For a substantial portion
of it there really was no choice in selecting the C57BL/6J
strain due to the existence of the logistics pyramid. More-
over, many in the research community probably did not
care about the reference strain identity and its genetic
background, an impression that can be gleaned from the
frequent absence of strain identity or consistent strain
misspellings in publications.
There was, however, a downside to the widespread use

of C57BL/6J for genetic studies: the phenotype of a
targeted mutation on the C57BL/6J strain sometimes
displayed peculiar characteristics, in particular, where
comparable data on the properties of the same mutation
on a background of another strain were available. One of
the early examples of this kind is the knockout pheno-
type of the glucose-6-phosphate dehydrogenase gene
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[39], which is lethal on the C57BL/6J background, but
not so on the hybrid C57/129 background. In humans,
this gene is one of the most frequently mutated, particu-
larly in African populations, as the reduced activity of
the protein product confers protection from malaria
[40]. From this comparison it could be concluded that
this gene is “essential” only in C57BL/6J, though “redun-
dant” in other strains, or in humans. The authors did
not suspect that they were observing a case of synthetic
lethality. Such discrepancies, which accumulated only
slowly, were usually dismissed, so the fecund and soci-
able C57BL/6J did not stand out in any particularly
unfavorable way at the beginning of the 21st century.

Mutatis mutandis?
Perhaps the first mutation with an implied pleiotropic ef-
fect found in inbred mouse strains was the inactivation of
the gene, encoding aralkylamine N-acetyltransferase,
aanat [11]. The inactivation results in the absence of syn-
thesis of melatonin, a pineal gland hormone [41,42]. While
it affected C57BL/6J and a number of other strains, it was
not immediately apparent how this mutation might stand
in the way of progress, as chronobiology was still in its
infancy. In contrast, the discovery in 2001 of a large gen-
omic deletion in a C57BL/6 lineage, offered commercially
by Harlan, invoked a short, but emotional letter on the
importance of exact strain nomenclature [43]. The im-
portance of adherence to exact strain nomenclature, as
well as the issue of genetic background was, indeed, raised
more than once [44-48] but was largely ignored. In 2005,
Toye et al. [12] found, using a classical genetic mapping
approach, that glucose intolerance in C57BL/6J is largely
due to a naturally occurring “knock-out” of the Nnt gene,
encoding nicotinamide nucleotide transhydrogenase, a
nuclear-encoded mitochondrial proton pump [49]. This
publication invoked a special commentary on the web site
of the strain vendor [50], but did little to alter practices in
the research community. More recent publications [51,52]
showed that a twin strain C57BL/6N did not carry the
Nnt mutation, although it was a descendant of the same
original strain from which C57BL/6J was derived (histor-
ical account [53]). However, gene targeted strains had
been created on both of these backgrounds, often without
explicit knowledge of the differences between them [54].
The Navarro et al. study checked 79 randomly picked
gene-targeted strains deposited to The Jackson Laboratory
and found that 19 of them were homozygous Nnt+/+,
7 heterozygous Nnt+/- and the rest homozygous Nnt-/-.
Sadly, even these discoveries did not appear to sound
an alarm throughout the worldwide mouse community,
and neither did similar publications showing that other
deleterious mutations were present in common mouse
strains (mentioned in the Introduction). The pattern is
recognizable in the public databases and resources, i.e. the
comprehensive mouse embryonic stem cell mutant re-
source by the International Knockout Mouse Consortium
uses the Nnt+/+, strain C57BL/6N [10], while C57BL/6J is
used by the extensive brain-specific gene expression atlas
of the Allen Institute for Brain Science [55] and the three-
dimensional brain MRI atlas [56].
However, behind the scenes, the mouse community be-

came divided into two broad groups. One group contin-
ued to ignore the problem of background mutations,
often reporting inexact or obscure citation of the strain
name, or burying its identity in a chain of references to
the previous papers. The second group of researchers,
recognizing the problem and the potential in comparing
the phenotype on more than one background has started
to move their targeted mutations to another background,
such as the similar, but Nnt+/+ strain C57BL/6N, or to a
distant background, with an attempt to map the genetic
modifiers of the original phenotype.
Publications since 2012 of multiple mouse strain se-

quences derived by next generation sequencing technology
have revealed a number of point mutations and insertions/
deletions in many, if not all, of the popular strains, the
scope of which does not correlate with the apparent
“normality” of the mice [21]. Such discoveries question the
importance of studies of the point mutation of just one
peculiar gene. However, by now substantial data has accu-
mulated that the peculiar properties of certain targeted
mutations on the C57BL/6J background are not seen when
the mutation is expressed on the background of other
popular strains such as FVB/N or 129/Sv, or mixed
(hybrid) mouse backgrounds, or even in the patient, whose
disease was modeled in the mouse. Such examples are too
numerous to be comprehensively included here, without a
bias toward a specific field or research group.
Importantly, strain specificity of gene-targeted mutations

has been seen in such processes as glucocorticoid synthe-
sis [57] and transport [58-61], as well as programmed
cell death [52,62], all known to involve the endoplasmic
reticulum and/or mitochondria. However, while some au-
thors began to suspect the strain background when mouse
model results did not match the results on human patients
with the analogous mutation [63], numerous other authors
did not question the results obtained only on C57BL/6J
[64-72], and some even defended the superiority of this
strain and considered the results obtained on other strains
as problematic [73] a.

Nnt deletion in C57BL/6J has more than one systemic
endophenotype
Independent research in patients has shown that NNT is
the fourth gene associated with familial glucocorticoid
deficiency (OMIM #614736) in humans [29]. This dis-
covery also revealed that de facto, an unplanned inter-
national experiment in the mouse has been going on for
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3 decades, in which many targeted mutations on C57BL/
6J background have unintentionally been combined
pairwise with a pleiotropic mutation, often resulting in
synthetic lethality.
A recent study in four European magnetic resonance

imaging centers found that C57BL/6J also displays spor-
adic porto-systemic shunts (a liver dysmorphology), which
were originally discovered as unexplained spikes of neuro-
transmitter glutamate in its brain [74]. This condition is
also known in humans, and patients with it display
multiple neuro-behavioral problems [75]. This discovery
puts the C57BL/6J strain in the problematic category with
respect to its utility for behavioral studies.

