
interfering with the system or by attractant-activated processes
being a prerequisite for responding to repulsion. Given the length
and complexity of the migration route in zebrafish, it seems unlikely
that PGC guidance relies solely on the SDF-1/Cxcr4b pair. When
considering the multiple sites of SDF-1 expression, it is likely that
either post-transcriptional modifications of SDF-1 or co-expression
of repellents may assist PGC navigation. In Drosophila, two enzymes
involved in lipid metabolism, Wunen and Columbus2–4, affect PGC
migration presumably by controlling production of unknown
repulsive or attractive signals. It will be interesting to see how
such signals might tie in with the guidance system identified here
and whether a widely conserved system exists for guiding PGCs to
their gonadal targets. A
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F. van Bebber*, A. Wehner*, C. Weiler*, P. Erker†, H. Habeck†, U. Hagner†, C. E. Hennen Kaps†,
A. Kirchner†, T. Koblizek†, U. Langheinrich†, C. Loeschke†, C. Metzger†, R. Nordin†, J. Odenthal†,
M. Pezzuti†, K. Schlombs†, J. deSantana-Stamm†, T. Trowe†, G. Vacun†, B. Walderich†,
A. Walker†, C. Weiler†
* Max Planck Institut für Entwicklungsbiologie, Abteilung III/Genetik, † Artemis Pharmaceuticals

GmbH, an Exelixis company, Spemannstrasse 35, 72076 Tübingen, Germany
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Long-lived plasma cells and memory B cells are the primary
cellular components of long-term humoral immunity and as such
are vitally important for the protection afforded by most vac-
cines. The SAP gene has been identified as the genetic locus
responsible for X-linked lymphoproliferative disease, a fatal
immunodeficiency1–4. Mutations in SAP have also been identified
in some cases of severe common variable immunodeficiency
disease5,6. The underlying cellular basis of this genetic disorder
remains unclear. We have used a SAP knockout mouse model
system to explore the role of SAP in immune responses. Here we
report that mice lacking expression of SAP generate strong acute
IgG antibody responses after viral infection, but show a near
complete absence of virus-specific long-lived plasma cells and
memory B cells, despite the presence of virus-specific memory
CD41 T cells. Adoptive transfer experiments show that SAP-
deficient B cells are normal and the defect is in CD41 T cells.
Thus, SAP has a crucial role in CD41 T-cell function: it is
essential for late B-cell help and the development of long-term
humoral immunity but is not required for early B-cell help and
class switching.

The B-cell immune response defects in SAP2 mice were exam-
ined using lymphocytic choriomeningitis virus (LCMV). Adult
mice infected with LCMV (Armstrong strain) make vigorous
primary immune responses, clear the infection within a week and
maintain strong virus-specific T-cell and B-cell memory for life7–10.
To characterize the kinetics of the anti-LCMV B-cell response, wild-
type and SAP2 mice were infected with LCMV, and numbers of
virus-specific antibody-secreting cells (ASCs) were measured in the
spleen. SAP2 mice made a substantial LCMV-specific ASC response
that peaked at almost wild-type amounts on day 8 after infection
(Fig. 1a). Antibody-secreting cells were also enumerated by cyto-
metry, and at day 8 after infection a large population of immuno-
globulin-g (IgG)þCD138þ plasma cells was seen in both wild-type
and SAP2 mice (Fig. 1c). In wild-type mice, the number of splenic
LCMV-specific ASCs dropped after viral clearance but then stabil-
ized at about 10% of the peak amount by day 15 after infection
(Fig. 1a). This concentration of about 10,000 LCMV-specific ASCs
per spleen remains as a stable population for life (ref. 9 and Fig. 1a).
In contrast, SAP2 mice showed a marked loss of LCMV-specific
ASCs after viral clearance, which dropped to nearly undetectable
amounts by day 15 (#300 per spleen).
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Long-lived plasma cells are located primarily in the bone marrow
and are the dominant source of virus-specific antibody production
in immune animals9,11–13. The population of LCMV-specific ASCs in
the bone marrow increased in wild-type mice until day 30 and
thereafter was stably maintained (Fig. 1b). LCMV-immune SAP2

mice had a severe deficit of virus-specific plasma cells in the bone
marrow, containing 50-fold fewer cells than wild-type mice
(Fig. 1b).

