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SUMMARY
Arthropods and vertebrates display a segmental body organisation along all or part of the anterior-posterior axis. Whether this
reflects a shared, ancestral developmental genetic mechanism for segmentation is uncertain. In vertebrates, segments are formed
sequentially by a segmentation ‘clock’ of oscillating gene expression involving Notch pathway components. Recent studies in
spiders and basal insects have suggested that segmentation in these arthropods also involves Notch-based signalling. These
observations have been interpreted as evidence for a shared, ancestral gene network for insect, arthropod and bilaterian
segmentation. However, because this pathway can play multiple roles in development, elucidating the specific requirements for
Notch signalling is important for understanding the ancestry of segmentation. Here we show that Delta, a ligand of the Notch
pathway, is not required for segment formation in the cricket Gryllus bimaculatus, which retains ancestral characteristics of
arthropod embryogenesis. Segment patterning genes are expressed before Delta in abdominal segments, and Delta expression
does not oscillate in the pre-segmental region or in formed segments. Instead, Delta is required for neuroectoderm and
mesectoderm formation; embryos missing these tissues are developmentally delayed and show defects in segment morphology
but normal segment number. Thus, what initially appear to be ‘segmentation phenotypes’ can in fact be due to developmental
delays and cell specification errors. Our data do not support an essential or ancestral role of Notch signalling in segment
generation across the arthropods, and show that the pleiotropy of the Notch pathway can confound speculation on possible
segmentation mechanisms in the last common bilaterian ancestor.

KEY WORDS: Arthropod, Segmentation clock, Evolution, Neurogenic phenotype, Gryllus bimaculatus

Notch/Delta signalling is not required for segment
generation in the basally branching insect Gryllus
bimaculatus
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The Drosophila melanogaster
Genetic Reference Panel
Trudy F. C. Mackay1*, Stephen Richards2*, Eric A. Stone1*, Antonio Barbadilla3*, Julien F. Ayroles1{, Dianhui Zhu2,
Sònia Casillas3{, Yi Han2, Michael M. Magwire1, Julie M. Cridland4, Mark F. Richardson5, Robert R. H. Anholt6, Maite Barrón3,
Crystal Bess2,Kerstin PetraBlankenburg2,MaryAnnaCarbone1,DavidCastellano3, LesleyChaboub2, LauraDuncan1, ZekeHarris1,
Mehwish Javaid2, Joy Christina Jayaseelan2, Shalini N. Jhangiani2, Katherine W. Jordan1, Fremiet Lara2, Faye Lawrence1,
Sandra L. Lee2, Pablo Librado7, Raquel S. Linheiro5, Richard F. Lyman1, Aaron J. Mackey8, Mala Munidasa2, DonnaMarie Muzny2,
Lynne Nazareth2, Irene Newsham2, Lora Perales2, Ling-Ling Pu2, Carson Qu2, Miquel Ràmia3, Jeffrey G. Reid2,
Stephanie M. Rollmann1{, Julio Rozas7, Nehad Saada2, Lavanya Turlapati1, Kim C.Worley2, Yuan-QingWu2, Akihiko Yamamoto1,
Yiming Zhu2, Casey M. Bergman5, Kevin R. Thornton4, David Mittelman9 & Richard A. Gibbs2

A major challenge of biology is understanding the relationship between molecular genetic variation and variation in
quantitative traits, including fitness. This relationship determines our ability to predict phenotypes from genotypes and
to understand how evolutionary forces shape variation within and between species. Previous efforts to dissect the
genotype–phenotype map were based on incomplete genotypic information. Here, we describe the Drosophila
melanogaster Genetic Reference Panel (DGRP), a community resource for analysis of population genomics and
quantitative traits. The DGRP consists of fully sequenced inbred lines derived from a natural population. Population
genomic analyses reveal reduced polymorphism in centromeric autosomal regions and theX chromosome, evidence for
positive and negative selection, and rapid evolution of the X chromosome. Many variants in novel genes, most at low
frequency, are associated with quantitative traits and explain a large fraction of the phenotypic variance. The DGRP
facilitates genotype–phenotype mapping using the power of Drosophila genetics.