Parallel universes of Black Six biology
The background Nnt mutation in C57BL/6J stands out in
comparison to other known strain-specific mutations
because it affects the so-called hypothalamic-pituitary-
adrenal axis, a complex and incompletely understood
system that regulates multiple processes at the whole or-
ganism level (recent review [76]). Consequently, its effects
may be hard to detect in the reference strain itself in the
absence of “stress” [77,78]. The Nnt mutation ablates a
protein expressed in mitochondria of many tissues [28]
and thus is likely to interact with a large number of other
targeted mutations. Parenthetically, mutations, introduced
by gene targeting, might also be viewed as a form of stress.
The absence of the Nnt protein in steroidogenic mito-
chondria in the adrenal gland results in a multifaceted
phenotype, presumably due to altered corticosteroid sig-
naling, which is, perhaps, still incompletely characterized.
Regardless of the mechanism, it is much more important
that, if a result of gene targeting appeared to be embryonic
lethal in C57BL/6J, the respective targeted gene qualified
as “essential”. On the other hand, if a gene ablation did
not result in lethality, the gene was labeled as “non-essen-
tial” and the respective protein function was considered to
be “redundant”. The scale of this massive misclassification
of genes as “essential” or “redundant” has progressed to
the point of creating a consistent C57BL/6J-specific “par-
allel universe” of knowledge about gene function, a “Black
Six biology”.
Evidently, growth of “parallel universes” could go un-

detected for a long time, as a similar study is not often
done in parallel in different experimental organisms, and
even if discrepancy arises, it can usually be attributed to
“species difference” or, not quite as often, to “genetic
background effects” or to “undocumented confounders”.
The consequences are more serious in the cases where
mouse research produces robust leads for the so-called
“translational research”. The ignorance of the possibility
of the genetic background effects could result in two
scenarios. First, it can make a useless drug go further
into clinical studies, only to be found dangerous in the
toxicity tests. Second, it could preclude a promising drug
from crossing the great translational divide, also known
as the ”Valley of Death” [79-83], separating the pre-
clinical and clinical studies. Both scenarios will likely re-
sult in a profound waste of effort, rather than progress
to a true medical catastrophe.
By extension, this conclusion also applies to other

popular strains having other deleterious mutations,
except that none of the other strains comes close to the
situation with the Nnt mutation in C57BL/6J, if one con-
siders the pleiotropic nature of the lesion and the histor-
ical strain popularity combined.
Recently, a comparative genomic and phenotypic ana-

lysis of the twin strains, C57BL/6J and C57BL/6N, has
been published by a consortium of 18 European labora-
tories [46,53]. While this huge study is much more than
a reiteration of concern about strain nomenclature, it
carefully downplays the scale of the informational conse-
quences of the systemic phenotype(s) of the Nnt muta-
tion and only tentatively suggests that the effect of this
mutation alone could supersede the more modest effects
of the other genomic differences found between these
twin strains.

What should be done?
This review is not an advocacy of a worldwide ban on
C57BL/6J, nor is it a call for massive retraction of publi-
cations using this strain. However, certain pivotal experi-
ments done exclusively on C57BL/6J in the past should
be validated on a progeny of an F1 cross with a distant
strain, to verify that these discoveries do not belong to
“parallel universes” of Black Six biology. By doing so,
one might hope to eventually reap some of the benefits
of the unplanned large scale international experiment
spanning over three decades, wherein numerous gene
targeted mutations have been combined pairwise with
the pleiotropic effect of the Nnt mutation.
The building of the “parallel universes” should and can

be put under control. The important and urgent step
would be to implement a modern mode of tagging of the
available information. Instead of current lax approach, I
would suggest the use of unambiguous strain identifier,
such as a hypertext tag pointing to the vendor’s descrip-
tion web page (if the strain is commercial), or to the
“digital object identifier” (d.o.i.) of the original publication,
if the strain was obtained by other means. Here is how
the strain C57BL/6J could be identified by the hypertext
link: C57BL/6J [http://jaxmice.jax.org/strain/000664.html].
It would be even more appropriate, if a vendor-independent
Reference Laboratory Strain Database could be created,
to which the hypertext links could be directed. For
now, it is within the power of such public databases as
NCBI’s PubMed to introduce an obligatory strain identity
tag on every on-line abstract. Ideally, journal editors should

http://jaxmice.jax.org/strain/000664.html
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be the ones to elevate the correct strain information to
the same level of importance as currently applied to
chemical formulae and nucleotide/protein sequences.
Currently, despite the existence of the ARRIVE guide-
lines for animal research [84] that emphasize the im-
portance of correct animal identity, only a few journals
have actually adopted them.

Conclusions
If Hans Selye [85] were alive today, he would have
certainly been deeply concerned by the fact that a mouse
strain with a remodeled stress response and an impaired
hypothalamic-pituitary-adrenal axis is used in the 21st

century as a reference in hundreds of laboratories world-
wide. The altered hypothalamic-pituitary-adrenal axis
response affects not only the assignment of the “essential”
and “redundant” gene qualifiers, on which this review was
deliberately focused, but also non-hereditary mouse
models, such as those with chemically induced conditions.
I can tentatively attribute the pervasive “strain un-

awareness” to at least two dissimilar reasons. The first
reason could be called “shadow of Claude Bernard” [86],
a legacy of physiological paradigms of the 20th century.
Indeed, genetic identity of experimental organism (or
lack thereof ) did not concern physiology for the most
part of the 20th century [87], wherein many fundamental
experiments were done on mongrel dogs. Today, mouse
models are still created within this school of thought.
The second reason is that the unique system of shared
resources and associated institutions in mouse research,
created throughout the 20th century, acts as a powerful
incentive for fallback on a single strain, C57BL/6J. Con-
sequently, suggesting a gradual phasing out of this strain
is unrealistic. This situation is aggravated by the exist-
ence of “twin” substrains, C57BL/6J and C57BL/6N, hav-
ing different systemic mutations [12,18], and by the fact
that even though a study of the Nnt genotype of the
commercially available C57BL/6 substrains has been
published [88], the vendors have yet to follow the ex-
ample of The Jackson Laboratory and Charles River and
include the Nnt genotype in their strain descriptions.
A recent proteomics study [89], comparing the response