Figure 1 Defective long-term humoral immune responses in SAP 2 mice. a, LCMV-

specific IgG antibody-secreting cells (ASCs) in the spleen were tracked in wild-type (black)

and SAP 2 (red) mice infected with LCMV. Responses in each group generally varied less

than twofold. b, Long-lived plasma cell responses were measured in bone marrow.

c, Plasma cells in spleen were also measured at day 8 by cytometry (CD138þB220þ/2;

left) and were more than 98% IgGþ in both wild-type and SAP 2 mice (right). Wild-type,

black; SAP 2, red; negative control, grey. d, LCMV-specific memory B cells in the spleen.

Most data points represent the average of 3–6 mice. e, Kinetics of the anti-LCMV IgG

antibody response in sera of wild-type and SAP 2 mice measured by ELISA. Naive mouse

serum is shown in grey (squares). f, Isotype profiles of the anti-LCMV IgM and IgG2a

antibody responses. Wild type, black; SAP 2, white. g, Germinal centres at day 16. PNAþ

germinal centre B cells are brown, haematoxylin counterstain is blue.

Figure 2 CD4þ T-cell functional analysis. Day 8 after infection, splenocytes were

stimulated for 5 h with LCMV gp61–80 MHC class II peptide in the presence of brefeldin A

and then analysed by intracellular cytokine staining. a, TNF-aþCD4þ. b, INF-gþCD4þ.

c, LCMV-specific IL-4þ CD4þ T-cell numbers were also increased in SAP 2 mice at day

8, as measured by ELISPOT. d, CD40L expression was normal in LCMV-specific CD4þ T

cells after stimulation with gp61-80 peptide and standard intracellular staining for CD40L.

Day 8 after infection and immune animals (day 90) are shown. Plots are gated on

IFN-gþCD4þ cells. Wild type, black; SAP 2, red; unstimulated, naive CD4þ T cells, grey.

e, Numbers of LCMV-specific CD4þ T cells were normal in SAP 2 knockout mice at day

30 after infection, as measured by intracellular cytokine staining (INF-g, top; IL-2, bottom)

of CD4þ T cells specific for the LCMV gp61–80 peptide. The percentages shown are the

number of gated cytokine-positive CD4þ T cells out of the total number of CD4 cells.

f, CD4þ T-cell localization in germinal centres of WT and SAP 2 mice at day 16 after

infection. Anti-CD4 staining in red, PNAþ germinal centre staining in green.
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Although the acute ASC response was close to normal in SAP2

mice, the production of long-lived plasma cells was clearly defective.
To examine whether this humoral memory compartment defect in
SAP2 mice was limited to the production of long-lived plasma cells,
we quantified the number of LCMV-specific memory B cells in
SAP 2 mice. Wild-type mice began to produce LCMV-specific
memory B cells by day 8 after infection, and a stable population
of 50,000 LCMV-specific memory B cells per spleen was generated
by day 30 (Fig. 1d). In contrast, SAP2 mice had no detectable
memory B cells at day 8, and at day 30 there were only about 300
LCMV-specific memory B cells per spleen (Fig. 1d). That popu-
lation did not increase in size at later time points (Fig. 1d), leaving
SAP2 mice with a marked 100-fold reduction in virus-specific
memory B cells. This phenotype was not due to a generalized loss of
memory lymphocytes, because normal or increased numbers of
memory CD8þ T cells14,15 and CD4þ T cells (see Fig. 2) were
observed in SAP2 mice.

The kinetics of the antiviral IgG antibody response was examined
in SAP2 mice to determine the relationship between the serum
antibody concentrations and ASCs. High titres of antibodies against
LCMV were maintained in wild-type mice, whereas titres of IgG
antibody peaked in SAP2 mice at day 15 and thereafter declined
(Fig. 1e). Thus, serum IgG antibody titres reflected the plasma cell
kinetics.

