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whether these clones give rise to contamination in the human draft
sequence. As noted in the paper, we used computer programs to
identify and eliminate instances of such contamination (with mouse
sequence, vector sequence, and so on) before assembling the draft
genome sequence. In reviewing the work, we identi®ed one mouse
clone that slipped through the ®lter. This clone has been eliminated
in subsequent assemblies (http://genome.cse.ucsc.edu/). Because
the draft sequence remains an imperfect partial product, we
welcome additional comments that could help in improving it.
XThe discussion of possible horizontal gene transfer from bacterial
genomes to vertebrate genomes has provoked considerable discus-
sion3±5. We reported 113 instances of human genes that had reason-
ably close homologues in bacteria, but either had no homologue or
only a weaker homologue in non-vertebrate eukaryotes for which
extensive genomic sequence was available. We suggested two
hypotheses to explain these data: horizontal gene transfer (HGT)
from bacteria to human or gene loss in the other lineages. We had no
data to distinguish between these hypotheses, although we sug-
gested that the latter was a more `̀ parsimonious'' explanation as it
involved fewer independent events. In the introduction we stated
that this seemed `̀ likely''.

Several correspondents have undertaken more comprehensive
analyses and have argued that a signi®cant proportion of the cases
can be explained by gene loss3±5. We agree. We believe that the two
hypotheses cannot be distinguished on the basis of parsimony,
because too little is known about the relative rates of HGT and gene
loss in evolution. Instead, extensive sequence data from many
additional organisms will be required to assess de®nitively the
provenance of each gene.

We note that the process of HGT into the vertebrate genome from
other organisms has clearly occurred on multiple occasions, as seen
from the sudden arrival of many DNA transposons with strong
similarities to other organisms. The most recent documented cases
occurred subsequent to the eutherian radiation (see Fig. 19).
XA key reference concerning 39-transduction by LINE elements
was omitted on page 887. The sentence citing references 205 and 206
should also have cited Goodier et al.6.
X In Fig. 33, the unit on the y axis should be bp, not kb. The legend
should read: `̀ Sequence properties of segmental duplications. Dis-
tributions of length and per cent nucleotide identity are shown as a
function of the number of aligned bp from the ®nished vs ®nished
human genomic sequence dataset. Intrachromosomal (blue), inter-
chromosomal (red).''
X In Fig. 41, the legend should begin: `̀ For each of the 27 common
domain families, the number of different Pfam domain types that
co-occur with the family in each of the ®ve eukaryotic proteomes.
The 27 families were chosen to include the 10 most common
domain families in each proteome. The data are ranked ¼''
X In Table 22, the entry 81,126 should be 8,126.
XOn page 898, line 31, the ®nal phrase of the sentence (`̀ ¼ and the
representativeness of currently `known' human genes'') should be
deleted. The sentence should read: `̀ Before discussing the gene
predictions for the human genome, it is useful to consider back-
ground issues, including previous estimates of the number of
human genes and lessons learned from worms and ¯ies''.
XOn page 900, line 38, remove `̀ (see above)''.
XWe failed to acknowledge the crucial role of sequence editing
software, which has been widely used for inspection and subsequent
®nishing of the sequence assemblies. The two principal programs
used were CONSED7 and GAP48. M
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The ability to discriminate between different chemical stimuli is
crucial for food detection, spatial orientation and other adaptive
behaviours in animals. In the nematode Caenorhabditis elegans,
spatial orientation in gradients of soluble chemoattractants
(chemotaxis) is controlled mainly by a single pair of chemosen-
sory neurons1. These two neurons, ASEL and ASER, are left±right
homologues in terms of the disposition of their somata and
processes, morphology of specialized sensory endings, synaptic
partners and expression pro®le of many genes2,3. However, recent
gene-expression studies have revealed unexpected asymmetries
between ASEL and ASER. ASEL expresses the putative receptor
guanylyl cyclase genes gcy-6 and gcy-7, whereas ASER expresses
gcy-5 (ref. 4). In addition, only ASEL expresses the homeobox gene
lim-6, an orthologue of the human LMX1 subfamily of homeobox
genes5. Here we show, using laser ablation of neurons and whole-
cell patch-clamp electrophysiology, that the asymmetries between
ASEL and ASER extend to the functional level. ASEL is primarily
sensitive to sodium, whereas ASER is primarily sensitive to
chloride and potassium. Furthermore, we ®nd that lim-6 is
required for this functional asymmetry and for the ability to
distinguish sodium from chloride. Thus, a homeobox gene
increases the representational capacity of the nervous system by
establishing asymmetric functions in a bilaterally symmetrical
neuron pair.

To determine whether C. elegans can distinguish between the
attractants sodium and chloride in our experimental system6, we
performed a discrimination test in which we examined the chemo-
taxis performance of worms in a gradient of sodium (50 mM to
10 mM) superimposed on a saturating background concentration
of chloride (100 mM), and vice versa (Fig. 1a, d). In both cases,
worms migrated toward the peak of the gradient as expected7,

although the overall chemotaxis performance was reduced relative
to control worms tested in sodium or chloride gradients but with no
background ion concentration (Fig. 1b, d).

However, the chemotaxis performance of worms tested under
conditions in which the gradient and background concentration
contained the same ion (Fig. 1c, d) degenerated to roughly chance
level, de®ned as the chemotaxis performance of worms tested in the
absence of a gradient (Fig. 1d, dotted line). Together, these results
show that sodium chemotaxis persists against a background of
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Figure 1 Discrimination of sodium and chloride by wild-type C. elegans. a±c, Probability

density plots for worms assayed in gradients of chloride (left) and sodium (right)

originating at the centre of the plate (peak), n $ 15. Grey scale indicates the probability

per unit area of ®nding a worm at a given location in the plate during the 20-min assay.