Understanding howmolecular variationmaps to phenotypic variation
for quantitative traits is central for understanding evolution, animal
and plant breeding, and personalized medicine1,2. The principles of
mapping quantitative trait loci (QTLs) by linkage to, or association
with, marker loci are conceptually simple1,2. However, we have not yet
achieved our goal of explaining genetic variation for quantitative traits
in terms of the underlying genes; additive, epistatic and pleiotropic
effects as well as phenotypic plasticity of segregating alleles; and the
molecular nature, population frequency and evolutionary dynamics of
causal variants. Efforts to dissect the genotype–phenotype map in
model organisms3,4 and humans5–7 have revealed unexpected com-
plexities, implicating many, novel loci, pervasive pleiotropy, and
context-dependent effects.
Model organism reference populations of inbred strains that can be

shared among laboratories studying diverse phenotypes, and for
which environmental conditions can be controlled and manipulated,
greatly facilitate efforts to dissect the genetic architecture of quan-
titative traits3,4. Measuringmany individuals of the same homozygous
genotype increases the accuracy of the estimates of genotypic
value1 and the power to detect variants, and genotypes of molecular
markers need only be obtained once. We constructed the Drosophila
melanogaster Genetic Reference Panel (DGRP) as such a community
resource. Unlike previous populations of recombinant inbred lines
derived from limited samples of genetic variation, the DGRP consists

of 192 inbred strains derived from a single outbred population. The
DGRP contains a representative sample of naturally segregating
genetic variation, has an ultra-fine-grained recombination map
suitable for precise localization of causal variants, and has almost
complete euchromatic sequence information.
Here, we describe molecular and phenotypic variation in 168 re-

sequenced lines comprising Freeze 1.0 of the DGRP, population
genomic inferences of patterns of polymorphism and divergence
and their correlation with genomic features, local recombination rate
and selection acting on this population, genome-wide association
mapping analyses for three quantitative traits, and tools facilitating
the use of this resource.

Molecular variation in the DGRP
We constructed the DGRP by collecting mated females from the
Raleigh, North Carolina, USA, population, followed by 20 generations
of full-sibling inbreeding of their progeny. We sequenced 168 DGRP
lines using a combination of Illumina and 454 sequencing technology:
29 of the lines were sequenced using both platforms, 129 lines have
only Illumina sequence, and 10 lines have only 454 sequence. We
mapped sequence reads to the D. melanogaster reference genome,
re-calibrated base quality scores, and locally re-aligned Illumina
reads. Mean sequence coverage was 21.43 per line for Illumina
sequences and 12.13 per line for 454 sequences (Supplementary

*These authors contributed equally to this work.
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The roles of cell size and cell number in determining ovariole number in Drosophila
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All insect ovaries are composed of functional units called ovarioles, which contain sequentially developing
egg chambers. The number of ovarioles varies between and within species. Ovariole number is an important
determinant of fecundity and thus affects individual !tness. Although Drosophila oogenesis has been inten-
sively studied, the genetic and cellular basis for determination of ovariole number remains unknown. Ovar-
iole formation begins during larval development with the morphogenesis of terminal !lament cells (TFCs)
into stacks called terminal !laments (TFs). We induced changes in ovariole number in Drosophila melanogaster
by genetically altering cell size and cell number in the TFC population, and analyzed TF morphogenesis in
these ovaries to understand the cellular basis for the changes in ovariole number. Increasing TFC size contributed
to higher ovariole number by increasing TF number. Similarly, increasing total TFC number led to higher ovariole
number via an increase in TF number. By analyzing ovarian morphogenesis in another Drosophila species we
showed that TFC number regulation is a target of evolutionary change that affects ovariole number. In contrast,
temperature-dependent plasticity in ovariole numberwas due to changes in cell–cell sorting during TFmorpho-
genesis, rather than changes in cell size or cell number.We have thus identi!ed two distinct developmental pro-
cesses that regulate ovariole number: establishment of total TFC number, and TFC sorting during TF
morphogenesis. Our data suggest that the genetic changes underlying species-speci!c ovariole number may
alter the total number of TFCs available to contribute to TF formation. Thiswork provides for the!rst time speci!c
and quantitative developmental tools to investigate the evolution of a highly conserved reproductive structure.

© 2011 Elsevier Inc. All rights reserved.

Introduction

All insect ovaries are composed of highly conserved functional
units called ovarioles (Büning, 1994). Ovariole number varies within
and between species (Büning, 1998; Markow and O'Grady, 2007;
Telonis-Scott et al., 2005). Because each ovariole produces eggs au-
tonomously (Extavour and García-Bellido, 2001; R' kha et al., 1997),
the number of ovarioles is an important determinant of fecundity
(Cohet and David, 1978; David, 1970; R' kha et al., 1997), thereby
in"uencing evolutionary !tness (Orr, 2009). It is therefore important
to understand the developmental mechanisms that regulate ovariole
number. This will inform our understanding of how evolutionary
changes in these mechanisms might lead to ovariole number differ-
ences, and thus !tness differences, within and between species.