In CD40L-deficient mice and humans, a severe defect in the
generation of antigen-specific CD4þ T-helper (TH) cells leaves B
cells unable to switch isotypes. This results in hyper-IgM syn-
drome16,17. To examine whether SAP deficiency affects isotype
switching, isotypes were examined during both the acute and
immune phases after infection. Anti-LCMV IgM titres in SAP2

mice were normal at day 6, and IgG concentrations were substantial
(70% of wild type) at day 8 (Fig. 1e, f). No anti-LCMV IgM was
detectable at day 30 in wild-type or SAP2 mice (Fig. 1f). This was
consistent with ASC ELISPOT results (data not shown). The
predominant IgG subclass in a normal anti-LCMV response is
IgG2a, with minor amounts of IgG2b, IgG3, and IgG1. No significant
difference in the amount of IgG2a between wild-type and SAP2

mice was observed at day 8, although substantially less IgG2a was
detected at day 30 in SAP2 mice, as expected (Fig. 1f). In contrast,
IgG1 antibodies to LCMV were not detectable in SAP2 mice at any
time point (data not shown).

The presence of a strong, acute B-cell response and the lack of
long-lived plasma cells and memory B cells implied a defect in
germinal centre formation or maintenance. We therefore examined
germinal centres by histological assessment. A severe reduction in
the number and size of germinal centres was obvious in the SAP2

mice at all time points after infection (day 16, Fig. 1g; days 8, 22, 30
and 36, data not shown). Germinal centres peaked at about day 16
after infection in wild-type mice, at which point there were 2,000
germinal centre B cells per mm2. In SAP2 mice, this population was
reduced roughly 10-fold. The basic anatomic organization of
splenic CD4þ T cells and B220þ B cells was generally comparable
in wild-type and SAP2 mice (data not shown).

Are the long-lived plasma cell and memory B cell defects in SAP2

mice caused by defective B cells or T cells? SAP is an Src homology
domain 2 (SH2) domain protein that is expressed in most T and
natural killer (NK) cells4 and may be expressed in certain subsets of

 

Figure 3 SAP expression is not required in B cells for long-term humoral memory. A set of

adoptive transfers involved transferring wild-type T lymphocytes alone (T only), wild-type T

lymphocytes mixed with SAP 2 B lymphocytes (TþB2); or SAP 2 T lymphocytes and wild-

type B lymphocytes (T2Bþ). A total of 50 £ 106 total cells was transferred into naive

irradiated (600 rad) wild-type recipients, which were then infected with LCMV. a, Acute

IgG anti-LCMV antibody responses were made in both the TþB2 and T2Bþ transfers, as

measured by ELISA at day 12 after infection. b–g, Immune mice were then killed at day 32

after infection and serum antibody titres (b), virus-specific ASCs in spleen (c), virus-

specific long-lived plasma cells in bone marrow (d), virus-specific memory B cells (e),

virus-specific memory CD8þ T cells (np396-epitope-specific; f), and virus-specific

memory CD4þ T cells (gp61-80-epitope-specific; g) were measured. A marked loss of

memory B cell and long-lived plasma cell responses was observed in mice receiving

SAP 2 T cells. Broken line indicates limit of detection.

Figure 4 SAP expression is required in CD4þ TH cells to generate long-term humoral

immunity. A set of adoptive transfers involved transferring wild-type CD4þ T cells (WT),

SAP 2 CD4þ T cells (SAP 2) or no CD4þ T cells (no CD4), along with wild-type B cells,

CD8þ T cells and other splenocytes into irradiated (620 rad) recipient mice. A total of

50 £ 106 cells was transferred per mouse, and the recipient mice were infected with

LCMV. Mice were killed at day 32 after infection and virus-specific ASCs in spleen (a),

virus-specific long-lived plasma cells in bone marrow (b), virus-specific memory B cells (c)

and virus-specific memory CD4þ T cells (gp61-80-epitope-specific; d) were measured.

Broken line indicates limit of detection.
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B cells18,19. SAP can bind to the cytoplasmic tails of several surface
proteins of the SLAM family (SLAM, 2B4, CD84, Ly9), which are
expressed in T, NK, dendritic and/or B cells2,4,18,20. SLAM, in
particular, is highly expressed in both T and B cells. We therefore
explored the ability of SAP2 B cells to proliferate and to differen-
tiate in response to different stimuli. In vitro proliferation of SAP2

B cells and differentiation into ASCs was equivalent to wild-type
under all conditions tested (data not shown).

