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of amino acids, whereas the interaction of the ex-
pressed Rheb mutant with FKBP38 was strong
(Fig. 4A and fig. S9). Despite this, the latter inter-
action was partially sensitive to amino acid starva-
tion, consistent with a previous finding that the
Q64Lmutant retains a limited response to the GAP
activity of the TSC1/TSC2 complex (20). In con-
trast, in cells expressing the S20N mutant, little
Rheb was bound to FKBP38, and the interaction
of FKBP38 with mTOR was strong and largely
insensitive to changes in amino acid conditions.
These observations indicate that these Rheb
mutants block the amino acid–dependent regu-
lation of the interaction between FKBP38 and
mTOR, which suggests that amino acid con-
ditions control the interaction of FKBP38 with
mTOR through Rheb.

The effect of D60K on the interaction of
FKBP38 with mTOR was similar to that of S20N.
However, despite its failure to bind nucleotide
and a low expression level (19), the D60K mu-
tant interacted with FKBP38 more strongly than
did wild-type Rheb, and the interaction was in-
sensitive to changes in amino acid conditions.
This observation suggests that the Asp to Lys (D
to K) substitution at position 60 confers to Rheb
a higher affinity for FKBP38 but impedes its
action to release mTOR from FKBP38. The fact
that the D60K mutant binds strongly to FKBP38
but does not displace it from mTOR interaction
suggests that the binding of FKBP38 with Rheb
and that with mTOR are not mutually exclusive.

Cells deprived of serum also showed increased
interaction between FKBP38 and mTOR that

was prevented by serum repletion or overex-
pression of wild-type Rheb (Fig. 4B). Similarly,
overexpression of active Rheb mutant (Q64L)
or inactive Rheb mutants (S20N and D60K) ren-
dered the interaction of FKBP38 with mTOR
insensitive to changes in serum conditions, which
suggests that the interaction was regulated by
Rheb in response to serum conditions.

The ability to bind and inhibit mTOR activity
in the absence of rapamycin establishes FKBP38
as an endogenous inhibitor of mTOR. Under ami-
no acid or serum starvation this mTOR inhibitor
binds and interferes with mTORC1 function in a
manner similar to that of the FKBP12-rapamycin
complex. In response to growth factors or amino
acid availability, Rheb prevents the interaction
of FKBP38 with mTOR in a GTP-dependent
manner, which leads to mTORC1 activation.
This mechanism for the action of Rheb on mTOR
is consistent with evidence that active Rheb
associates less with mTOR than does the inactive
form (16). In addition to mTOR, FKBP38
associates with Bcl-2 and calcineurin (14, 21). It
is thus possible that Rheb may also control Bcl-2–
dependent apoptosis and calcineurin-dependent
transcription through FKBP38.
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Magnetic Resonance Spectroscopy
Identifies Neural Progenitor Cells in
the Live Human Brain
Louis N. Manganas,1,3 Xueying Zhang,1 Yao Li,1 Raphael D. Hazel,1,2 S. David Smith,2
Mark E. Wagshul,1 Fritz Henn,2 Helene Benveniste,1,2 Petar M. Djurić,1
Grigori Enikolopov,3* Mirjana Maletić-Savatić 1,3*

The identification of neural stem and progenitor cells (NPCs) by in vivo brain imaging could have
important implications for diagnostic, prognostic, and therapeutic purposes. We describe a
metabolic biomarker for the detection and quantification of NPCs in the human brain in vivo. We
used proton nuclear magnetic resonance spectroscopy to identify and characterize a biomarker in
which NPCs are enriched and demonstrated its use as a reference for monitoring neurogenesis. To
detect low concentrations of NPCs in vivo, we developed a signal processing method that enabled
the use of magnetic resonance spectroscopy for the analysis of the NPC biomarker in both the
rodent brain and the hippocampus of live humans. Our findings thus open the possibility of
investigating the role of NPCs and neurogenesis in a wide variety of human brain disorders.