Scale bar, 1 cm. a, Discrimination. Worms located and remained at the peak of a chloride

gradient superimposed on a high background concentration (100 mM) of sodium, or at the

peak of a sodium gradient superimposed on a high background concentration (100 mM)

of chloride. b, Control. Chemotaxis performance was normal in gradients identical to

those in a when the background ion was omitted. c, Saturation. Worms failed to locate the

peak of the gradient when it was superimposed on a high background concentration

(100 mM) of the same ion. d, Average per cent time spent at the gradient peak for worms

in the six conditions shown in a±c. Dotted line indicates mean chance performance,

measured by assaying 74 worms in plates with neither gradient nor background. Dashed

line indicates upper 95 per cent con®dence limit for mean chance performance.
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chloride suf®cient to saturate the chloride response, and chloride
chemotaxis persists against a background of sodium suf®cient to
saturate the sodium response. Thus, C. elegans has distinct sensory
pathways for detecting sodium and chloride ions, in agreement with
previous qualitative observations7.

To identify the neuronal constituents of these two sensory path-
ways, we compared the effects on chloride and sodium chemotaxis
of unilateral ablations of the ASE neurons (Fig. 2a, b). We found that
chloride chemotaxis was disrupted by ablation of ASER, indicating
that it is a necessary constituent of the chloride sensory pathway. In
contrast, chloride chemotaxis was unaffected by ablation of ASEL,
suggesting that ASEL is not a necessary constituent of the chloride
pathway. Furthermore, we found that sodium chemotaxis was
disrupted by ablation of ASEL, indicating that it is a necessary
constituent of the sodium sensory pathway. Although ablation of
ASER had little or no effect on sodium chemotaxis, the effect of
bilateral ablation of the ASE neurons was greater than the effect
of unilateral ablation of ASEL (Bonferroni post hoc comparison,
P , 0.001). Thus, ASER seems to be a secondary constituent of the
sodium pathway. We conclude that the asymmetries in gene
expression in the ASE neurons coincide with differences in sensory
function.

As the strongest unilateral ablation effects were for ASEL in the
case of sodium chemotaxis and ASER in the case of chloride
chemotaxis, we thought that ASEL and ASER might be specialized
for detection of cations and anions, respectively. Therefore, we
compared the effects of unilateral and bilateral ablation of ASE
neurons on potassium chemotaxis as an example of a response to a
second cation (Fig. 2c). We found that potassium chemotaxis was
disrupted by ablation of ASER, but not by ablation of ASEL,
indicating that ASER is a necessary constituent of the potassium
pathway, but ASEL is not. Thus, ASER is not specialized for
detecting anions, and the functional asymmetries between ASEL
and ASER extend to a third ion.

The ablation data are summarized in Fig. 2d, which shows the
respective contribution of the ASE neurons to the sodium, chloride
and potassium pathways. (The three other chemosensory neuron
pairs known to be necessary for normal chemotaxis to sodium and
chloride ionsÐADF, ASG and ASIÐwere not tested because their
joint contribution to chemotaxis is much less than that of the ASE
neurons1.) Only ASER contributes to the chloride and potassium
pathways. Both ASER and ASEL contribute to the sodium pathway,
but the latter makes the stronger contribution.

Our ®nding that ASEL, the main constituent of the sodium
pathway, is not part of the potassium pathway suggests that sodium
chemotaxis should persist against a high background of potas-
siumÐa prediction at odds with previous work7. In our more
quantitative behavioural assay, however, sodium chemotaxis persists
against a background of 100 mM potassium (per cent time at peak:
Na+ gradient with K+ background, 20.7 6 6.02, n � 18; versus no
gradient, 1.97 6 1.02, n � 74; t � 6:02, P , 0.0001). We did, how-
ever, observe a substantial reduction in potassium chemotaxis against
a background of 100 mM sodium (per cent time at peak: K+ gradient
with Na+ background, 8.37 6 5.35, n � 33; K+ gradient with no
background, 23.1 6 5.67, n � 15; t � 3:91, P , 0.001), consistent
with previous results7and our ®nding that the potassium pathway
and the secondary sodium pathway converge on ASER.

To determine whether the differences between ASEL and ASER in
sensory function are re¯ected in their electrophysiology, we per-
formed whole-cell voltage-clamp recordings from ASEL for com-
parison with previous recordings from ASER8. Net membrane
current evoked by a family of voltage pulses between -154 and
�46 mV (holding potential � 2 74 mV) was qualitatively similar
in ASEL and ASER (Fig. 3a). Both neurons exhibited a time-
independent inward current activated by hyperpolarization below
-90 mV, and a fast activating outward current activated by depolari-
zation. Outward current decayed exponentially over time in both
neurons.
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Substitution of N-methyl-D-glucamine for potassium in the
recording pipette abolished outward current in both ASEL (data
not shown) and ASER8, suggesting that it is carried by potassium
ions. Rates of inactivation for outward current vary widely among
C. elegans neurons8. We therefore compared inactivation rates of the
outward current at +46 mV for ASER and ASEL. Notably, we found
no statistical difference in the time constants of inactivation for
ASER (19.7 6 2.4 ms; n � 31) and ASEL (20.8 6 3.9 ms; n � 12,
t � 1:60, P . 0.05), suggesting that the transient current may be
carried by the same or similar potassium channels.

Plots of peak current density versus voltage were also strikingly
similar for ASEL (n � 14) and ASER (n � 29) (Fig. 3b, left). The
plot of steady-state current density versus voltage, however, revealed
that outward current density above -14 mV is increased about 1.5±
2-fold in ASEL (Fig. 3b, right; analysis of variance, P , 0.01). Thus,
the difference in sensory function between ASEL and ASER is
re¯ected in a difference in the amount of outward current generated
when the neuron is depolarized, which could in turn produce a
difference in the threshold for regenerative events seen in ASE
neurons8. Whereas the functional consequence of this difference
remains to be investigated, the overall electrophysiological similar-
ity of the two neurons suggests that differences in the chemo-
sensitivies of the two neurons to sodium, chloride and potassium,
rather than differences in voltage-dependent currents, are respon-
sible for the asymmetrical contributions of ASEL and ASER to
chemotaxis.