Genetic deficiencies of molecules such as CD40L, CD28 and B7.1
or B7.2 that disrupt B-cell help generally have significantly reduced,
or absent, CD4þ TH-cell responses. In SAP2 mice, by contrast,
antigen-specific CD8þ and CD4þ T cells are generally functional
and are present in normal to increased amounts14,15. In fact, the
overall magnitude of the LCMV-specific CD4þ T-cell response in
SAP2 mice was usually higher than in wild-type mice (refs 14, 15,
and Fig. 2). Frequencies of virus-specific tumour-necrosis factor-a
(TNF-aþ), interleukin 2 (IL-2)þ and interferon-g (IFN-g)þCD4þ

T cells were all normal or increased at day 8 (Fig. 2a, b, and data not
shown) and were generally normal, if not higher than in wild type,
in immune SAP2 mice (Fig. 2e). Unexpectedly, given the apparent
TH1 predisposition of SAP2 CD4þ T cells14,15, frequencies of IL-4þ

CD4þ T cells were also increased in SAP2 mice at day 8 and
were normal in SAP 2 immune mice (Fig. 2c and data not
shown). CD40L expression, which is crucial for B-cell help17,21,
also seemed to be normal in antigen-specific SAP2 CD4þ T cells at
day 8 after infection and in immune animals (Fig. 2d). In addition,
we observed a strong antiviral acute B-cell response with a domi-
nant IgG component, indicating that CD4þ T-cell help was
functional.

Migration of CD4þT cells is important for providing appropriate
B-cell help22–26. Although the germinal centres themselves were
infrequent and irregular in shape in SAP2 mice, the frequency of
splenic CXCR5þCD4þ T cells was normal in SAP2 mice at day 8
after infection (data not shown), and the frequency of CD4þ T cells
in and around the few germinal centres observed in SAP2 mice was
comparable to that in wild-type mice (Fig. 2f).

Because it was not apparent which cell type was responsible for
the severe long-term humoral immunity defects observed in SAP2

mice, we carried out a series of adoptive transfer experiments. B and
T lymphocytes from wild-type and SAP2 mice were mixed and
adoptively transferred into naive irradiated wild-type mice. Wild-
type B cells and SAP2 T cells were transferred into one set of mice
(T2Bþ), and SAP2 B cells and wild-type T cells were transferred
into a separate set of mice (TþB2). The mice were infected with

LCMVand their immune responses were measured. Irradiated mice
that received no adoptive transfer and were then infected with
LCMV made no LCMV-specific T-cell or B-cell responses (data not
shown). To control specifically for the endogenous B-cell response
in the irradiated recipients, a set of naive mice received adoptive
transfers of wild-type T cells alone and were then infected with
LCMV. Those mice made negligible B-cell responses (Fig. 3a–d).

Serum antibody concentrations in mice receiving the adoptive
transfers were measured at day 12 after infection to confirm that
both experimental groups of mice (T2Bþ and TþB2) made acute
anti-LCMV IgG responses, whereas control mice did not (Fig. 3a).
Immune mice were then tested for the presence of serum antibodies
against LCMV, as well as LCMV-specific ASCs in spleen, long-lived
plasma cells in bone marrow and memory B cells. Mice receiving
SAP2 B cells made and maintained strong LCMV-specific humoral
immune responses (Fig. 3b–e). However, mice receiving SAP 2

T cells and wild-type B cells had marked defects in long-term
humoral immunity, with barely detectable LCMV-specific long-
lived plasma cell or memory B-cell responses (Fig. 3b–e). LCMV-
specific CD4þ and CD8þ T-cell responses were present in both
groups of mice, as expected (Fig. 3f, g).

To test whether SAP expression is required in CD4þ T cells for
generating long-term humoral immunity, we carried out a second
set of adoptive transfer experiments. These mice all received wild-
type APCs, CD8þ T cells and B cells, and in addition received wild-
type CD4þ T cells, SAP2 CD4þ T cells or no CD4þ T cells. Mice
were infected with LCMV, and serum antibody titres were measured
at day 15 to confirm that mice receiving either wild-type CD4þ T
cells or SAP 2 CD4þ T cells both made acute anti-LCMV IgG
responses (data not shown). Immune mice were then tested for
the presence of LCMV-specific ASCs in spleen, long-lived plasma
cells in bone marrow and memory B cells (Fig. 4a–c). Mice receiving
wild-type CD4þT cells made and maintained strong LCMV-specific
humoral immune responses (Fig. 4a–c). However, mice receiving
SAP2 CD4þ T cells were severely defective in generating long-term
humoral immunity, with no detectable LCMV-specific long-lived
plasma cells or memory B cells (Fig. 4a–c). Notably, the magnitude
of the LCMV-specific CD4þ T-cell response was comparable in both
the wild-type and SAP2 transfers (Fig. 4d).

