
Smart Race cDNA amplification kit (Clontech). Expressed sequence tags were amplified
by PCR with the universal adapter primer provided with the kit and the various, specific
internal primers.

Complete macronuclear gene-sized chromosomes
Telomere-specific primers in combination with internal gene sequences allow a
straightforward recovery of the complete gene30. The specific (internal) primers were
based on the DNA sequences of internal fragments of the various genes, which were
recovered previously by PCR with degenerated primers for conserved parts of the various
genes.

Phylogenetic analysis
Protein sequences were aligned with ClustalW and Muscle; unequivocally aligned
positions were selected with Gblocks or manually. Phylogenies were inferred with
maximum likelihood by using a discrete gamma-distribution model with four rate
categories plus invariant positions and the Poisson amino acid similarity matrix, and
neighbour joining as implemented in ClustalW, correcting for multiple substitutions with
the Gonnet amino acids identity matrix, and bootstrapping with 100 samples.

ORFs with a lower size limit of 100 nucleotides were identified with ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). tRNAs were identified with tRNAscan-SE
(http://www.genetics.wustl.edu/eddy/tRNAscan-SE). Potential mitochondrial import
signals were detected with MITOP (http://mips.gsf.de/cgi-bin/proj/medgen/mitofilter).
Sequence searches were performed with BLASTX (http://www.ncbi.nlm.nih.gov/BLAST),
BLASTN and FASTA. For references on phylogenetic analysis see Supplementary
Information.
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The perception of surface albedo (lightness) is one of the most
basic aspects of visual awareness. It is well known that the
apparent lightness of a target depends on the context in which
it is embedded1–6, but there is extensive debate about the
computations and representations underlying perceived light-
ness. One view asserts that the visual system explicitly separates
surface reflectance from the prevailing illumination and atmos-
pheric conditions in which it is embedded7–10, generating layered
image representations. Some recent theory has challenged this
view and asserted that the human visual system derives surface
lightness without explicitly segmenting images into multiple
layers11,12. Here we present new lightness illusions—the largest
reported to date—that unequivocally demonstrate the effect that
layered image representations can have in lightness perception.
We show that the computations that underlie the decomposition
of luminance into multiple layers under conditions of transpar-
ency can induce dramatic lightness illusions, causing identical
texture patches to appear either black or white. These results
indicate that mechanisms involved in decomposing images into
layered representations can play a decisive role in the perception
of surface lightness.

The amount of light projected to the eyes (luminance) is
determined by a number of factors: the illumination that strikes
visible surfaces, the proportion of light reflected from the surface
and the amount of light absorbed, reflected or deflected by the
prevailing atmospheric conditions (such as haze or other partially
transparent media). Only one of these factors, the proportion of
light reflected (lightness), is associated with an intrinsic property of
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surfaces, and hence is of special interest to the visual system. To
accurately recover lightness, the visual system must somehow
disentangle the contributions of surface reflectance from the illu-
mination and atmospheric conditions in which it is embedded. One
theoretical view asserts that the visual system explicitly decomposes
images into a set of separate maps or layers, corresponding to the
separate physical contributions to retinal luminance9,10. However,
there is a growing body of data showing that the visual system can
make systematic errors in estimating surface reflectance11, the
opacity of transparent surfaces or media13 and the amount of
illumination striking a surface14. These errors have led some to
question whether the visual system explicitly decomposes images

into their constituent physical sources, and to suggest that the visual
system uses computational ‘short cuts’ to generate representations
of surface lightness. Such theories have suggested that the visual
system divides an image into two-dimensional regions (or ‘frame-
works’) rather than layers. In such models, lightness is derived
through processes that bias the highest luminance to appear white11,
and/or by using statistical estimation techniques within local image
regions to compute reflectance12; no explicit decomposition of the
image into separate layers occurs.

One of the most widely used techniques to explore context effects
in lightness perception is to embed identical target patches in
different surrounds. Most studies with this method have used

Figure 1 Static versions of the lightness illusions studied in our experiment (see also

Supplementary Video 1). In a, the corresponding textured disks on the dark and light

surrounds are physically identical, and in b the corresponding chess pieces on the two

surrounds are identical. In both cases, the figures on the dark surround appear as light

objects visible through dark haze, whereas the figures on the light surround appear as