In the mutant lim-6(nr2073), a putative null missing the homeo-
domain and one of two LIM domains of the protein, gcy-5, which is
normally expressed only in ASER, is also expressed in ASEL5. Thus,
the lim-6 gene is required for asymmetric gcy-5 expression in ASEL
and ASER. To determine whether the lim-6 gene is also required for
the asymmetric sensory functions of ASEL and ASER, we compared
the effect on chloride chemotaxis of unilateral ablations of ASE
neurons in lim-6 mutants (Fig. 2e). We found that although
chloride chemotaxis was reduced by ablation of ASER, the reduc-
tion was signi®cantly less than in wild-type worms (Fig. 2e, R, versus
Fig. 2a, R: t � 3:72, P , 0.001). Moreover, lim-6 mutants in
which ASER was ablated performed signi®cantly better than
chance (Fig. 2e, R, versus chance: t � 3:17, P , 0.01), in contrast
to wild-type worms in which ASER was ablated (Fig. 2a, R, versus
chance: t � 0:867, P . 0.05). Thus, in lim-6 mutants, chloride

chemotaxis persists in the absence of ASER, suggesting the existence
of a new constituent of the chloride pathway.

A likely candidate for this constituent was ASEL, because it now
expressed gcy-5, a characteristic feature of the chloride-sensitive
ASER neuron. Although killing ASEL had no effect on chloride
chemotaxis in lim-6 mutants, killing ASER together with ASEL
reduced chloride chemotaxis more than ablating ASER alone
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(Bonferroni post hoc comparison, P , 0.001), with chloride
chemotaxis reduced to the chance level. These results suggest that
in lim-6 mutants ASEL is responsible, at least in part, for the
persistence of chloride chemotaxis in the absence of ASER. We
conclude that the lim-6 gene is required to separate fully the sensory
functions of ASEL and ASER.

The abnormal sensitivity of ASEL to chloride in lim-6 mutants
raised the possibility that the sodium pathway was altered in these
worms. Indeed, we found that sodium chemotaxis was reduced in
lim-6 mutants relative to wild-type worms (Fig. 2f, S, versus Fig. 2b,
S: t � 2:12, P , 0.05). This reduction appears to re¯ect an impair-
ment of chemotaxis ability speci®c to sodium because chloride
chemotaxis was actually enhanced in lim-6 mutants relative to wild-
type worms (Fig. 2e, S, versus Fig. 2a, S: t � 2:02, P , 0.05). In
contrast to unilateral ablations of the ASE neurons in wild-type
animals (Fig. 2b, L and R), ablation of ASEL or ASER in lim-6
mutants produced equivalent modest, yet not signi®cant, reduc-
tions in chemotaxis to sodium (Fig. 2f, L and R). This result suggests
that in lim-6 mutants, ASEL and ASER may have identical functions
in the weakened sodium pathway. Bilateral ablation of the ASE
neurons resulted in a signi®cant reduction in sodium chemotaxis
(Fig. 2f, S, versus Fig. 2f, LR: Bonferroni post hoc comparison,
P , 0.01), indicating that ASEL and ASER remain constituents of
the sodium pathway in the lim-6 mutant. We conclude that
although the constituents of the sodium pathway were not changed
in lim-6 mutants, the lim-6 gene is required to establish the full
sensitivity to sodium of ASEL. The ablation data for lim-6 mutants
are summarized in Fig. 2g, in which a strengthened chloride path-
way relies on both ASEL and ASER, and a weakened sodium
pathway also relies on both ASEL and ASER.

Previous experiments have shown that the G-protein-coupled
receptor STR-2 is expressed in either the left or the right member of
the chemosensory neuron pair AWC9, and that this asymmetry is
necessary for behavioural discrimination in olfactory chemotaxis
(P. D. Wes and C. I. Bargmann, personal communication). The fact
that the lim-6 gene is required for asymmetric expression of gcy-5
suggests that lim-6 may similarly be required for the behavioural
discrimination between sodium and chloride ions. To test this idea,
we performed a discrimination test on lim-6 mutants under con-
ditions identical to those in Fig. 1. We found that lim-6 mutants
could perform chemotaxis to chloride in a sodium background
(Fig. 4a, d), indicating that the lim-6 gene is not required for
behavioural discrimination of chloride from sodium. In contrast,
we found that lim-6 mutants could not perform chemotaxis to
sodium in a chloride background (Fig. 4a, d). Note that this
effect cannot be explained by a loss of sodium sensitivity because
lim-6 mutants could perform chemotaxis to an identical sodium
gradient with no background ion (Fig. 4b, d), albeit at a slightly
reduced level compared with wild-type worms (Fig. 1b, d;
t � 2:12, P , 0.05). Thus, the homeobox gene lim-6 is required
to discriminate sodium from chloride.

With just eight left±right homologous pairs of chemosensory
neurons1,10±12 known to direct behavioural responses to at least 100
water soluble attractants and repellents7,13, C. elegans faces a sig-
ni®cant limitation in its ability to differentiate chemical stimuli.
Our ®nding of functional asymmetries between the ASE neurons
suggests that C. elegans has adopted the unexpected solution of
increasing the effective number of different types of chemosensory
neurons by breaking bilateral symmetry. Similarly, only three pairs
of chemosensory neurons are known to direct responses to at
least 60 volatile attractants and repellents in C. elegans14, and
functional asymmetries have been described in one of these
neuron pairs as well15. An analogous limitation may exist in the
mammalian olfactory system in which hundreds of thousands of
different chemical stimuli are discriminated by just 2,000
glomeruli16Ðthe main functional units of the olfactory bulb.
By analogy to C. elegans chemosensation, discrimination in

mammalian olfaction could be enhanced by breaking bilateral
symmetry in the activation of glomeruli17. M