SAP expression is not required in cell types other than CD4þ T
cells for generating long-term humoral immunity, because adoptive
transfer of wild-type CD4þ T cells in conjunction with SAP2 non-
CD4þ splenocytes rescued the humoral immunity phenotype to
that of wild type (Fig. 5a). In addition, we determined that the
SAP2 CD4þ TH-cell loss of function is a recessive phenotype, not a
dominant or gain-of-function phenotype, because adoptive transfer
of an equal mix of wild-type and SAP2 CD4þ T cells resulted in a
wild-type humoral immune response phenotype (Fig. 5b).

Expression of SAP in CD4þ T cells is therefore essential for
generating long-lived plasma cells and memory B cells. Additional
in-depth studies will be required to identify the important effector,
developmental or migratory functions affected by SAP signalling in
CD4þ T cells. A genetic defect resulting in CD4þ T cells competent
for early B-cell help but not competent for late B-cell help is
unusual. People with SAP mutations frequently present with low
IgG antibody titres, but many different immunological abnormal-
ities are seen, which are often complicated by the presence of
chronic infections2,27,28. Many deaths from X-linked lymphoproli-
ferative (XLP) disease are associated with uncontrolled Epstein–
Barr virus (EBV) infections. Our data suggest that an inability to
sustain anti-EBV humoral immune responses may contribute to
this phenotype. Therapy with intravenous immunoglobulin can be
effective in some cases of XLP, indicating the possible value of a
sustained humoral response against EBV. In addition, many indi-
viduals with XLP are plagued by severe chronic or recurring
bacterial infections. Again, this may be due to an inability to develop
effective long-term humoral immunity.

Figure 5 SAP expression requirements for generating long-term humoral immunity.

a, Adoptive transfer of wild-type CD4þ T cells along with SAP 2 non-CD4þ splenocytes (B

cells, CD8þ T cells and other CD42 splenocytes) into irradiated (620 rad) recipient mice

(‘Rescue’) was carried out to determine whether SAP expression is required in non-CD4þ

types of cell. Adoptive transfers of wild-type CD4þ T cells (WT), SAP 2 CD4þ T cells (SAP )

or no CD4þ T cells (no CD4), along with wild-type B cells, CD8þ T cells, and other

splenocytes were done as controls. b, Adoptive transfer of wild-type and SAP 2 CD4þ T

cells together (‘Mix’) into irradiated mice receiving wild-type non-CD4þ splenocytes was

done to determine whether SAP 2 T cells are dominant or recessive for the block in long-

term humoral immunity.
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Although an encompassing description of XLP is made difficult
by the heterogeneity of the human phenotypes, many SAP-deficient
people have low concentrations of IgG and frequently make mar-
ginal IgG antibody responses to human vaccines6,27,28. Notably, of
the subset of individuals with common variable immunodeficiency
identified to have SAP mutations, most show serious immuno-
globulin deficiencies5,6. We have shown here that SAP has a central
role in the development of immunological memory. SAP expression
in CD4þ T cells is required to drive the production of memory B
cells and long-lived plasma cells; but, unexpectedly, SAP expression
is not required for initial B-cell help or isotype switching. The
important role of SAP in humoral immune responses suggests that
manipulation of SAP-mediated signalling pathways may have
therapeutic benefits. A

Methods
Mice and virus infections
Wild-type 129 Sv/Ev/Tac mice were purchased from Taconic and were used as control mice
in all experiments excluding the adoptive transfers. C57BL/6J (B6) mice were purchased
from the Jackson Laboratory and were used in the adoptive transfer experiments. SAP2

mice were generated as described14 and maintained on a 129 Sv/Ev/Tac background (in all
experiments excluding the adoptive transfers) or backcrossed for six generations to B6 (for
adoptive transfer experiments). We carried out genotyping as described14. Adult male mice
were used in all experiments. The Armstrong CA 1371 strain of LCMV was used, and virus
stocks were grown and quantified as described29. All mouse infections were done by
intraperitoneal injection with 2 £ 105 plaque-forming units of LCMV Armstrong.