Ovariole development and function are best understood inDrosophila
melanogaster. Each ovariole consists of an anterior germarium and ma-
turing egg chambers, or follicles. The germarium houses germ line
stem cells that divide to produce oocytes (Wieschaus and Szabad,

1979). As follicles leave the germarium, they move posteriorly and
continue to develop to form mature oocytes. D. melanogaster ovaries
consist of approximately 16 to 23 ovarioles (depending on the
strain). Ovariole number is determined during larval development
through the morphogenesis of somatic structures called terminal !l-
aments (TFs), each of which is composed of a stack of seven to ten
terminal !lament cells (TFCs) (Godt and Laski, 1995; King et al.,
1968). TFC speci!cation begins at the second larval instar (L2;
Fig. 1A), and proceeds until the onset of the pupal stage (LP;
Fig. 1D) (Godt and Laski, 1995; Sahut-Barnola et al., 1995). TFs
form during the late third larval instar (L3; Fig. 1B, C) by intercalation
of TFCs in a medial to lateral progression across the ovary (Godt and
Laski, 1995). As TF formation is completed, apical somatic cells mi-
grate posteriorly between the TFs, secreting a basement membrane
that separates TFs from each other. The progressive posterior migra-
tion of these apical cells encapsulates two to three germ line stem
cells, and several early oogonia, into each forming ovariole. Finally,
a stack of basal stalk cells is incorporated into the posterior end of
each ovariole. These stalk cells ultimately connect ovarioles to the
oviduct, providing an outlet for the oocytes formed in each ovariole
(King, 1970; King et al., 1968). Because TFs serve as beginning points
for ovariole formation, elucidating how TF number is established is
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developmental process subject to evolutionary change in Drosophi-
lid ovariole number. Because developmental studies on this group
have thus far been limited, future work could take advantage of
this clade as an opportunity to study the developmental basis for
ovariole number variation across shorter evolutionary time scales.

Cell types and evolutionary change

Evolutionary change in Drosophila wing size occurs through
changes in both cell number and cell size, where selective pressures
are proposed to act on the size of the entire wing, rather on speci!c
mechanisms of cell proliferation or growth (Zwaan et al., 2000). Dip-
teran wing development comprises a continuous, interlocked set of
processes, in which proliferation, growth and patterning of all wing
disk cells show a high degree of coupling throughout development
(Baena-Lopez and Garcia-Bellido, 2006; Garcia-Bellido and Garcia-
Bellido, 1998; Rafel and Milan, 2008; Resino and Garcia-Bellido,
2004). By contrast, in ovariole development discrete steps of prolifer-
ation, patterning, movement and sorting by one of many distinct
ovarian cell types are required to produce TFs. Each step of TF forma-
tion is relatively autonomous with respect to the behaviors of other
ovarian cell types during morphogenesis, and to global body-wide
processes of growth and patterning (Green & Extavour, unpublished
observations; Boyle and DiNardo, 1995; Gilboa and Lehmann, 2006;
Kerkis, 1931; King, 1970; Li et al., 2003; Riechmann et al., 1998).
TFC behavior may thus be able to change in response to a particular
evolutionary pressure, without large effects on the other aspects of
ovarian or general somatic development. In this context, Drosophila
ovaries provide an interestingmodel for addressing the role of different
cell types in organ size evolution.