Methods
Chemotaxis assays

Single adult hermaphrodites were rinsed to remove OP50 bacteria and placed on a food-
less, agar-®lled plate for 10±40 min to accommodate, before being transferred to a second
agar-®lled plate in which a radially shaped gradient of attractant was established. The agar
contained (in mM): CaCl2 (1), MgSO4 (1) and KPO4 (25); pH 6.5. A gradient of either
ammonium chloride, sodium acetate or potassium acetate was established by placing a
5-ml drop of 1 M attractant in the centre of the assay plate at 18±24 h, and again at 3±4 h
before each assay7. The maximum estimated attractant concentration6 was ,10 mM at the
centre of the assay plate, and the minimum concentration was ,50 mM at the edge of the
plate. At these concentrations, neither ammonium nor acetate ions are attractive7. We
recorded movement by noting the location of the worm's centroid at 1-s intervals for
20 min using an automated tracking system with 257 pixels mm-1 resolution6. Each animal
started 11 mm away from the gradient peak, and was tested only once.

Laser ablation of neurons

Neurons were ablated in L1 and early L2 larvae as described18. Neurons were identi®ed for
ablation by expression of green ¯uorescent protein (GFP) restricted to ASER by the gcy-5
promoter, and restricted to ASEL by the gcy-6 promotor4. The presence of GFP did not
affect chemotaxis, because performance was identical for animals with and without GFP
expression in ASE neurons (per cent time at peak: animals with GFP, 27.1 6 3.67, n � 38,
versus animals without GFP, 23.15 6 4.55, n � 17; t � 1:31, P . 0.05). Ablated animals
were tested for chemotaxis 2±4 d after ablation; individuals in which GFP was still visible
in the target neuron after ablation were excluded from the behavioural analysis. In sham
ablations, the laser was ®red near the worm without killing any cells. We took two
additional measures to control for nonspeci®c effects. First, worms in which ASE neurons
were ablated were tested for chemotaxis to diacetyl, a compound sensed by a different
chemosensory neuron pair, AWA14,19. Diacetyl gradients were made by placing a 1-ml drop
of diacetyl (aqueous dilution 1:100) on the assay plate ,10 min before the start of each
experiment. In agreement with previous results14, animals with unilateral and bilateral
ablations of ASE neurons exhibited normal diacetyl chemotaxis (per cent time at peak:
sham, 21.7 6 6.16, n � 15; ASEL ablated, 22.5 6 10.0, n � 9; ASER ablated, 20.7 6 7.44,
n � 12; both ASEL and ASER ablated, 24.6 6 5.23, n � 10; F � 0:161, P . 0.05).
Second, we found no difference in average instantaneous speed (used as a measure of
vitality) between worms in which ASE neurons were ablated and shams (speed: ablated,
136 6 5.13 mm s-1, n � 308, versus sham, 145 6 7.89 mm s-1, n � 149; t � 1:65, P .
0.05).

Electrophysiology

Animals were prepared and dissected as described8,20. We carried out whole-cell patch-
clamp recordings using electrodes made from borosilicate glass tubing (Sutter BF120-69-
10, Novato, CA) ®lled with (in mM): potassium gluconate (125), KCl (18), 4 NaCl (4),
MgCl2 (1), CaCl2 (0.6), HEPES (10), EGTA (10); pH 7.2 with KOH. In some experiments
N-methyl-D-glucamine was substituted for K+ in the recording pipette. External saline
contained (in mM): NaCl (145), KCl (5), CaCl2 (1), MgCl2 (5), HEPES (10), D-glucose
(20); pH 7.2 with NaOH. Membrane current was ampli®ed with a modi®ed Axopatch
200A (Axon Instruments, Foster City, CA), ®ltered at 10 kHz and digitized at 25 kHz.
Voltages were corrected for liquid junction potentials. Neurons were identi®ed by GFP
expression as described above.

Data analysis

Probability density plots were made by counting the total number of visits made by a given
test group to each square millimetre of the assay plate and dividing by the total number of
sample intervals. Instantaneous speed was calculated by measuring the displacement of the
centroid of the worm once per second. We quanti®ed chemotaxis performance by
computing the percentage of time that the centroid of the animal was within a circular
region (10-mm diameter) centred at the peak of the gradient. The results presented here
remained qualitatively the same when the diameter of the peak region used to calculate
chemotaxis performance was increased to 20 mm (data not shown). All averages are
reported 6 95 per cent con®dence intervals.
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Caenorhabditis elegans senses at least ®ve attractive odours with a
single pair of olfactory neurons, AWC, but can distinguish among
these odours in behavioural assays1. The two AWC neurons are
structurally and functionally similar, but the G-protein-coupled
receptor STR-2 is randomly expressed in either the left or the right
AWC neuron, never in both2. Here we describe the isolation of a
mutant, ky542, with speci®c defects in odour discrimination and
odour chemotaxis. ky542 is an allele of nsy-1, a neuronal symme-
try, or Nsy, mutant in which STR-2 is expressed in both AWC
neurons2. Other Nsy mutants exhibit discrimination and olfactory
defects like those of nsy-1 mutants. Laser ablation of the AWC
neuron that does not express STR-2 (AWCOFF) recapitulates the
behavioural phenotype of Nsy mutants, whereas laser ablation of
the STR-2-expressing AWC neuron (AWCON) causes different
chemotaxis defects. We propose that odour discrimination can
be achieved by segregating the detection of different odours

into distinct olfactory neurons or into unique combinations of
olfactory neurons.