Cell preparation and flow cytometry
Single-cell suspensions of spleen and lymph node were prepared by standard gentle
mechanical disruption. We isolated femoral bone marrow as described9.

Surface staining for flow cytometry or histology used monoclonal antibodies to CD4,
CD8, CD3, B220, CD44, CD138, CXCR5 and IgD (BD Pharmingen); polyclonal goat
antibodies against mouse IgGg (Caltag Laboratories); and fluorescein isothiocyanate
(FITC)-labelled peanut agglutinin (PNA) (Vector Laboratories). For histology,
biotinylated primary antibodies were recognized with streptavidin-conjugated Alexa-568
(Molecular Probes). Intracellular cytokine and CD40L staining was done by standard
techniques after a 5-h stimulation7, using antibodies against IFN-g, TNF-a, IL-2 and
CD40L from BD Pharmingen. Flow cytometry samples were acquired on a FACSCalibur
instrument (Beckton Dickinson) and analysed using FlowJo software (TreeStar).

Plasma cell ELISPOT and T-cell ELISPOT
LCMV-specific plasma cells were quantified by a modification of a described ELISPOT
method9,11. Lysate from LCMV-infected Vero cells was used as antigen. We used
biotinylated goat antibodies against mouse IgGg, IgM, IgG2a, IgG2b or IgG3 (Caltag
Laboratories) as detecting antibodies. Biotinylated antibodies against mouse IgG1 was
obtained from BD Pharmingen. Horseradish peroxidase (HRP)-conjugated Avidin D was
from Vector Laboratories. We carried out IL-4 ELISPOT assay for gp61-antigen-specific
CD4þ T cells as described8.

Quantification of memory B cells
Virus-specific memory B cells were measured by a modification of a described limiting-
dilution method30. We cultured splenocytes for 6 d in a flat-bottomed 96-well dish in the
presence of 1 £ 106 irradiated (1,200 rad) feeder splenocytes, 0.4 mg of R595
lipopolysaccharide (Alexis Biochemicals) and 20 ml of T-cell- and B-cell-stimulating
concanavalin A supernatant (IGEN) in R-10 medium (RPMI-1640, 100 IU ml21

penicillin, 100 IU ml21 streptomycin and 10% fetal calf serum), supplemented with freshly
added 50 mM b-mercaptoethanol, in a total volume of 200 ml. Three-fold dilutions of
splenocytes were tested in replicates of 12 wells each. After 6 d of polyclonal activation,
cells were washed and transferred to LCMV-antigen-coated 96-well Multiscreen-HA filter
plates (Millipore) and ASC ELISPOTs were done as described above. We calculated the
frequency of LCMV-specific memory B cells by standard limiting-dilution single-hit
kinetics.

Enzyme-linked immunosorbent assay
LCMV-specific serum antibody titres were determined by a solid-phase direct ELISA as
described29, using HRP-conjugated goat antibodies against mouse Ig of the isotype or IgG
subclass of interest (Caltag Laboratories) except IgG1, for which a BD Pharmingen
biotinylated antibody was used. We defined naive mouse serum titres as zero.

Lymphocyte purification
The adoptive transfers shown in Fig. 3 used splenocytes and lymph-node cells purified on
the basis of B220 expression. We carried out two rounds of positive selection using MACS
beads conjugated with antibodies against B220 (Miltenyi). After positive column
selection, B-cell purity was 96–99%, as determined by flow cytometry surface
phenotyping, with less than 0.5% contaminating CD4þT cells. T cells were collected as the

flow through from the first B220-positive selection column. T-cell preparations contained
roughly 50% CD4þ T cells, 30% CD8þ cells and 0.5–1% B cells. SAP 2 lymphocytes were
obtained from SAP 2/Y B6 male mice, and wild-type lymphocytes were obtained from
SAPþ/Y B6 littermates. Mixed populations were reconstituted as 50% B cells and 50% non-
B cells.