In summary, we have taken a developmental approach to a long-
standing question regarding the evolution of a quantitative !tness
trait, and shed new light on the speci!c cell population likely to be
the target of evolutionary change in ovariole number. We hypothe-
size that the most promising candidate pathways for future investiga-
tion of species-speci!c genetic changes affecting ovariole number are
pathways that control growth and cell proliferation in TFCs. These
may include cell cycle genes, long-range signaling molecules, and
organ-level proliferation and growth control pathways. Consistent
with this hypothesis, several such genes, including the insulin receptor,
are contained in the Drosophila QTL that have been identi!ed as linked
to inter- and intraspecies variation in this trait (Orgogozo et al., 2006;
Wayne and McIntyre, 2002; Wayne et al., 2001), and insulin pathway
genes are present in some honeybee QTL linked to ovariole number dif-
ferences (Hunt et al., 2007). Intriguingly, differential activity of the insu-
lin pathway can alter ovariole number in both D. melanogaster (Green &
Extavour, unpublished observations; Richard et al., 2005; Tu and Tatar,
2003) and in honeybees (Mutti et al., 2011; Patel et al., 2007;
Wolschin et al., 2011). Our work provides novel developmental and
cell biological tools to test the hypotheses that these and other genes
have been the direct targets of evolutionary change leading to ovariole
number variation.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.12.017.
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Heritable mutations in the germ line lead to genetically heteroge-
neous, or mosaic, gonads. Many of the genes used in germ-line
development also play roles in somatic development [Saffman,
E. E. & Lasko, P. (1999) Cell. Mol. Life Sci. 55, 1141–1163]. Mutations
in these genes may have cellular phenotypes throughout germ-line
development leading to their differential elimination or survival, as
has been observed in somatic cells [Morata, G. & Ripoll, P. (1975)
Dev. Biol. 42, 211–221]. We investigate whether mutations in
heterozygosis are subject to pregametic selection in the germ line.
We initiated clones of wild-type homozygous cells at different
stages of development in gonads heterozygous for eight different
recessive chromosome deficiencies. Here we show that cell selec-
tion takes place in mosaic germ-line populations. This phenomenon
represents a level of selection that precedes and conditions sub-
sequent zygotic selection by affecting the genes available in the
gametic population.

Germ-line development in animal species is a complex se-
quence of events involving many cellular processes and

requiring large numbers of genes and gene functions (1). Often,
in both invertebrates and vertebrates, only a fraction of the
progeny of initially established germ-line precursor cells, or
primordial germ cells (PGCs), actually contribute to the gametic
population. The genetic requirements that determine which
PGCs will contribute to the functional gonad could be affected
by mutation in the germ line and subsequent gonial selection.
Clearly, which germ cells finally give rise to gametes is of utmost
importance with respect to the genetic makeup of the progeny.

Germ-line development (1), which involves processes such as
specific proliferation programs, passive and active gonial migra-
tion, cell–cell contact, signaling among germ cells and with
various somatic cell populations, cell rearrangement and inter-
calation, stem cell division, and gamete differentiation, along
with basic cellular metabolism, is sure to require the expression
of a significant fraction of the genome, also active in somatic
development. Genetically heterogeneous, or mosaic, cell popu-
lations may arise as a result of mutation in the germ line. In
mosaic populations in certain somatic tissues, proliferating cells
have been shown to display differential developmental success
according to genotype, a phenomenon known as cellular com-
petition. A well known example of this is the effect of the
haploinsufficient Minute mutations in cells of the wing of
Drosophila melanogaster (2). Mutations, which may be recessive
in adult organisms, may display dominant phenotypes caused by
haploinsufficiency at the cellular level. In some somatic mosaic
populations, this can lead to cell behavior phenotypes that differ
between wild-type homozygous and heterozygous mutant cells,
resulting in cell competition and selection (2, 3). Gametic
(sperm) selection in Drosophila (4) and other organisms (5, 6)
has been described, as well as germ-line and somatic negative
selection of deleterious mutations in homozygosis (7). It is not
known whether wild-type homozygous germ cells compete with
heterozygous mutant cells in genetic mosaics. Mosaic analyses
have shown that a larger fraction of zygotic lethal point muta-
tions (67%) or deficiencies (88%) are homozygous lethal in germ
cells than in somatic (tergite) cells (20% and 58%, respectively;

ref. 8). Given the large number of genes likely to be required by
the germ line, and the complexity of germ-line development,
particularly the loss of 50% of germ-line cell precursors early in
development (1) (see below), we undertook clonal and mosaic
analyses to ask whether or not germ-line cells undergo cellular
competition in genetic mosaics. Cell competition and selection
in the germ line have important population and evolutionary
implications (9, 10).