Caenorhabditis elegans, like other animals, detects odours with
G-protein-coupled receptors such as the high-af®nity diacetyl
receptor encoded by the odr-10 gene3. Individual chemosensory
neurons express several receptor genes4,5, potentially allowing them
to detect many odours but presenting a challenge for discriminating
among odours. Nevertheless, C. elegans does exhibit the ability to
distinguish between many odours in behavioural assays: a high
uniform concentration of an odour will block chemotaxis toward a
point source of that odour but not toward point sources of other
odours1,6. The ®ve odours sensed by the two AWC neuronsÐ
butanone, benzaldehyde, 2,3-pentanedione, isoamyl alcohol and
2,4,5-trimethylthiazoleÐuse a common cyclic GMP signalling
pathway, comprising the Ga subunit ODR-3, the transmembrane
guanylyl cyclases ODR-1 and DAF-11, and the cyclic-nucleotide-
gated channel TAX-2/TAX-4 (refs 1, 6±10). Overexpression of
ODR-1 perturbs discrimination between butanone and benzalde-
hyde through mechanisms that are not understood6.

To gain insight into the mechanism of discrimination, we
performed a genetic screen for loss-of-function mutants that
cannot detect a point source of benzaldehyde in a high uniform
concentration of butanone (Fig. 1a; and Methods). The most
striking defect was observed in the mutant ky542, which exhibited
a complete loss of benzaldehyde chemotaxis in the presence of a
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Figure 1 The ky542 mutant has defects in olfaction and olfactory discrimination.

a, Animals are scored for chemotaxis to a point source of benzaldehyde (bz) in the

absence (chemotaxis assay, left) or presence (discrimination assay, right) of a uniform

®eld of butanone (bu). Discrimination mutants fail to chemotax to benzaldehyde in the

presence of butanone. c, control; o, origin. b, Population chemotaxis assays in the

absence (open bars) or presence (®lled bars) of butanone. Asterisks indicate

statistically signi®cant (P , 0.001) defects in ky542 mutants. Genotypes and odorants

are listed below each assay. N2, wild type; bu, 1:1,000 butanone; bz, 1:200

benzaldehyde; dc, 1:1,000 diacetyl; iaa, 1:100 isoamyl alcohol; pd, 1:10,000 2,3-

pentanedione; tmt, 1:1,000 2,4,5-trimethylthiazole. The abbreviations are the same for

all ®gures.
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Secreted morphogens induce distinct cellular responses in a
concentration-dependent manner and act directly at a distance1±7.
The existence of morphogens during mesoderm induction and
patterning in vertebrates has been highly controversial, and it
remains unknown whether endogenous mesoderm inducers act
directly as morphogens8±10, function locally9 or act through relay
mechanisms11±12. Here we test the morphogen properties of
Cyclops and SquintÐtwo Nodal-related transforming growth
factor-b signals required for mesoderm formation and patterning
in zebra®sh13±16. Whereas different levels of both Squint and
Cyclops can induce different downstream genes14,17±19, we ®nd
that only Squint can function directly at a distance. These results
indicate that Squint acts as a secreted morphogen that does not
require a relay mechanism.

The level of Nodal signalling is a key factor in determining the cell
fate induced in responding cells14,17±21. We ®rst tested whether
Cyclops (Cyc) and Squint (Sqt) can act on responding cells at a
distance, and whether the activation of different downstream genes
is dependent on concentration and distance. To provide a local
source of Sqt or Cyc, sqt or cyc RNA was injected, together with the
lineage tracer ¯uorescein-dextran, into a single cell of 128±256-cell
zebra®sh (Danio rerio) embryos (Fig. 1a). The injected embryos
were ®xed 3 h later before the onset of gastrulation (50% epiboly),
and analysed by in situ RNA hybridization with antisense probes for
no tail/Brachyury (ntl), goosecoid (gsc), bhikhari (bik) and ¯oating
head (¯h)Ðknown targets of Nodal signalling13,18,22±23.

We found that ¯h, ntl and bik were expressed by cells 4±6 (¯h) and
6±8 (ntl, bik) cell diameters away from Sqt-producing cells (Fig. 1c,
e, m). In contrast, gsc was detected only in cells expressing sqt and
their immediate neighbours (Fig. 1d). This pattern recapitulates the
expression of these genes in the zebra®sh organizer, where high
levels of Nodal signalling are required to activate gsc, and lower
levels are suf®cient to induce expression of ¯h, ntl and bik18. When
we reduced the levels of sqt tenfold, ntl was induced only close to the
source and gsc was not induced (Fig. 1f, g). Expression of different
levels of cyc resulted in a similar concentration-dependent induc-
tion of ntl and gsc. High levels induce the expression of both genes,
whereas lower levels induce only ntl (Fig. 1i, j; and data not shown);
unexpectedly, however, we never observed ntl or bik expression
beyond two cell diameters from cyc-expressing cells, although the
level of cyc was high enough to induce gsc expression (Fig. 1i, j, l).

Notably, increasing the injected cyc RNA to 60 pg did not change
the ectopic ntl domain, but induced ectopic gsc expression in all cells
injected with RNA (data not shown). This indicates that more active
Cyc protein is made, although western analysis with a haemagglu-
tinin A (HA)-tagged form of Cyc revealed no signi®cant difference
in HA±Cyc protein production on injection of 6 pg or 60 pg (data
not shown). This result indicates that post-transcriptional mechan-
isms such as translational ef®ciency or protein stability might
contribute to the range of action of cyc.