dark objects visible through light haze.
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untextured patches containing a uniform reflectance or luminance.
In such images, it is usually difficult if not impossible to determine
whether a target is decomposed into multiple sources; the target
region simply appears to be a particular shade of grey. To assess the
role of layered image representations in perceived lightness, we
devised a new set of stimuli that would make a layered decompo-
sition perceptually apparent if it was occurring (Fig. 1). We
generated textured images that contain a continuous distribution
of luminance values and we also manipulated geometric and
luminance relationships known to play a role in the segmentation
of surfaces into multiple layers13,15–17. A common ‘seed’ texture was
used to create both the targets and the surrounds (see Methods).
The target regions in the two images were identical; only the
surrounds differed. One surround was made lighter than the seed
image, and the other darker. The target regions were placed in the
same relative position (compared to the seed image) on each of the
two surrounds. The critical image properties manipulated using this
technique were the polarity and magnitude of contrast between the
textures and their surrounds. In the image with the dark surround,
the polarity of the surround–target border was dark–light along its
entire length of the border (respectively); in the light surround, the
surround–target border was light–dark. Contrast magnitude varied
continuously over both surround–target borders. As can be seen in
Fig. 1 (and even more dramatically in the moving versions in
Supplementary Video 1), this manipulation caused a striking
difference in appearance between the central targets. For the dark
surround, the target regions appeared white, visible through dark,
partially transparent clouds; for the light surround, the identical
targets appeared black, visible through light clouds. Note that the
fluctuations in contrast magnitude along the target–surround
border appear as variations in the opacity of the transparent layer;
this is in keeping with recent research demonstrating that the visual
system uses variations in contrast magnitude to compute the
opacity of transparent layers13.

We performed a lightness matching experiment to determine
what was responsible for the perceived lightness of the targets in
these images. The targets in Fig. 1 contain luminance values that
span the range from white to black. One explanation of the
perceived lightness difference in these images is that the two
surrounds cause the target regions to be decomposed in two very
different ways. For the targets on the light surround, the darkest
pixels appear to form an unobscured view of the distant surface, and
lighter pixels appear to be a combination of a light transparent layer
and a dark distant surface. For the targets on the dark surround, the
lightest pixels appear to form an unobscured view of the distant
surface, and darker pixels appear to be a combination of a dark
transparent layer and a light distant surface. This decomposition is
consistent with recent theory that asserts that the visual system
makes use of the sign and magnitude of image contrast to determine
those portions of surfaces that are in plain view and those surface
regions that are obscured by transparent media15. In this account,
the highest contrast regions are seen in plain view (the lightest and
darkest pixels on the dark and light surrounds respectively), and
lower contrast values are seen through a contrast-reducing medium
(where the opacity of the transparent layer is proportional to the
amount by which the highest contrast is reduced). According to this
view, the entire target regions in each figure are seen to have a single
lightness value as determined by the pixels in plain view. If this
analysis is correct, then the perceived lightness of the light target
should correspond to the perceived lightness of the brightest pixels
in the target region, and the matches for the dark target should
correspond to the perceived lightness of the darkest pixels in the
target region.

To test this hypothesis, we varied the range of intensities in the
target region (that is, its contrast), and observers adjusted the
luminance of a test patch until it appeared to match the lightness
of the target patches. A control experiment was performed to

determine the contribution of simple contrast enhancement mecha-
nisms of the surrounds on uniform grey patches (see Methods and
Supplementary Video 2). Results of these experiments are shown in
Fig. 2. The solid lines depict the lightest and darkest pixels in the
target patches (Fig. 2a). Lightness matches by the observers corre-
spond closely to these lines, but there is also a slight overestimation
of the lightness of the targets on both surrounds (the apparent
saturation of the matches to the light target reflects the limited
luminance range of the monitors; the luminance setting in these
regions is simply the maximal available). This overestimation plays
only a small part in the magnitude of the lightness transformation
reported here, but it is consistent with data showing that the visual
system normalizes luminance in a manner that generates a bias for
observers to perceive the highest luminance as white11. The contrast
control experiment (Fig. 2b) showed that simple contrast enhance-
ment processes produce a much smaller illusion (only 11% as large
as the largest lightness difference with the textured targets), and
therefore cannot account for the illusions in Fig. 1.

These results are consistent with the hypothesis that the trans-
formation in lightness observed in Fig. 1 arises from segmentation
processes involved in the perception of transparency. If this is
correct, then such lightness transformations should be abolished
if the conditions critical for inducing the perception of transparency

Figure 2 Lightness matching data. a, Data obtained using the moving version of the

illusion. The light and dark surrounds were held constant, and the contrast (luminance

range) of the circular target patches were varied. Solid lines depict the luminance of the

lightest (upper line) and darkest (lower line) pixels in the target patch. The data are close to

these lines, but there is a bias for observers to report the targets on both light and dark

surrounds as lighter than these values. b, The data in a are compared with the control

experiment using homogeneous targets that varied in luminance (plotted as a difference

between the matches to the targets on the dark and light surrounds, respectively). The

contrast effects are only 11% as large as the largest effects with the textured targets. Error

bars depict the standard error of the mean for three subjects.
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are removed but all other aspects of the display remain unchanged.
To test this hypothesis, the light and dark surrounds were simply
rotated by 908, destroying both the geometric conditions (the
continuity of the textures in the targets and the surround) and
the luminance relationships needed to induce the perception of
transparency (the contrast polarity now reverses along the
borders of both set of targets). As can be seen in Fig. 3 (and in
Supplementary Video 3), this manipulation destroys the lightness
difference observed in Fig. 1, demonstrating that transparency plays
a critical role in the lightness transformations that occur in these
displays.