To date, only two mosaic and clonal analyses in the germ line,
concerned with proliferative parameters of germ cells over
developmental time, have been published (11, 12). Wieschaus
and Szabad (11) performed a quantitative germ-line clonal
analysis, initiating clones from blastoderm through pupal stages.
By using the chorion phenotype of the mutation fs(1)K10 as a
marker, they measured clone size in the number of eggs laid with
the K10 phenotype. Perrimon (12) carried out mosaic analyses of
the dominant female sterile mutations ovoD1, ovoD2, and ovoD3,
initiating clones throughout larval development. Clones of re-
combinant wild-type homozygous cells initiated at early larval
stages in ovoD1!! females were larger (in number of ovarioles)
than !!! clones initiated at the same age in K10!! females
(11). This finding led Perrimon to suggest that recombinant !!!
gonia undergo more larval divisions than ovoD1!! germ cells. At
later larval stages, however, clones were measured in number of
adult progeny produced by females containing germ-line clones.
We have performed germ-line mosaic and clonal analyses mea-
suring clone size in the number of ovarioles containing recom-
binant gonia, thus directly quantifying the germ cells contribut-
ing to the gametic population. Our results demonstrate cell
competition leading to selection in mosaic gonads between
recombinant !!! germ cells and neighboring cells heterozygous
for several different chromosome deficiencies.

Materials and Methods
Generation of Recombinant Chromosomes. All deficiencies and
hs:FLP chromosomes used (FLP12 and FLP22 on the first chro-
mosome) were obtained from the Bloomington stock center
(http:!!f ly.ebi.ac.uk:7081!). 2L recombinants were created by
standard meiotic recombination. 3L recombinants were created
by inducing mitotic recombination in the male germ line with X
rays. Male larvae at 70–80 h after egg-laying (h AEL) were
irradiated with 1,500–1,700 rads (300 rads!min, 10 kV, 15 mA,
with a 2-mm filter).

Immunohistochemistry. For embryonic germ cell counts, embryos
were collected on fruit juice plates at intervals of 2 h and allowed
to develop at 25°C. Embryos were collected, fixed, and stained
according to standard protocols. The anti-Vasa Ab was a gift
from P. Lasko (McGill University, Montreal, Canada). Staining

Abbreviation: h AEL, h after egg laying.
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†Laboratorio Genética del Desarrollo, Centro de Biologı́a Molecular, Universidad Autónoma de Madrid, 28049 Madrid, Spain

Contributed by Antonio Garcı́a-Bellido, August 3, 2001

Heritable mutations in the germ line lead to genetically heteroge-
neous, or mosaic, gonads. Many of the genes used in germ-line
development also play roles in somatic development [Saffman,
E. E. & Lasko, P. (1999) Cell. Mol. Life Sci. 55, 1141–1163]. Mutations
in these genes may have cellular phenotypes throughout germ-line
development leading to their differential elimination or survival, as
has been observed in somatic cells [Morata, G. & Ripoll, P. (1975)
Dev. Biol. 42, 211–221]. We investigate whether mutations in
heterozygosis are subject to pregametic selection in the germ line.
We initiated clones of wild-type homozygous cells at different
stages of development in gonads heterozygous for eight different
recessive chromosome deficiencies. Here we show that cell selec-
tion takes place in mosaic germ-line populations. This phenomenon
represents a level of selection that precedes and conditions sub-
sequent zygotic selection by affecting the genes available in the
gametic population.

Germ-line development in animal species is a complex se-
quence of events involving many cellular processes and

requiring large numbers of genes and gene functions (1). Often,
in both invertebrates and vertebrates, only a fraction of the
progeny of initially established germ-line precursor cells, or
primordial germ cells (PGCs), actually contribute to the gametic
population. The genetic requirements that determine which
PGCs will contribute to the functional gonad could be affected
by mutation in the germ line and subsequent gonial selection.
Clearly, which germ cells finally give rise to gametes is of utmost
importance with respect to the genetic makeup of the progeny.

Germ-line development (1), which involves processes such as
specific proliferation programs, passive and active gonial migra-
tion, cell–cell contact, signaling among germ cells and with
various somatic cell populations, cell rearrangement and inter-
calation, stem cell division, and gamete differentiation, along
with basic cellular metabolism, is sure to require the expression
of a significant fraction of the genome, also active in somatic
development. Genetically heterogeneous, or mosaic, cell popu-
lations may arise as a result of mutation in the germ line. In
mosaic populations in certain somatic tissues, proliferating cells
have been shown to display differential developmental success
according to genotype, a phenomenon known as cellular com-
petition. A well known example of this is the effect of the
haploinsufficient Minute mutations in cells of the wing of
Drosophila melanogaster (2). Mutations, which may be recessive
in adult organisms, may display dominant phenotypes caused by
haploinsufficiency at the cellular level. In some somatic mosaic
populations, this can lead to cell behavior phenotypes that differ
between wild-type homozygous and heterozygous mutant cells,
resulting in cell competition and selection (2, 3). Gametic
(sperm) selection in Drosophila (4) and other organisms (5, 6)
has been described, as well as germ-line and somatic negative
selection of deleterious mutations in homozygosis (7). It is not
known whether wild-type homozygous germ cells compete with
heterozygous mutant cells in genetic mosaics. Mosaic analyses
have shown that a larger fraction of zygotic lethal point muta-
tions (67%) or deficiencies (88%) are homozygous lethal in germ
cells than in somatic (tergite) cells (20% and 58%, respectively;