The expression of bik in cyc, sqt and cyc;sqt double mutants is
consistent with different ranges for endogenous Cyc and Sqt
(Fig. 1o±s). In cyc mutants, Sqt is suf®cient to activate bik 6±8
cells from the margin (Fig. 1q), whereas in sqt mutants, Cyc induces
bik only locally (Fig. 1p). The amino-terminal prodomain of
transforming growth factor (TGF)-b signals is thought to interact

with extracellular matrix and so may be responsible for the different
range of action of Cyc and Sqt9,24. We found, however, that the
prodomains do not change the range of chimaeric Cyc±Sqt and
Sqt±Cyc proteins (Fig. 1h, k), indicating that differences in the
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Figure 1 Squint has long-range effects, whereas Cyclops has short-range effects.

a, Single-cell injection; RNAs are co-injected with ¯uorescein-dextran (green) into wild-

type embryos at the 128±256-cell stage; embryos are ®xed 3 h later at 50% epiboly (left,

lateral view; right, animal pole view). ntl, gsc, ¯h and bik expression is examined by whole-

mount RNA in situ hybridization (blue stain); injected cells are stained brown by an anti-

¯uorescein antibody. b±n, Single-cell injections of RNA; all images are animal pole views.

b, 6 pg of lacZ mRNA; no ectopic ntl expression is observed (n = 12/12). c±e, 4 pg of sqt

RNA; ntl (c, n � 27=27) and flh (e, n � 18=18) are expressed in a wider domain than gsc

(d, n = 34/35); arrowheads in c indicate the domain of ectopic ntl expression, about eight

cell diameters from sqt-expressing cells (about 100 mm). f, g, 0.4 pg of sqt RNA; the

ectopic ntl domain almost overlaps with the Sqt-producing cells (f, n = 14/15); no ectopic

gsc expression is induced (g, n = 13/14). h, 4 pg of cyc±sqt RNA (n = 22/22); the ectopic

ntl domain is similar to that induced by sqt RNA (c). i, j and l, 6 pg of cyc RNA; the ectopic

ntl and bik domains almost overlap with the Cyc-producing cells (i, n = 18/20; l, n = 11/

11) even though the level of Cyc is high enough to induce ectopic gsc ( j, n = 16/18).

k, 6 pg of sqt±cyc RNA; the ectopic ntl domain is similar to that induced by cyc RNA

injection (n = 21/22). m, n, 4 pg of sqt RNA in wild-type (m) and MZoep (n) embryos;

ectopic bik expression is induced up to eight cells away from the Sqt-producing cells in

wild type (m, n = 20/20), but no ectopic bik expression is induced in MZoep embryo (n, n

= 14/14). o±s, bik expression at the blastoderm margin at 50% epiboly in different

genetic backgrounds, lateral views; bik expression is dependent on Nodal signalling

around the entire margin.
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mature region contribute to the different ranges of action. Together,
these results indicate different effective ranges for Sqt and Cyc.

Given the dynamic cell movements during early embryogenesis,
the apparent long-range effect of Sqt might be a result of the
displacement of cells that initiated expression of ntl because early
on they were adjacent to sqt-expressing cells25. Although the short-
range effect of Cyc argues against this possibility, we tested it by
transplanting labelled wild-type cells at a distance from the sqt-
expressing cells. To make sure that these two cell populations never
got within close proximity of each other, we monitored their relative
positions after transplantation. We found that transplanted cells
that maintained their distance from the Sqt source expressed ntl, as
did their neighbouring host cells (Supplementary Information
Fig. 1). Thus, cell movement does not cause the long-range effect
of Sqt.

Two models can explain the long-range effect of Sqt: Sqt might act
as a morphogen and directly activate target gene expression at a
distance; or Sqt might activate a relay signal, which then acts on
distant cells. Both mechanisms have been invoked previously to
account for the long-range effects of non-endogenous TGF-b
signals8±12. To assay the range of Sqt's direct action, we made use
of the observation that cells that lack the activity of the EGF-CFC
protein One-eyed pinhead (Oep) cannot perceive Nodal signals22.
Oep is an extracellular cofactor required cell-autonomously for the
reception of Nodal signals22,26±28.

Maternal-zygotic mutants for oep (MZoep embryos) have an
identical phenotype to cyc;sqt double mutants and are unresponsive
to Nodal signals22. These mutants are not impaired in signalling for
®broblast growth factor (FGF), bone morphogenetic protein (BMP)
or Activin22, but none of the known Nodal-responsive genes (bik,
ntl, gsc, ¯h, antivin, pitx2, cyc) can be activated by overexpression of
Sqt in MZoep mutants, and ubiquitous or local expression of Sqt has
no phenotypic effects in MZoep mutants22 (Figs 1n, 2c; and data not
shown). Using these MZoep mutants, we tested whether Sqt acts
directly at a distance or indirectly through a relay signal.

We ®rst juxtaposed Sqt-responsive cells with Sqt non-responsive
cells (oep mutant) to test whether an Oep-independent relay signal
such as FGF12 is involved in the long-range effect of Sqt (Fig. 2). We
injected both sqt and oep RNAs into a single cell of 128±256-cell
MZoep embryos. oep RNA injection allows the injected cells to
transduce the Sqt signal. If Sqt can induce a relay signal whose
transduction is Oep independent and activates target genes such as
ntl, then ntl would be expressed not only in the injected cells but also
in the surrounding oep mutant cells (Fig. 2a). But if Sqt acts as a
morphogen or relays through signals whose transduction is depen-
dent on Oep, then ntl expression would be observed only in cells
expressing Oep. Consistent with the second scheme, we found that
only cells containing both Oep and Sqt expressed ntl (Fig. 2d±g). No
non-autonomous induction of ntl was observed.

To test whether the long-range effect of Sqt is a result of
propagated induction of cyc or sqt, we analysed ntl expression
induced by Sqt in cyc;sqt double-mutant embryos (Fig. 3a). We
found that the domain of ntl expression induced in these embryos
(Fig. 3c, e) is very similar to that in wild-type embryos (Fig. 3b, d),
suggesting that the long-range effect of Sqt does not depend on the
induction of the endogenous cyc or sqt genes.