The phenomena reported here provide new insights into the
computations underlying lightness perception. The data are con-
sistent with the view that lightness perception cannot be understood
with low-level mechanisms such as lateral inhibition, as such
mechanisms produce a much smaller illusion2,5,11. Recent lightness
models that omit computations that generate layered image
representations also fail to account for the phenomena reported
here. Such models decompose images into a set of discrete two-
dimensional sub-regions, and estimate lightness within each sub-
region separately using principles of anchoring11 or statistical
estimation12. Note, however, that the perceived transmittance of
the transparent layer appears to vary continuously over the entire
image in Fig. 1. It is unclear how such models could account for
these phenomena.

It should be noted that layered image representations underlying
the illusions reported here are conceptually related to figure–ground
reversals16. Note, however, that traditional figure–ground reversals
involve shifts between image regions that occupy different regions of
space, whereas the phenomena reported here involve image regions
along the same visual directions, and hence involve the same set of
pixels. To see this, consider the segmentation processes involved in
viewing a surface through an occluding mesh or screen. In such
contexts, the visual system must determine which image regions
correspond to the occluding screen and which regions correspond
to the underlying surface visible through the holes in the screen.
This conception of transparency is readily generalized to continu-
ous media by simply allowing the holes to become infinitesimally
small. If the perceived depth order of the surfaces is reversed, then
the perceived lightness of the two layers will shift as well, as can be
experienced in Fig. 1.

There is a growing body of data demonstrating that a variety of
factors influence perceived lightness, including surface curvature4,
surface orientation18, depth2,10,11,17 and simply the number of
different surfaces in a scene11. Previous research has shown that
transformations in perceived lightness can occur in images that

induce percepts of transparency in stereoscopic displays17. However,
the causal role of such segmentation processes in lightness percep-
tion has not been previously established for monocular images.
The data presented here provide unequivocal evidence that seg-
mentation processes underlying the formation of layered image
representations can play a critical and dramatic role in lightness
perception. Theories of lightness perception that do not include
such processes are at best incomplete. A

Methods
Textures
Textured ‘seed’ images were generated in Matlab as grey-scale noise with a specified
power spectrum that varied as (1/f 4), 512 £ 512 pixels. The different frequency
components were summed with random phases and orientations. The target and
background images were spatially identical to the seed image, but differed in the range
of luminance values. The target image had 99% Michaelson contrast, with intensities
ranging from 1 to 96 cd. For the surrounds, the luminance ranges were compressed and
either shifted up or down. For the light surround (which gives rise to the percept of a
dark target seen through light clouds), the range was 36 to 96 cd (45% contrast) and for
the dark surround, the range was 1 to 77 cd (98% contrast). The illusions (static, Fig. 1;
moving, Supplementary Video 1) were created by aligning the target texture with one of
the surround textures and then showing the target through a circular aperture on either
the light or dark surround. The multiple apertures in Fig. 2 represent the effect of
motion. For the control demonstrations (Fig. 3), the identical targets were used but the
surrounds were rotated by 908. This caused the polarity relationships between the target
patch and the surround to vary, destroying the percept of transparency and the lightness
illusion.

Matching experiment
To quantify the perceived lightness in Fig. 1, subjects adjusted a test patch to match the
perceived lightness of the targets. Using the stimuli described above, observers were
presented with a circular target (38 in diameter) moving back and forth horizontally (one
cycle every 5 s) on either a light or a dark square surround (158 per side). They adjusted the
luminance of a uniform, square test patch (28) on a black and white checkered background
(38) until the test patch appeared to be the same lightness as the moving target. Subjects
had unlimited time to make the matches. Stimuli consisted of either the light or dark
surrounds depicted in Fig. 1 along with one of six target stimuli similar to the target in
Fig. 1, but ranging in contrast from 0.43 to 0.82. To measure the contribution of simple
contrast enhancement processes to the illusion, homogenous grey disks that were identical
in size to the textured targets were also presented (ranging in luminance from 10 to 89 cd),
and the same matching task was used. All combinations of backgrounds (one light and one
dark) and targets (six patterned and five grey) were presented five times each in random
order to each subject, for a total of 55 trials.