of two common mouse strains, C57BL/6J and 129/Sv, to
high-fat diet, is not only a pertinent example of just how
different the same physiological reaction could be in two
distantly related mouse strains, but also an appropriate
test question: which of the two strains should one trust in
anti-obesity drug testing? If one still thinks “C57BL/6J”,
this review has not reached its goal. In this author’s opin-
ion, the correct answer is: the F1 hybrid of the two, since
it precludes the recessive background mutations of either
strain from affecting the outcome.
As for basic research, it is important to understand that

no number of new experiments targeting individual genes
can make the “parallel universes” of knowledge quietly van-
ish, but continuing on the road of “strain unawareness”
slowly annihilates a substantial portion of the knowledge
that has been accumulated, creating controversies, going to
the point where trust in mouse as an experimental organ-
ism would falter.
Finally, perhaps, the story of C57BL/6 “twins” could be a

hint that maintenance of an inbred strain for hundreds of
generations is not the best way of assuring consistency.
Today, armed with the refined genome sequence and
contemporary genome analysis tools, geneticists could con-
sider repeated rederivation “from ground up” of an entirely
new, post-genomic, reference strain.

Endnote
aWhile this selection of references constitutes a pos-

sible bias toward specific fields and research groups, the
intention was to provide a sufficient breadth of examples
with potential clinical implications, without excessive
referencing. This selection is by no means complete or
driven by personal reasons.

Reviewers' comments
Reviewer 1 report
Dr. Neil R. Smalheiser, University of Illinois at Chicago,
United States of America
This is a fascinating and scholarly account of “Black Six

biology” with lessons for anyone using inbred mice in biol-
ogy. I think it will be widely read and discussed. However,
I do strongly suggest making a number of changes:
First, the tone of the paper begins as a scholarly discus-

sion, then changes abruptly in the Conclusions section,
becoming negative, polemical and defensive. This posture
is not warranted and will not move readers to the desired
actions. I would remove loaded words such as “shocked”,
“deranged”, “obviously defective”, and “folly”. Moreover, I
disagree that there has been any suppression of dissident
views on the subject of inbred strains. (The long list of ref-
erences cited in this paper, including Wotjak’s paper in the
prominent Trends in Genetics, is evidence to the con-
trary.) I agree that research results often take a long time
to result in changes in behavior: think of how difficult it
was to get physicians to wash their hands between pa-
tients, or to convince scientists to take seriously the threat
of contamination of their cell lines by HeLa. Often infor-
mation is not enough to change behavior, and perhaps
circulating this paper will help, but claiming suppression
will definitely NOT help.
Author's response: I am very grateful to the reviewer for

his critical analysis of the manuscript and constructive com-
ments. Indeed, correct word choice is very important for the
message to reach the audience without alienating anybody. I
have changed the words “shocked”, “deranged”, “obviously
defective” to “deeply concerned”, “remodeled” and “impaired”
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respectively. The term “black mouse folly” has been replaced
with “strain unawareness”. I removed the reference to sup-
pression of dissident views, which was clearly inadequate.
Minor changes: a) The last sentence of the abstract is

hard to understand, and should be rewritten in plainer
English. b) Is ANY single inbred strain of mouse likely to be
perfect for carrying out knock out experiments? If not, then
you should clarify better that it is not 6J that is the problem,
but the lack of robustness built into the experiments (i.e.
perhaps lethality should be an outcome averaged over a
number of diverse strains?). Statements such as “interfering
with the assignment of “essential” and “redundant” gene
labels” (p. 3) or “massive misclassification of proteins as
“essential” or “redundant” (p. 9) should be changed, since
any assignment is relative to some choice of strain and some
background genome. c) Please define synthetic lethality
(p. 6). d) The term “judicial” (p. 11) is obscure and should
be replaced with something easier to understand.
Author's response: Although the suggestions are listed

by the reviewer as minor, they prompted me to rewrite
portions of the Introduction and move a portion from the
Conclusions into a new section, particularly that similar
concerns were raised by the other reviewer. Specifically,
a) the last sentence in the revised Abstract now reads:

“…proposes that building of “parallel universes” should be
urgently made visible to a critical reader by obligatory use
of unambiguous and persistent tags in publications and
databases, such as hypertext links, pointing to a vendor’s
strain description web page, or to a digital object identifier
(doi) of the original publication, so that any research done
exclusively in C57BL/6J, could be easily identified.”
b) The short answer is that no single current strain is

perfect for all conceivable knockout experiments, however,
giving practical advice on strain selection was not the
purpose of my review, instead, the focus is on the legacy of
“strain unawareness”. I stand by the idea that the legacy of
strain unawareness is massive functional misclassification
of genes. Besides, since controls for background-specific
phenomena (including lethality), such as outcross to a gen-
etically distant strain are often not done, indeed there is
also a common lack of robustness in mouse experiments,
presumably dictated by their cost. However, while technic-
ally gene essentiality assignment always refers to a specific
(genetic) background, as long as it is currently accepted
that core physiology of all mammals is the same, conse-
quently certain genes should be essential in mammals
regardless of background.
c) expanded historical background and a definition of

synthetic lethality is now provided in the Introduction.
d) word “judicial” was replaced by “modern mode”.

Reviewer 1 report on the revised version
The paper is improved and reads well. I would suggest
making a few minor changes of wording: a) In the
section What Should be Done?, I would remove the
phrase "as some of my previous reviewers have sug-
gested". b) In the section Conclusions, "Had Hans Selye
been alive" is improper grammar [certainly he had been
alive]. Maybe say something like, If Hans Selye were
alive today,.... c) In the third paragraph of Conclusions, I
would rephrase or remove the first sentence (that in-
cludes "medicine is not in immediate danger of the inva-
sion of newdrugs,…).
Author's response: I accept all of the reviewer’s sugges-

tions. The text has been changed to accommodate them.