These results are consistent with the idea that Sqt acts as a
morphogen, but it is also possible that Sqt may relay through an
unknown signal whose transmission is Oep dependent (Fig. 4a). To
address this possibility, we injected sqt RNA into a single cell of
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Figure 2 Squint signals to distant cells either directly or through an Oep-dependent relay

signal. a, Design and predictions for the experiment described in b±g. b±g, Single-cell

injection into MZoep embryo of 4 pg of sqt RNA (b, c) or 4 pg of sqt RNA plus 4 pg of oep

RNA (d±g). Note that MZoep mutants express ntl at the lateral and ventral margin, but not

dorsally (b, c); b, d, f are in situ stainings of ntl expression (blue); c, e, g are double

stainings of both ntl expression (blue) and lineage tracer detected with anti-¯uorescein

antibody (brown). b, c, No ectopic ntl expression (blue) is detected owing to the inability of

MZoep cells to respond to Sqt (n = 14/14). d±g, ntl is only expressed by cells injected

with sqt and oep RNA (n = 19/19). Arrows of different colours indicate the corresponding

cells in d and e, as well as in f and g; note that there are two cells marked by the green

arrows in g that contain the lineage tracer but do not express ntl.
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or Sqt
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Oep-dependent signalDirect
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Figure 3 The long-range effect of Sqt does not depend on the induction of the

endogenous cyc or sqt genes. a, Design and predictions for the experiments shown in

b±e. b±e, Single-cell injection of 4 pg of sqt RNA plus lineage tracers biotin-dextran and

rhodamine-dextran into wild-type (b, d, n = 18/18) and cyc;sqt double mutant embryos

(c, e, n = 12/12) at the 128±256-cell stage. b, c, Focus is on the expression domain of ntl

in marginal cells; cyc;sqt double mutants were distinguished from sibling embryos (b) by

the lack of ntl expression on the dorsal side (c). d, e, High-magni®cation views of the

embryos in b and c; the lineage tracer biotin-dextran was detected with the ABC kit from

Vectastain (red).
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MZoep mutants and then transplanted several wild-type cells at a
distance to the sqt-expressing cells. We also followed the movement
of both sqt-expressing mutant cells and transplanted wild-type cells
to ensure that they were not in close proximity between the time of
transplantation and ®xation (Fig. 4e±g).

Owing to the lack of Oep function in sqt-expressing and
neighbouring cells, Sqt cannot activate the Nodal signalling path-
way in these cells and thus no relay signal can be produced. If Sqt
acts by a relay mechanism, the transplanted wild-type cells would
not be able to express ntl. But if Sqt activates gene expression
directly at a distance, wild-type cells should be able to receive the
Sqt signal and express ntl. Consistent with the latter possibility, we
found that wild-type cells in MZoep mutant embryos can express
ntl in response to a distant source of Sqt. This result suggests that
Sqt activity produced in unresponsive (oep mutant) cells can
traverse a ®eld of unresponsive (oep mutant) cells to elicit an
effect in distant responsive (wild-type) cells. These results show
that the long-range effect of Sqt is direct, requiring no relay signal
(Fig. 4c±i).

The idea of locally secreted signals that act as morphogens and
directly pattern a tissue by eliciting distant responses has been an
attractive mechanism to explain many developmental events1±10.
The potential of vertebrate mesoderm inducers to act as morpho-
gens has been debated for a long time. Seemingly contradictory
analyses of non-endogenous TGF-b signals have supported con-
¯icting models. Elegant studies in Xenopus explants have revealed
the potential of Activin to act as a long-range morphogen8±10. In
contrast, in vivo studies in zebra®sh have suggested that Activin acts
only locally and induces FGF as a relay signal12. Similarly, Xnr2 and
TGF-b1 have been suggested to act only at short range9,11. Our
studies using the in vivo mesoderm inducers Cyc and Sqt now
indicate that both short- and long-range mechanisms can operate
during mesoderm induction and patterning. Notably, our results
indicate that Sqt may act as a secreted morphogen: ®rst, different
levels of Sqt induce different downstream responses in a concen-
tration- and distance-dependent way14,17±19 (Fig. 1); second, Sqt can
act directly at a distance (Figs 2±4). These results indicate that
Squint acts as a secreted morphogen that does not require a relay
mechanism. M

Methods
Single-cell injection

The lineage tracer ¯uorescein-dextran was co-injected with the RNA to mark the injected
cell and its progeny. We synthesized sqt, cyc and oep sense, capped mRNAs as described18.
RNA in situ hybridization and anti-¯uorescein antibody staining were performed as
described22.

Genotyping

After photography, embryos were washed twice in benzyl benzoate : benzyl alcohol (2:1),
two or three times in 100% methanol and once in 100% ethanol. We extracted genomic
DNA using the DNeasy Tissue Kit (Qiagen). After extraction, genomic DNA was
precipitated and resuspended in 50 ml H2O. Five microlitres of the genomic DNA was used
as a template in each polymerase chain reaction (PCR). Primers and conditions for
genotyping sqtcz35 and cycm294 have been described13.

Chimaera construction

Cyc±Sqt and Sqt±Cyc fusion proteins were constructed using PCR ampli®cation. The
junction sequence of Cyc±Sqt is RRGRRNHRT, in which the underlined sequence is the C
terminus of the Cyc prodomain and the rest is the N terminus of the Sqt mature peptide.
The junction sequence for Sqt±Cyc is RRHRRGPPVRR, in which the underlined sequence
is the N terminus of the Cyc mature peptide and the rest is the C terminus of the Sqt
prodomain.

Transplantation and triple labelling

Donor embryos were injected with biotin-dextran and rhodamine-dextran at the 1±4-cell
stage. We carried out transplantation as described22. After in situ hybridization and
detection of ¯uorescein-dextran, the biotin-dextran labelled donor cells were detected
with the alkaline phosphatase substrate kit 1 (Vector Laboratories, Inc.).