Stimuli were generated using Vision Shell software and were presented on an Apple
Macintosh G4 computer using a Lacie (electron22blue) monitor that was calibrated and
linearized before testing observers. Viewing distance was 57 cm. One subject, CB, was
naı̈ve and the other two observers were the authors.
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Major histocompatibility complex (MHC) class I molecules
present peptides that are derived from endogenous proteins1.
These antigens can also be transferred to professional antigen-
presenting cells in a process called cross-presentation, which
precedes initiation of a proper T-cell response2,3; but exactly how
they do this is unclear. We tested whether peptides can be
transferred directly from the cytoplasm of one cell into the
cytoplasm of its neighbour through gap junctions. Here we
show that peptides with a relative molecular mass of up to
,1,800 diffuse intercellularly through gap junctions unless a
three-dimensional structure is imposed. This intercellular pep-
tide transfer causes cytotoxic T-cell recognition of adjacent,
innocent bystander cells as well as activated monocytes. Gap-
junction-mediated peptide transfer is restricted to a few coupling
cells owing to the high cytosolic peptidase activity. We present a
mechanism of antigen acquisition for cross-presentation that
couples the antigen presentation system of two adjacent cells and

is lost in most tumours: gap-junction-mediated intercellular
peptide coupling for presentation by bystander MHC class I
molecules and transfer to professional antigen presenting cells
for cross-priming.

MHC class I molecules present peptides to the immune system
for surveillance by CD8þ cytotoxic T cells (CTL). Because intra-
cellular antigens and antigenic peptides usually cannot traverse
membranes, only endogenous peptides can be presented by MHC
class I molecules1. Antigenic peptides from infected cells are thus
exclusively loaded on the cell’s own MHC class I molecules and not
on those of innocent bystander cells. This concept has been
challenged by a process called cross-presentation2,3. Cross-
presentation implies the transfer of antigenic (usually intracellular)
antigens from diseased cells to professional antigen-presenting cells
(APC) such as dendritic cells, activated monocytes or Langerhans
cells2–4. The APCs subsequently present these antigenic peptides on
their own MHC class I molecules, and migrate to draining
lymph nodes where activation and expansion of the specific
CD8þ T-cell population occurs. Cross-presentation requires that
antigens somehow enter the MHC class I presentation pathway of
an APC.

In this study, we investigated the possibility of direct gap-junc-
tion-mediated transfer of antigens between the cytoplasm of two
adjacent cells. Gap junctions are assemblies of intercellular channels
that form an integral part of multicellular organisms. A functional
channel is formed when a hemichannel, composed of six connexin
molecules, assembles with a hemichannel from an adjacent cell5.
The resulting gap junctions electrically couple cells by direct
exchange of ions and allow exchange of nutrients and second
messengers. Gap junctions are thought to be non-specific channels
that allow passive diffusion of molecules with a relative molecular
mass of up to 1,000 (M r 1K)6 and intracellular signalling controls
the gating7. Connexin 43 (Cx43) is broadly expressed, whereas the
other connexin family members are expressed in specific tissues
only. Cx43 is also expressed in various haematopoietic cells like
follicular dendritic cells, B cells, activated lymphocytes and mono-
cytes8. Importantly, many tumour cells are uncoupled from their
environment, for example after inactivation of their gap junctions
by ras, src and neu oncogenes or by APC deficiency9,10. Viral
proteins of the herpesvirus HSV-2 (ref. 11) and the human papil-
loma virus HPV-16 (ref. 12) are able to close gap junctions of
infected cells. In addition, gap junction intercellular communi-
cation seems to be important for the bystander effect in cancer gene
therapy13.

To visualize peptide transfer between cells, we used A431 cells.
This human squamous carcinoma cell line does not express gap
junctions, as shown by biochemical and biophysical techniques14.
A431 cells were stably transfected with human Cx43 (Fig. 1a),
resulting in functional gap junctions. To study peptide transfer
between cells, stable fluorescently labelled (FL-) peptides were
synthesized. These peptides are not degraded in cells because they
are composed of D-amino acids with a protective group at the
amino terminus15. A 9-mer FL-peptide was introduced in
A431/Cx43 and control A431 cells by micro-injection, together
with dextran-TexasRed (TxR) (M r 70K) as an injection marker.
Cells were subsequently analysed by confocal laser scanning
microscopy (CLSM) (Fig. 1b) and transfer was quantified in both
cell lines (Fig. 1c). Whereas dextran-TxR is maintained in the
micro-injected cell, the 9-mer peptide diffused into surrounding
cells only when the cells expressed Cx43. Closure of gap junctions by
chemical inhibitors such as 2-APB (ref. 16) prevented this inter-
cellular peptide transfer between A431/Cx43 cells.

To test the efficiency of gap-junction-mediated peptide transfer,
small groups of A431/Cx43 cells were grown on coverslips. Peptides
of various lengths were micro-injected along with dextran-TxR and
the rate of transfer was determined using fluorescence recovery after
photobleaching (FRAP) techniques. Peptides were permitted to
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