Reviewer 2 report
Dr. Miguel A. Andrade-Navarro, Max Delbrück Center
for Molecular Medicine, Germany
The manuscript from Kraev points to a serious issue af-

fecting 30 years of research in mouse genetics: the wide-
spread use of the inbred strain C57BL/6J (or Black Six)
with known and often ignored genetic and physiological
defects, and the failure of many reports to indicate
whether they use this or other mouse strains. As a result,
the relevance of many published experimental results
remains questionable until these experiments are repeated
in mouse strains of “more robust” genetics. The author
proposes that mouse strains should be clearly annotated
in publications, and that the use of Black Six for genetics
research should be carefully considered. While, as he ad-
mits, he is not the first to state these claims, this manu-
script collects the bibliography relevant to the problem
and insists on the annotation approach.
Major comments
The author needs to be more clear about whether he

proposes that mouse strains must be tagged, or some
strains not be used, or what. I think he suggests both
and then this should be stated in the abstract.
Author's response: I am grateful to the reviewer for in-

depth analysis of the manuscript and many constructive
suggestions. I do suggest that mouse strains should be
more clearly tagged in publications, but I do not suggest
any kind of prohibition on certain strains. Rather, the au-
thors should be aware of the background mutations and
their possible effect on their studies. Ideally, more than
one strain should be used to evaluate a newly discovered
effect of a targeted gene modification (knock-in or knock-
out), particularly the one that results in lethality.
The technical details of how to annotate mouse strains

in future and past manuscripts are loosely defined as
“hypertext tagging”. In the absence of a deeper discussion
on how the annotations will be achieved, I suggest to be
simpler and I would change the sentence in page 2: “by
obligatory hypertext tagging of proper use, as well of as
misuse and omission, of exact animal strain names in
publications and databases.” to “by obligatory tagging of
exact animal strain names in publications and databases.”
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Author's response: I agree with this comment. In the
revised text, I give specific suggestions. Please also see
below the response to “Page 4” comment on the proposed
format of the strain tag.
Also in page 11, I would simplify “This should start

with biomedical literature, so that experiments done ex-
clusively on C57BL/6J are clearly tagged with hypertext
links and become identifiable for subsequent machine
analysis.” to “This should start with biomedical litera-
ture, so that experiments done exclusively on C57BL/6J
are clearly tagged.”
Author's response: I agree with this suggestion, the

Abstract and the body of the text have been changed to
accommodate it.
Then, the author might need to be more specific about

whom is he addressing: are journal editors supposed to
enforce the proper description of mouse strains in new
papers? Should researchers stop using certain strains for
particular topics of research? Should database centers
like the NCBI and the EBI back-annotate existing biblio-
graphic records (e.g. MEDLINE) to include missing
strain annotation? Should authors of published literature
contribute to annotate their database records?
Author's response: Ideally, journal editors should be the

ones to elevate obligatory strain designation to the same
importance level as chemical formulae and nucleotide/
protein sequences. Strain identity is one of the central is-
sues in the ARRIVE guidelines, published in 2010, which
are, admittedly, voluntary, and are currently supported by
only a few journals. In this review, I did not plan to elabor-
ate on which strains are bad choices for specific fields of
research, it is an attractive topic for more focused future
publications. It would certainly be desirable that database
centers back-annotate existing bibliographic records, but
this needs a specialized discussion, which hopefully follows
after the publication of this review. The back-annotation
would obviously be incomplete without active participation
of the authors of the original research.
Regarding database records, there are already MeSH

terms for mouse strains that are used to annotate records
in MEDLINE. See for example term: Mice, Inbred C57BL
[B01.050.150.900.649.865.635.505.500.400.420]. There are many
others that the author could examine at: http://www.nlm.
nih.gov/cgi/mesh/2014/MB_cgi?mode=dcms&term=Mice,+
Inbred+Strains&field=entry#TreeB01.050.050.157.520
If the author thinks that these terms are incomplete

then he could say so and suggest how these terms should
be completed.
Author's response: I have expanded a portion of the

Conclusions into a separate section to discuss this point.
Indeed, relevant MESH terms are useful, but they are in
need of update. The reference, suggested by the reviewer,
contains MESH terms for only a few most common
mouse strains, but does not allow distinction between the
strains of the C57BL family, two of which are the topic of
this review.
Page 4: “The purpose of this review is not to raise

another concern about the importance of exact mouse
nomenclature, but to expose the particular danger of a
single mutation, which has aided in creation of an in-
ternally consistent parallel universe of knowledge. I sug-
gest a simple way to stop this trend.” May be it would
help here to explain shortly what the suggestion is.
Author's response: I created a new subsection to elabor-

ate on this point. Essentially, it amounts to the use of
unambiguous strain identifier, such as a hypertext tag
pointing to the vendor’s description web page (if the strain
is commercial), or to the “digital object identifier” (doi) of
the original publication, if the strain was obtained by other
means. Here is how the strain C57BL/6J would be identi-
fied by the hypertext link: C57BL/6J [http://jaxmice.jax.
org/strain/000664.html].
Page 9. While I am sympathetic with the point being

made, I am not sure to agree with the dramatic example
given in page 9: “if a new drug for human consumption
were suggested as a result of experimentation in C57BL/6J
alone [?]”. There are so many differences between mice
and humans that I doubt the “abnormalities” of Black Six
would specifically result in dangerous drugs. In general I
would here just insist on the danger of extracting conclu-
sions on booby-trapped genetic backgrounds.
Author's response: The anticipation of dramatic conse-

quences, possibly associated with this problem, hinges on
how much one believes in the existence of the great trans-
lational divide, also known as the“Valley of Death”,
which separates pre-clinical studies from the clinical
ones. I expanded this portion into suggesting that the sys-
temic defect, such as glucocorticoid deficiency, can both
make a seemingly promising drug to go further into clin-
ical studies and subsequently rejected, as well as, more
importantly, make an actually promising drug to fail in
animal studies, and thus prevent it from crossing the
translational divide. Either outcome will likely result in a
wasted effort, rather than invoke a medical catastrophe,
so, indeed, the original drama was exaggerated.
Minor comments
The first sentence in abstract and introduction are the

same. This is a bit distracting. I would change either.
Author's response: The phrases have been changed.
Page 3: “Even though mouse models of disease are not

limited to targeted gene mutation or inactivation, it has
made an undisputable impact on biology and medicine.”
This sentence is not clear. What is “it” referring to?
Author's response: This phrase appeared as an error of

article shortening. I am grateful to the reviewer for pointing
to the ambiguous phrase, which has been corrected.
A number of references seem not to be cited in the main

manuscript and could be removed from the reference list.

http://www.nlm.nih.gov/cgi/mesh/2014/MB_cgi?mode=dcms&term=Mice,+Inbred+Strains&field=entry#TreeB01.050.050.157.520
http://www.nlm.nih.gov/cgi/mesh/2014/MB_cgi?mode=dcms&term=Mice,+Inbred+Strains&field=entry#TreeB01.050.050.157.520
http://www.nlm.nih.gov/cgi/mesh/2014/MB_cgi?mode=dcms&term=Mice,+Inbred+Strains&field=entry#TreeB01.050.050.157.520
http://jaxmice.jax.org/strain/000664.html
http://jaxmice.jax.org/strain/000664.html
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In the current version these are Ref 16 (page 3), Refs
30-31 (page 5), Ref 43 (page 6),
Author's response: Orphan references were removed and

the reference list is updated to reflect the revised text.