Theadult mammalian brain retains the abil-
ity to generate new neurons. These neurons
are produced from neural stem and pro-

genitor cells (NPCs), which reside in the hippo-
campus and the subventricular zone (1–4). NPCs
possess the ability to self-renew and also to
generate progeny that can give rise to mature cell

types. The ability of NPCs to produce neurons,
astrocytes, and oligodendrocytes in vitro and in
vivo raises the prospect of harnessing them to
repair nerve tissue damaged or lost to neurological
disease or trauma (1, 2, 4). The realization of the
curative potential of NPCs would benefit from the
development of methods that would enable their

identification and tracking in vivo. Currently, pos-
itron emission tomography, single-photon com-
puted tomography scanning, and magnetic
resonance imaging (MRI) are being examined
toward this goal (5–7). These technologies require
NPCs to be preloaded ex vivo with radiolabeled
agents or superparamagnetic iron oxide–based
derivatives, and therefore are not applied for the
detection of endogenous NPCs in the human
brain. We used proton magnetic resonance spec-
trosopy (1H-MRS) to overcome the above limita-
tions and to detect NPCs in the live human brain.

Proton nuclear magnetic resonance spectros-
copy (1H-NMR) has been widely used for in
vitro detection of low quantities of knownmetab-
olites and the identification of unknown com-
pounds present in body fluids or tissues in vitro
(8). 1H-NMR can identify metabolites that are
specific for neurons [such as N-acetyl aspartate
(NAA)] or glia [such as choline (Cho) and
myoinositol (mI)], and these compounds have
been used as reliable biomarkers of the corre-

1SUNY Stony Brook, Stony Brook, NY 11794, USA.
2Brookhaven National Laboratory, Upton, NY 11719, USA.
3Cold Spring Harbor Laboratory, Cold Spring Harbor, NY
11724, USA.

*To whom correspondence should be addressed. E-mail:
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sponding cell types in isolated tissue samples.
However, 1H-NMR cannot be used to analyze
metabolites in live organisms; instead, its corre-
late, 1H-MRS, is used to provide information
about the metabolic status of a tissue in vivo (9).
These two techniques complement each other
when physiological or pathological states are

investigated (10–12). Thus, we decided to search
for NPC-specific metabolites using 1H-NMR and
then to exploit the information about these
metabolites for detecting NPCs in the live brain
using 1H-MRS.

To identify unique features in the spec-
troscopic profile of NPCs, we compared the

1H-NMR spectra of NPCs from embryonicmouse
brain tissue cultivated as neurospheres in vitro (13)
with the spectra of cultured neurons, astrocytes,
and oligodendrocytes (Fig. 1A). The NPC spectra
demonstrated a unique profile, including a prom-
inent peak at the frequency of 1.28 parts per
million (ppm), which was not observed in other
neural cell types (Fig. 1A). Quantification of the
selected signal amplitude confirmed that NPCs
were strongly enriched in the 1.28-ppm bio-
marker as compared to other cell types, whereas,
as expected, NAA (2.02 ppm) was predominant
in neurons and Cho (3.22 ppm) in astrocytes (Fig.
1B). Small amounts of NAA and Cho were also
observed in NPCs, most likely reflecting the
presence of neuron- and astrocyte-committed
progenitors in the neurospheres. The 1.28-ppm
biomarker was detected, to a lesser degree, in our
oligodendrocyte preparation, perhaps due to the
presence of oligodendrocyte progenitor cells
(OPCs; also see Fig. 1D) within the primary
cultures analyzed. The amplitude of the 1.28-ppm
signal on the 1H-NMR spectrawas proportional to
the number of NPCs taken for analysis (Fig. 1C);
this linear correlation indicated that it is possible to
quantitatively account for NPCs based on the
amount of the 1.28-ppm 1H-NMR signal.