ref. 8). Given the large number of genes likely to be required by
the germ line, and the complexity of germ-line development,
particularly the loss of 50% of germ-line cell precursors early in
development (1) (see below), we undertook clonal and mosaic
analyses to ask whether or not germ-line cells undergo cellular
competition in genetic mosaics. Cell competition and selection
in the germ line have important population and evolutionary
implications (9, 10).

To date, only two mosaic and clonal analyses in the germ line,
concerned with proliferative parameters of germ cells over
developmental time, have been published (11, 12). Wieschaus
and Szabad (11) performed a quantitative germ-line clonal
analysis, initiating clones from blastoderm through pupal stages.
By using the chorion phenotype of the mutation fs(1)K10 as a
marker, they measured clone size in the number of eggs laid with
the K10 phenotype. Perrimon (12) carried out mosaic analyses of
the dominant female sterile mutations ovoD1, ovoD2, and ovoD3,
initiating clones throughout larval development. Clones of re-
combinant wild-type homozygous cells initiated at early larval
stages in ovoD1!! females were larger (in number of ovarioles)
than !!! clones initiated at the same age in K10!! females
(11). This finding led Perrimon to suggest that recombinant !!!
gonia undergo more larval divisions than ovoD1!! germ cells. At
later larval stages, however, clones were measured in number of
adult progeny produced by females containing germ-line clones.
We have performed germ-line mosaic and clonal analyses mea-
suring clone size in the number of ovarioles containing recom-
binant gonia, thus directly quantifying the germ cells contribut-
ing to the gametic population. Our results demonstrate cell
competition leading to selection in mosaic gonads between
recombinant !!! germ cells and neighboring cells heterozygous
for several different chromosome deficiencies.

Materials and Methods
Generation of Recombinant Chromosomes. All deficiencies and
hs:FLP chromosomes used (FLP12 and FLP22 on the first chro-
mosome) were obtained from the Bloomington stock center
(http:!!f ly.ebi.ac.uk:7081!). 2L recombinants were created by
standard meiotic recombination. 3L recombinants were created
by inducing mitotic recombination in the male germ line with X
rays. Male larvae at 70–80 h after egg-laying (h AEL) were
irradiated with 1,500–1,700 rads (300 rads!min, 10 kV, 15 mA,
with a 2-mm filter).

Immunohistochemistry. For embryonic germ cell counts, embryos
were collected on fruit juice plates at intervals of 2 h and allowed
to develop at 25°C. Embryos were collected, fixed, and stained
according to standard protocols. The anti-Vasa Ab was a gift
from P. Lasko (McGill University, Montreal, Canada). Staining

Abbreviation: h AEL, h after egg laying.
‡To whom reprint requests should be addressed. E-mail: agbellido@cbm.uam.es.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org!cgi!doi!10.1073!pnas.201409198 PNAS " September 25, 2001 " vol. 98 " no. 20 " 11341–11346

D
EV

EL
O

P
M

EN
TA

L
B

IO
LO

G
Y

PreYy	  clear:	  last	  author	  is	  senior	  author	  
=	  PI;	  first	  author	  likely	  graduate	  student	  
or	  postdoc	  but	  is	  also	  corresponding	  
author	  (*),	  sugges6ng	  much	  higher	  
degree	  of	  intellectual/technical	  
contribu6on	  	  rela6ve	  to	  PI	  

PreYy	  unclear:	  first	  and	  corresponding	  
author(s)	  are	  PIs,	  who	  were	  unlikely	  to	  have	  
carried	  out	  experiments.	  What	  was	  the	  role/
posi6on	  of	  Gibbs	  (last	  author)?	  What	  were	  
the	  role(s)	  of	  middle	  authors?	  
Clarified	  by	  “author	  contribu6ons”	  sec6on:	  
last	  author	  is	  senior	  author	  =	  PI;	  first	  author	  
likely	  graduate	  student	  or	  postdoc;	  roles	  of	  
middle	  authors	  detailed.	  