Competing interests
The author declares that he has no competing interests.

Acknowledgements
The author is grateful to colleagues, all of whom wished to remain
anonymous, for informal review and constructive comments on the many
versions of this manuscript. The opinions expressed here are those of the
Author, and this publication does not imply endorsement of them by the
University of Toronto or any of its constituent departments and units.

Received: 24 April 2014 Accepted: 15 July 2014
Published: 19 July 2014

References
1. Lucchesi JC: Synthetic lethality and semi-lethality among functionally

related mutants of Drosophila melanogaster. Genetics 1968, 59(1):37–44.
2. Dobzhansky T: Genetics of Natural Populations. Xiii. Recombination and

Variability in Populations of Drosophila Pseudoobscura. Genetics 1946,
31(3):269–290.

3. Le Meur N, Gentleman R: Modeling synthetic lethality. Genome Biol 2008,
9(9):R135.

4. Roemer T, Davies J, Giaever G, Nislow C: Bugs, drugs and chemical
genomics. Nat Chem Biol 2011, 8(1):46–56.

5. Tucker CL, Fields S: Lethal combinations. Nat Genet 2003, 35(3):204–205.
6. Giaever G, Chu AM, Ni L, Connelly C, Riles L, Veronneau S, Dow S, Lucau-Danila

A, Anderson K, Andre B, Arkin AP, Astromoff A, El-Bakkoury M, Bangham R,
Benito R, Brachat S, Campanaro S, Curtiss M, Davis K, Deutschbauer A, Entian KD,
Flaherty P, Foury F, Garfinkel DJ, Gerstein M, Gotte D, Guldener U, Hegemann
JH, Hempel S, Herman Z, et al: Functional profiling of the Saccharomyces
cerevisiae genome. Nature 2002, 418(6896):387–391.

7. Ooi SL, Shoemaker DD, Boeke JD: DNA helicase gene interaction network
defined using synthetic lethality analyzed by microarray. Nat Genet 2003,
35(3):277–286.

8. Boucher B, Jenna S: Genetic interaction networks: better understand to
better predict. Front Genet 2013, 4:290.

9. Liu A, Eggenschwiler J: Identifying essential genes in mouse development
via an ENU-based forward genetic approach. Methods Mol Biol Clifton, NJ
2014, 1092:95–118.

10. Bradley A, Anastassiadis K, Ayadi A, Battey JF, Bell C, Birling MC, Bottomley J,
Brown SD, Burger A, Bult CJ, Bushell W, Collins FS, Desaintes C, Doe B,
Economides A, Eppig JT, Finnell RH, Fletcher C, Fray M, Frendewey D,
Friedel RH, Grosveld FG, Hansen J, Herault Y, Hicks G, Horlein A, Houghton
R, de Angelis Hrabe M, Huylebroeck D, Iyer V, et al: The mammalian gene
function resource: the International Knockout Mouse Consortium.
Mamm Genome 2012, 23(9–10):580–586.

11. Roseboom PH, Namboodiri MA, Zimonjic DB, Popescu NC, Rodriguez IR,
Gastel JA, Klein DC: Natural melatonin 'knockdown' in C57BL/6J mice:
rare mechanism truncates serotonin N-acetyltransferase. Brain Res 1998,
63(1):189–197.

12. Toye AA, Lippiat JD, Proks P, Shimomura K, Bentley L, Hugill A, Mijat V,
Goldsworthy M, Moir L, Haynes A, Quarterman J, Freeman HC, Ashcroft FM,
Cox RD: A genetic and physiological study of impaired glucose
homeostasis control in C57BL/6J mice. Diabetologia 2005, 48(4):675–686.

13. Clapcote SJ, Lazar NL, Bechard AR, Roder JC: Effects of the rd1 mutation
and host strain on hippocampal learning in mice. Behav Genet 2005,
35(5):591–601.

14. Clapcote SJ, Lazar NL, Bechard AR, Wood GA, Roder JC: NIH Swiss and
Black Swiss mice have retinal degeneration and performance deficits in
cognitive tests. Comp Med 2005, 55(4):310–316.

15. Clapcote SJ, Roder JC: Deletion polymorphism of Disc1 is common to all
129 mouse substrains: implications for gene-targeting studies of brain
function. Genetics 2006, 173(4):2407–2410.

16. Perez CJ, Dumas A, Vallieres L, Guenet JL, Benavides F: Several classical
mouse inbred strains, including DBA/2, NOD/Lt, FVB/N, and SJL/J, carry a
putative loss-of-function allele of Gpr84. J Heredity 2013, 104(4):565–571.
17. Ritchie D, Clapcote S: Disc1 deletion is present in Swiss-derived inbred
mouse strains: implications for transgenic studies of learning and
memory. Lab Anim 2013, 47(3):162–167.

18. Mattapallil MJ, Wawrousek EF, Chan CC, Zhao H, Roychoudhury J, Ferguson TA,
Caspi RR: The Rd8 mutation of the Crb1 gene is present in vendor lines of
C57BL/6N mice and embryonic stem cells, and confounds ocular induced
mutant phenotypes. Invest Ophthalmol Vis Sci 2012, 53(6):2921–2927.

19. Cutting GR: Modifier genes in Mendelian disorders: the example of cystic
fibrosis. Ann N Y Acad Sci 2010, 1214:57–69.

20. Hamilton BA, Yu BD: Modifier genes and the plasticity of genetic networks
in mice. PLoS Genet 2012, 8(4):e1002644.

21. Yalcin B, Adams DJ, Flint J, Keane TM: Next-generation sequencing of
experimental mouse strains. Mamm Genome 2012, 23(9–10):490–498.

22. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P, Agarwala
R, Ainscough R, Alexandersson M, An P, Antonarakis SE, Attwood J, Baertsch R,
Bailey J, Barlow K, Beck S, Berry E, Birren B, Bloom T, Bork P, Botcherby M, Bray
N, Brent MR, Brown DG, Brown SD, Bult C, Burton J, Butler J, Campbell RD,
Carninci P, et al: Initial sequencing and comparative analysis of the mouse
genome. Nature 2002, 420(6915):520–562.

23. Church DM, Goodstadt L, Hillier LW, Zody MC, Goldstein S, She X, Bult CJ,
Agarwala R, Cherry JL, DiCuccio M, Hlavina W, Kapustin Y, Meric P, Maglott
D, Birtle Z, Marques AC, Graves T, Zhou S, Teague B, Potamousis K, Churas
C, Place M, Herschleb J, Runnheim R, Forrest D, Amos-Landgraf J, Schwartz
DC, Cheng Z, Lindblad-Toh K, Eichler EE, et al: Lineage-specific biology
revealed by a finished genome assembly of the mouse. PLoS Biol 2009,
7(5):e1000112.

24. Church DM, Schneider VA, Graves T, Auger K, Cunningham F, Bouk N, Chen
HC, Agarwala R, McLaren WM, Ritchie GR, Albracht D, Kremitzki M, Rock S,
Kotkiewicz H, Kremitzki C, Wollam A, Trani L, Fulton L, Fulton R, Matthews L,
Whitehead S, Chow W, Torrance J, Dunn M, Harden G, Threadgold G, Wood
J, Collins J, Heath P, Griffiths G, et al: Modernizing reference genome
assemblies. PLoS Biol 2011, 9(7):e1001091.

25. Bronson FH: The reproductive ecology of the house mouse. Q Rev Biol
1979, 54(3):265–299.

26. Bronson FH: Light intensity and reproduction in wild and domestic
house mice. Biol Reprod 1979, 21(1):235–239.

27. Freeman HC, Hugill A, Dear NT, Ashcroft FM, Cox RD: Deletion of nicotinamide
nucleotide transhydrogenase: a new quantitive trait locus accounting for
glucose intolerance in C57BL/6J mice. Diabetes 2006, 55(7):2153–2156.

28. Arkblad EL, Egorov M, Shakhparonov M, Romanova L, Polzikov M, Rydstrom J:
Expression of proton-pumping nicotinamide nucleotide transhydrogenase
in mouse, human brain and C elegans. Comp Biochem Physiol 2002,
133(1):13–21.

29. Meimaridou E, Kowalczyk J, Guasti L, Hughes CR, Wagner F, Frommolt P,
Nurnberg P, Mann NP, Banerjee R, Saka HN, Chapple JP, King PJ, Clark AJ,
Metherell LA: Mutations in NNT encoding nicotinamide nucleotide
transhydrogenase cause familial glucocorticoid deficiency. Nat Genet
2012, 44(7):740–742.

30. Goldstein DS: Adrenal responses to stress. Cell Mol Neurobiol 2011, 30(8):1433–1440.
31. Battey J, Jordan E, Cox D, Dove W: An action plan for mouse genomics.

Nat Genet 1999, 21(1):73–75.
32. Capecchi MR: High efficiency transformation by direct microinjection of

DNA into cultured mammalian cells. Cell 1980, 22(2 Pt 2):479–488.
33. Thomas KR, Capecchi MR: Targeting of genes to specific sites in the

mammalian genome. Cold Spring Harb Symp Quant Biol 1986,
51(Pt 2):1101–1113.

34. Doetschman T, Gregg RG, Maeda N, Hooper ML, Melton DW, Thompson S,
Smithies O: Targetted correction of a mutant HPRT gene in mouse
embryonic stem cells. Nature 1987, 330(6148):576–578.

35. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon K,
Dewar K, Doyle M, FitzHugh W, Funke R, Gage D, Harris K, Heaford A,
Howland J, Kann L, Lehoczky J, LeVine R, McEwan P, McKernan K, Meldrim J,
Mesirov JP, Miranda C, Morris W, Naylor J, Raymond C, Rosetti M, Santos R,
Sheridan A, Sougnez C, et al: Initial sequencing and analysis of the
human genome. Nature 2001, 409(6822):860–921.

36. Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, Smith HO,
Yandell M, Evans CA, Holt RA, Gocayne JD, Amanatides P, Ballew RM, Huson
DH, Wortman JR, Zhang Q, Kodira CD, Zheng XH, Chen L, Skupski M,
Subramanian G, Thomas PD, Zhang J, Gabor Miklos GL, Nelson C, Broder S,
Clark AG, Nadeau J, McKusick VA, Zinder N, et al: The sequence of the
human genome. Science (New York, NY) 2001, 291(5507):1304–1351.



Kraev Biology Direct 2014, 9:18 Page 9 of 10
http://www.biologydirect.com/content/9/1/18
37. Mao XW, Pecaut MJ, Stodieck LS, Ferguson VL, Bateman TA, Bouxsein M,
Jones TA, Moldovan M, Cunningham CE, Chieu J, Gridley DS: Spaceflight
environment induces mitochondrial oxidative damage in ocular tissue.
Radiat Res 2013, 180(4):340–350.

38. Latchney SE, Rivera PD, Mao XW, Ferguson VL, Bateman TA, Stodieck LS,
Nelson GA, Eisch AJ: The effect of spaceflight on mouse olfactory bulb
volume, neurogenesis, and cell death indicates the protective effect of
novel environment. J Appl Physiol 2014, 116(12):1593–1604.

39. Longo L, Vanegas OC, Patel M, Rosti V, Li H, Waka J, Merghoub T, Pandolfi
PP, Notaro R, Manova K, Luzzatto L: Maternally transmitted severe glucose
6-phosphate dehydrogenase deficiency is an embryonic lethal. EMBO J
2002, 21(16):4229–4239.

40. Manganelli G, Masullo U, Passarelli S, Filosa S: Glucose-6-phosphate
dehydrogenase deficiency: disadvantages and possible benefits.
Cardiovasc Hematol Disorders Drug Targets 2013, 13(1):73–82.

41. Ebihara S, Hudson DJ, Marks T, Menaker M: Pineal indole metabolism in
the mouse. Brain Res 1987, 416(1):136–140.

42. Ebihara S, Marks T, Hudson DJ, Menaker M: Genetic control of melatonin
synthesis in the pineal gland of the mouse. Science (New York, NY) 1986,
231(4737):491–493.