Imaging

Fluorescent and Nomarski images were taken after mounting the embryo in 2.5% methyl
cellulose. Images were acquired as described18.
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Figure 4 Squint signals directly to distant cells. a, Experimental design and predictions.

b, Control; transplantation of wild-type cells (brown) into MZoep embryo, no ectopic ntl

expression is observed (n = 14/14). Note that MZoep mutants express ntl at the lateral

and ventral margin, but not dorsally. c±i, Single-cell injection of 4 pg of sqt RNA and

¯uorescein-dextran (green) into MZoep embryo, followed by transplanting wild-type donor

cells labelled with biotin-dextran and rhodamine-dextran (red) at a distance to the sqt-

injected cells (green) at the 1,000±2,000-cell stage; two examples (c±d and e±i) are

shown. c, d, Note ectopic ntl staining (blue) at a distance from the sqt-expressing cells

(brown) (n = 7/18). e±g, Images of the embryo in h and i after transplantation; e was

taken shortly after transplantation; f and g were taken 1 h (f) and 2 h (g) after e.

h, i, Transplanted cells (arrow in g) stained with ntl probe (arrow); i, High-magni®cation

view of the ntl-expressing cells in h (n = 6/12).
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Microtubules orchestrate cell division and morphogenesis, but
how they disassemble and reappear at different subcellular loca-
tions is unknown. Microtubule organizing centres are thought to
have an important role, but in higher plants microtubules assem-
ble in ordered con®gurations even though microtubule organiz-
ing centres are inconspicuous or absent. Plant cells generate
highly organized microtubule arrays that coordinate mitosis,
cytokinesis and expansion. Inhibiting microtubule assembly pre-
vents chromosome separation1, blocks cell division2 and impairs
growth polarity3. Microtubules are essential for the formation of
cell walls, through an array of plasma-membrane-associated
cortical microtubules whose control mechanisms are unknown.
Using a genetic strategy to identify microtubule organizing
factors in Arabidopsis thaliana, we isolated temperature-sensitive

* Present address: John Innes Centre, Department of Cell and Developmental Biology, Norwich

NR4 7UH, UK.

mutant alleles of the MICROTUBULE ORGANIZATION 1
(MOR1) gene. Here we show that MOR1 is the plant version of
an ancient family of microtubule-associated proteins4. Point
mutations that substitute single amino-acid residues in an
amino-terminal HEAT repeat impart reversible temperature-
dependent cortical microtubule disruption, showing that MOR1
is essential for cortical microtubule organization.

In most plant cells that display diffuse rather than tip growth,
microtubules localize to the cortical cytoplasm perpendicular to the
major axis of expansion. Microtubules and cellulose micro®brils
often have similar orientation patterns in elongating cells5 and it is
generally accepted, but not proven, that cortical microtubules
control the alignment of cellulose micro®brils6. Identifying the
factors that organize microtubule arrays at the periphery of plant
cells is a necessary step towards understanding the mechanisms that
underlie wall deposition and, hence, plant morphogenesis.

To identify factors regulating cortical microtubule organization
in plant cells, we used immuno¯uorescence microscopy to screen
chemically mutagenized seedlings of A. thaliana for aberrant
microtubule patterns. One mutant locus, mor1, causes tempera-
ture-sensitive cortical microtubule shortening and disorganization
(Fig. 1) and consequent morphological defects. We used ecotype-
speci®c markers to identify MOR1 as a gene of around 14 kilobases
(kb) that encodes a protein with a predicted relative molecular mass
of 217,000 (Mr 217K) (Fig. 2a) that has signi®cant deduced amino-
acid sequence similarity to human TOGp7, Xenopus MAP215

Figure 1 Mutations in the MOR1 gene cause temperature-dependent microtubule

disruption. We used anti-tubulin immuno¯uorescence to label cortical microtubules in

epidermal cells of the ®rst true leaf of 21-day-old seedlings after incubating seedlings at

29 8C for 2 h before ®xation. a, Wild type. b, mor1-1 homozygote. Scale bar, 25 mm.

a
HR1 2 3 4 5 6 7 8 910

1,979
amino
acids

b

MOR1 KAVVPAVDVMFQALSEFG~~~~SKVIPPKRILK~MLPELFDHQDQNVRASAKGVTLELCRWIGKDPVKSIL~

chTOGp KIIVACIETLRKALSEFG~~~~SKIILLKPIIK~VLPKLFESREKAVRDEAKLIAVEIYRWI~RDALRPPL~

XMAP215 KIVVACVETVRKALSEFG~~~~SKIMTLKPIIK~VLPKLFESREKAIRDEAKLLAVEIYRWI~RDALRPPL~

Msps KIVSACVAATTLALREFG~~~~HKVIGVKPLIKKLAP~LMSDRDKTVRDEGKQLAVEIYRWIG~AAMKAQI~

ZYG-9 KQQTALFVA~RQ~LDLVVPAKQPK~GFIKAVVPVFG~KLTGDADQDVREASLQGLGAVQRIIG~D~~KNVKN

DdCP224 KILLASLAALTQALKTFG~~~~PKQIPVKLILKQFSP~WFENRDKGIRDQASELFIEIYRWIGKALIPLISE

Stu2p KLIAAAANCVYELMAAFGLTNVNVQTFLPELLKH~VPQLAGHGDRNVRSQTMNLIVEIYKVTGNN~SDLLEE

p93Dis1 KQAVASIKELNSLLENFGI~~~PALSPIP~FYK~LIPTLFAQSDKNIRQEASNLSITLYAWVGN~AFKTHV~

E195KL174F

mor1-1 mor1-2

Figure 2 MOR1 protein structure. a, Schematic representation with shaded boxes

indicating conserved domains between MOR1, TOGp, XMAP215, MSPS and DdCP224.

The shorter ZYG-9 and yeast proteins share the ®rst ®ve and ®rst four regions of

homology, respectively. Black stripes show putative HEAT repeats (HR) in relation to these

conserved domains. b, Deduced amino-acid sequence comparison of MOR1's HEAT

repeat-1 with equivalent repeats in homologues. Black-shaded residues indicate identity,

grey-shaded residues indicate similarity (40% threshold), outlined box indicates HEAT

repeat. Mutations altering MOR1 amino-acid residues are indicated by arrowheads.
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