The adoptive transfers shown in Figs 4 and 5 used splenocytes and lymph-node cells
purified on the basis of CD4 expression. We carried out one round of positive selection
using MACS beads conjugated with antibodies against CD4 (Miltenyi). After positive
column selection, CD4þ T-cell purity was 90–95%, as determined by flow cytometry.
Non-CD4 cell preparations were collected as the flow through of the column and
contained roughly 70% B cells, 15–25% CD8þ T cells and 7–10% other cell types,
including less than 0.3% CD4þ T cells. SAP 2 lymphocytes were obtained from SAP 2/Y B6
male mice, and wild-type lymphocytes were obtained from B6 males. Mixed populations
were reconstituted as 20–25% CD4þ T cells and 75–80% non-CD4 cells. In the ‘Mix’
experiment, 12.5 £ 106 wild-type CD4þ T cells, 12.5 £ 106 SAP 2 CD4þ T cells and
37.5 £ 106 wild-type non-CD4þ splenocytes were transferred to provide a full amount of
both CD4þ T-cell groups.

Irradiation and adoptive transfer
Naive B6 mice received 600–620 rad total body irradiation to deplete the lymphocyte
populations. Mice were reconstituted 12–18 h later with 50 £ 106 lymphocytes of
interest by intravenous injection. LCMV injections were done immediately after cell
transfers.
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Ef®cient photosynthesis is essential for plant survival. To opti-
mize photosynthesis, plants have developed several photo-
responses. Stems bend towards a light source (phototropism),
chloroplasts move to a place of appropriate light intensity
(chloroplast photorelocation) and stomata open to absorb car-
bon dioxide. These responses are mediated by the blue-light
receptors phototropin 1 (phot1) and phototropin 2 (phot2) in
Arabidopsis(refs 1±5). In some ferns, phototropism and chloro-
plast photorelocation are controlled by red light as well as blue
light6. However, until now, the photoreceptor mediating these
red-light responses has not been identi®ed. The fernAdiantum
capillus-venerishas an unconventional photoreceptor, phyto-
chrome 3 (phy3), which is a chimaera of the red/far-red light
receptor phytochrome and phototropin7. We identify here a
function of phy3 for red-light-induced phototropism and for
red-light-induced chloroplast photorelocation, by using muta-
tional analysis and complementation. Because phy3 greatly
enhances the sensitivity to white light in orienting leaves and
chloroplasts, andPHY3 homologues exist among various fern
species, this chimaeric photoreceptor may have had a central role
in the divergence and proliferation of fern species under low-
light canopy conditions.

We screened 17 strains ofrap (red-light aphototropic) mutants
from the fernAdiantum capillus-veneris, including ®ve previously
reported strains8, and found all to be de®cient both in phototropism
and chloroplast relocation under red light in protonemal cells,
whereas the same responses were normal under blue light. These
two red light effects in wild-type protonemata can be reversed by
far-red light, implicating a phytochrome as the responsible photo-

receptor9,10. BecauseAdiantum leaves (sporophytic) have been
reported to show both phototropic bending11 and chloroplast
relocation12 in response to red light, we tested whether the
de®ciency in protonemal cells (gametophytic) also exists for the
sporophyte in arap2mutant. We found that therap2mutant is also
de®cient for both of these physiological responses in leaves (Fig. 1).
Thus the same component is involved in these red-light responses

Figure 1rap2mutants lack red-light-induced phototropism and chloroplast relocation
movement in the sporophyte generation.a, Red-light-induced phototropic response in
young etiolated leaves of wild-type (WT) andrap2sporophytes. The leaves were unilaterally
irradiated for 4.5 h with red light (0.22mmol m2 2s2 1) from the right. The scale bar
represents 5 mm.b, Chloroplast relocation movement in lea¯et cells of wild-type (WT) and
rap2sporophytes. After taking a photograph of chloroplast distribution in darkness (upper
images), the lea¯ets were further incubated for 3 h in the dark, and then partly irradiated for
3 h with bands of red (0.55mmol m2 2s2 1) or blue (0.38mmol m2 2s2 1) light from a
20-mm width microbeam, as indicated by the brackets on both sides of the panels, before
taking a second photograph. The scale bar represents 50mm.
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