43. Wotjak CT: C57BLack/BOX? The importance of exact mouse strain
nomenclature. Trends Genet 2003, 19(4):183–184.

44. Simpson EM, Linder CC, Sargent EE, Davisson MT, Mobraaten LE, Sharp JJ:
Genetic variation among 129 substrains and its importance for targeted
mutagenesis in mice. Nat Genet 1997, 16(1):19–27.

45. Linder CC: The influence of genetic background on spontaneous and
genetically engineered mouse models of complex diseases. Lab Anim (NY)
2001, 30(5):34–39.

46. Linder CC: Genetic variables that influence phenotype. ILAR J 2006,
47(2):132–140.

47. Kiselycznyk C, Holmes A: All (C57BL/6) Mice are not Created Equal.
Front Neurosci 2011 Feb 23;5:10 2011, 5(Feb 23):10–14.

48. Didion JP, de Villena FP: Deconstructing Mus gemischus: advances in
understanding ancestry, structure, and variation in the genome of the
laboratory mouse. Mamm Genome 2013, 24(1–2):1–20.

49. Pedersen A, Karlsson GB, Rydstrom J: Proton-translocating
transhydrogenase: an update of unsolved and controversial issues.
J Bioenerg Biomembr 2008, 40(5):463–473.

50. The Jackson Laboratory: The Importance of Genetic Background in
Mouse-based Biomedical Research. JAX Notes 2006,(502). See also a note
added later at http://jaxmice.jax.org/support/straindata/nntfaq.html.

51. Nicholson A, Reifsnyder PC, Malcolm RD, Lucas CA, MacGregor GR, Zhang
W, Leiter EH: Diet-induced obesity in two C57BL/6 substrains with intact
or mutant nicotinamide nucleotide transhydrogenase (Nnt) gene.
Obesity (Silver Spring, Md) 2010, 18(10):1902–1905.

52. Navarro SJ, Trinh T, Lucas CA, Ross AJ, Waymire KG, Macgregor GR: The
C57BL/6J Mouse Strain Background Modifies the Effect of a Mutation in
Bcl2l2. G3 (Bethesda, Md) 2012, 2(1):99–102.

53. Simon MM, Greenaway S, White JK, Fuchs H, Gailus-Durner V, Wells S, Sorg T,
Wong K, Bedu E, Cartwright EJ, Dacquin R, Djebali S, Estabel J, Graw J,
Ingham NJ, Jackson IJ, Lengeling A, Mandillo S, Marvel J, Meziane H,
Preitner F, Puk O, Roux M, Adams DJ, Atkins S, Ayadi A, Becker L, Blake A,
Brooker D, Cater H, et al: A comparative phenotypic and genomic analysis of
C57BL/6J and C57BL/6N mouse strains. Genome Biol 2013, 14(7):R82.

54. Bourdi M, Davies JS, Pohl LR: Mispairing C57BL/6 substrains of genetically
engineered mice and wild-type controls can lead to confounding results
as it did in studies of JNK2 in acetaminophen and concanavalin A liver
injury. Chem Res Toxicol 2011, 24(6):794–796.

55. Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, Boe AF,
Boguski MS, Brockway KS, Byrnes EJ, Chen L, Chen L, Chen TM, Chin MC,
Chong J, Crook BE, Czaplinska A, Dang CN, Datta S, Dee NR, Desaki AL, Desta T,
Diep E, Dolbeare TA, Donelan MJ, Dong HW, Dougherty JG, Duncan BJ, Ebbert
AJ, Eichele G, et al: Genome-wide atlas of gene expression in the adult
mouse brain. Nature 2007, 445(7124):168–176.

56. Dorr AE, Lerch JP, Spring S, Kabani N, Henkelman RM: High resolution
three-dimensional brain atlas using an average magnetic resonance
image of 40 adult C57Bl/6J mice. NeuroImage 2008, 42(1):60–69.

57. Carter RN, Paterson JM, Tworowska U, Stenvers DJ, Mullins JJ, Seckl JR,
Holmes MC: Hypothalamic-pituitary-adrenal axis abnormalities in
response to deletion of 11beta-HSD1 is strain-dependent.
J Neuroendocrinol 2009, 21(11):879–887.
58. Petersen HH, Andreassen TK, Breiderhoff T, Brasen JH, Schulz H, Gross V,
Grone HJ, Nykjaer A, Willnow TE: Hyporesponsiveness to glucocorticoids
in mice genetically deficient for the corticosteroid binding globulin.
Mol Cell Biol 2006, 26(19):7236–7245.

59. Cizza G, Rother KI: Cortisol binding globulin: more than just a carrier?
J Clin Endocrinol Metab 2012, 97(1):77–80.

60. Richard EM, Helbling JC, Tridon C, Desmedt A, Minni AM, Cador M, Pourtau L,
Konsman JP, Mormede P, Moisan MP: Plasma transcortin influences
endocrine and behavioral stress responses in mice. Endocrinology 2010,
151(2):649–659.

61. Yuen B, Boncompagni S, Feng W, Yang T, Lopez JR, Matthaei KI, Goth SR, Protasi F,
Franzini-Armstrong C, Allen PD, Pessah IN: Mice expressing T4826I-RYR1 are vi-
able but exhibit sex- and genotype-dependent susceptibility to malignant
hyperthermia and muscle damage. Faseb J 2011, 26(3):1311–1322.

62. Manzl C, Baumgartner F, Peintner L, Schuler F, Villunger A: Possible pitfalls
investigating cell death responses in genetically engineered mouse models
and derived cell lines. Methods (San Diego, Calif ) 2013, 61(2):130–137.

63. Waters SB, Diak DM, Zuckermann M, Goldspink PH, Leoni L, Roman BB:
Genetic background influences adaptation to cardiac hypertrophy and
Ca(2+) handling gene expression. Front Physiol 2013, 4:11.

64. Sugita M, Sugita H, Kim M, Mao J, Yasuda Y, Habiro M, Shinozaki S, Yasuhara
S, Shimizu N, Martyn JA, Kaneki M: Inducible nitric oxide synthase
deficiency ameliorates skeletal muscle insulin resistance but does not
alter unexpected lower blood glucose levels after burn injury in C57BL/6
mice. Metab Clin Exp 2012, 61(1):127–136.

65. Dainese M, Quarta M, Lyfenko AD, Paolini C, Canato M, Reggiani C, Dirksen
RT, Protasi F: Anesthetic- and heat-induced sudden death in
calsequestrin-1-knockout mice. Faseb J 2009, 23(6):1710–1720.

66. Boncompagni S, Rossi AE, Micaroni M, Hamilton SL, Dirksen RT, Franzini-Armstrong
C, Protasi F: Characterization and temporal development of cores in a
mouse model of malignant hyperthermia. Proc Natl Acad Sci U S A 2009,
106(51):21996–22001.

67. Lanner JT, Georgiou DK, Dagnino-Acosta A, Ainbinder A, Cheng Q, Joshi AD,
Chen Z, Yarotskyy V, Oakes JM, Lee CS, Monroe TO, Santillan A, Dong K,
Goodyear L, Ismailov II, Rodney GG, Dirksen RT, Hamilton SL: AICAR prevents
heat-induced sudden death in RyR1 mutant mice independent of AMPK
activation. Nat Med 2012, 18(2):244–251.

68. Yarotskyy V, Protasi F, Dirksen RT: Accelerated activation of SOCE current
in myotubes from two mouse models of anesthetic- and heat-induced
sudden death. PLoS One 2013, 8(10):e77633.

69. Ferron M, McKee MD, Levine RL, Ducy P, Karsenty G: Intermittent injections
of osteocalcin improve glucose metabolism and prevent type 2 diabetes
in mice. Bone 2012, 50(2):568–575.

70. Wang B, Sun J, Li X, Zhou Q, Bai J, Shi Y, Le G: Resveratrol prevents suppression
of regulatory T-cell production, oxidative stress, and inflammation of
mice prone or resistant to high-fat diet-induced obesity. Nutr Res 2013,
33(11):971–981.

71. Fok WC, Chen Y, Bokov A, Zhang Y, Salmon AB, Diaz V, Javors M, Wood WH
3rd, Zhang Y, Becker KG, Perez VI, Richardson A: Mice fed rapamycin have
an increase in lifespan associated with major changes in the liver
transcriptome. PLoS One 2014, 9(1):e83988.

72. Denies MS, Johnson J, Maliphol AB, Bruno M, Kim A, Rizvi A, Rustici K,
Medler S: Diet-induced obesity alters skeletal muscle fiber types of male
but not female mice. Physiol Rep 2014, 2(1):e00204.

73. Moisan MP: Genotype-phenotype associations in understanding the role
of corticosteroid-binding globulin in health and disease animal models.
Mol Cell Endocrinol 2009, 316(1):35–41.

74. Cudalbu C, McLin VA, Lei H, Duarte JM, Rougemont AL, Oldani G, Terraz S,
Toso C, Gruetter R: The C57BL/6J mouse exhibits sporadic congenital
portosystemic shunts. PLoS One 2013, 8(7):e69782.

75. Franchi-Abella S, Branchereau S, Lambert V, Fabre M, Steimberg C, Losay J,
Riou JY, Pariente D, Gauthier F, Jacquemin E, Bernard O: Complications of
congenital portosystemic shunts in children: therapeutic options and
outcomes. J Pediatr Gastroenterol Nutr 2010, 51(3):322–330.

76. Lucassen PJ, Pruessner J, Sousa N, Almeida OF, Van Dam AM, Rajkowska G, Swaab
DF, Czeh B: Neuropathology of stress. Acta Neuropathol 2014, 127(1):109–135.

77. Cannon WB: Bodily changes in pain, hunger, fear and rage: an account of
recent researches into the function of emotional excitement. New York: D.
Appleton & Company; 1915.

78. Selye H: A syndrome produced by diverse nocuous agents. Nature 1936,
138(July 4):32.

http://jaxmice.jax.org/support/straindata/nntfaq.html


Kraev Biology Direct 2014, 9:18 Page 10 of 10
http://www.biologydirect.com/content/9/1/18
79. Adams DJ: The Valley of Death in anticancer drug development: a reassessment.
Trends Pharmacol Sci 2012, 33(4):173–180.

80. Butler D: Translational research: crossing the valley of death. Nature 2008,
453(7197):840–842.

81. Coller BS, Califf RM: Traversing the valley of death: a guide to assessing
prospects for translational success. Sci Transl Med 2009, 1(10):10cm19.

82. Friedl KE: Analysis: overcoming the "valley of death": mouse models to
accelerate translational research. Diabetes Technol Ther 2006, 8(3):413–414.

83. Hudson J, Khazragui HF: Into the valley of death: research to innovation.
Drug Discov Today 2013, 18(13–14):610–613.

84. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG: Improving
bioscience research reporting: The ARRIVE guidelines for reporting
animal research. J Pharmacol Pharmacother 2010, 1(2):94–99.

85. Selye H: Sketch for a unified theory of medicine. Int Record Med Gen Pract Clin
1954, 167(4):181–203.

86. Perouansky M: The quest for a unified model of anesthetic action: a century
in Claude Bernard's shadow. Anesthesiology 2012, 117(3):465–474.

87. Cooper SJ: From Claude Bernard to Walter Cannon. Emergence Concept
Homeostasis Appetite 2008, 51(3):419–427.

88. Mekada K, Abe K, Murakami A, Nakamura S, Nakata H, Moriwaki K, Obata Y,
Yoshiki A: Genetic differences among C57BL/6 substrains. Experiment
Anim/Jpn Assoc Lab Anim Sci 2009, 58(2):141–149.

89. Sabido E, Wu Y, Bautista L, Porstmann T, Chang CY, Vitek O, Stoffel M,
Aebersold R: Targeted proteomics reveals strain-specific changes in the
mouse insulin and central metabolic pathways after a sustained high-fat
diet. Mol Syst Biol 2013, 9:681.

doi:10.1186/1745-6150-9-18
Cite this article as: Kraev: Parallel universes of Black Six biology. Biology
Direct 2014 9:18.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Reviewers

	Introduction
	Review
	The power of Black Six
	Mutatis mutandis?
	Nnt deletion in C57BL/6J has more than one systemic endophenotype

	Parallel universes of Black Six biology
	What should be done?

	Conclusions
	Endnote
	Reviewers' comments
	Reviewer 1 report
	Reviewer 1 report on the revised version

	Reviewer 2 report
	Competing interests
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