To further examine the specificity of the 1.28-
ppm biomarker, we compared the 1H-NMR spec-
troscopic profile of NPCs with the profiles of
embryonic stem cells (ESCs), cells of the hair
follicle–derived sphere cultures (SPCs) (14), OPCs,
and other types of cells that may be present in
the brain, such as macrophages, T lymphocytes,
and microglia. The 1.28-ppm biomarker was
detected in ESCs, SPCs, and OPCs at sig-
nificantly lower levels than in the NPCs and
was near or below the detection limit in the
resting macrophages, T lymphocytes, and microg-
lia (Fig. 1D). We also performed experiments
with cultured neurospheres derived from brains of
transgenic mice expressing green fluorescent
protein (GFP) under the control of nestin gene
regulatory elements (13). Nestin-GFP neuro-
spheres were dissociated and cells were sorted on
the basis of GFP expression levels by means of
fluorescence-activated cell sorting (fig. S2). NPC-
enriched GFP-expressing cell populations con-
tained higher levels of the 1.28-ppm biomarker
than did GFP-negative cells (fig. S2). Together,
these experiments indicate that progenitor cells of
different origin (but each with neural potential)
express the 1.28-ppm biomarker; that among the
panel of tested cells, NPCs have the highest level
of the biomarker; and that neither postmitotic
differentiated cells nor cells without progenitor
properties express the biomarker.

If the presence of the 1.28-ppm biomarker
correlates with the progenitor status of cells, the
levels of this biomarker should decrease as cells
differentiate in vitro or in vivo, whereas the levels
of the biomarkers of differentiated cells should
increase. We cultivated neurospheres under
conditions that promote their neuronal and
astrocytic differentiation and analyzed their 1H-

Fig. 1. The 1.28-ppm biomarker identifies NPCs. (A) Spectral profiles of cultured neural cell types: NPCs,
neurons, oligodendrocytes, and astrocytes. Dotted lines outline the 1.28-ppmNPC peak, NAA (2.02 ppm),
and Cho (3.23 ppm). Arrowheads denote lactate doublets (1.33 ppm). Spectra are not of equal scale. (B)
Bar graphs show quantification of the 1.28-ppm biomarker (top), NAA (middle), and Cho (bottom) (2.5 ×
105 cells each, n = 3 experiments per group, done in triplicate samples per experiment). N, neurons, O,
oligodendrocytes, A, astrocytes. (C) Quantification of the 1.28-ppm biomarker shows correlation of the
number of NPCs and the 1.28-ppm signal amplitude (n = 3 experiments per data point, done in triplicate
samples per experiment). (D) Quantification of the 1.28-ppm biomarker in proliferating cells: NPCs, ESCs,
SPCs, OPCs, macrophages (MF), T lymphocytes (TC), and microglia (MG) (1 × 106 each, n = 3 experiments
per group, done in triplicate samples per experiment). For all figures, quantification was done with the
SVD-based method; bar graphs represent mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Detailed
statistics are provided in the supporting online material.
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NMR spectra. The levels of the 1.28-ppm
biomarker decreased, whereas the levels of the
neuronal biomarker NAA and astrocytic bio-
marker Cho increased after several days of cul-
tivation (Fig. 2A). We next compared the spectra
of cells isolated from the mouse brain at
embryonic day 12 (E12), when neurogenesis
begins, and at postnatal day 30 (P30), when most
of the cells in the brain have already dif-
ferentiated. The levels of the 1.28-ppmbiomarker
were significantly reduced, whereas the levels of
biomarkers of differentiated cells were signifi-
cantly elevated, in the postnatal adult brain as
compared to the embryonic brain (Fig. 2B).

We next examined whether neurogenic re-
gions of the adult brain are enriched in the 1.28-
ppm biomarker. We compared the 1H-NMR
spectra of cells isolated from the adult mouse
hippocampus, where continuous neurogenesis
takes place, and from the cortex, where neuro-
genesis is not detected (1, 2, 15). A significantly
higher amount of the 1.28-ppm biomarker was
observed in the adult hippocampus as compared
to the cortex (Fig. 2C), providing additional
evidence that the presence of the 1.28-ppm bio-
marker correlates with the presence of NPCs. We
then analyzed whether changes in the levels of
the 1.28-ppm biomarker correlate with dynamic
changes in adult neurogenesis. Neurogenesis in
the adult mammalian hippocampus is sensitive to
a wide range of stimuli, including electrocon-
vulsive shock (ECS) (16–21).We applied ECS to
adult mice and assessed cell proliferation using
bromodeoxyuridine (BrdU) incorporation in the
subgranular zone of the dentate gyrus and mea-
sured levels of the 1.28-ppm biomarker using
1H-NMR. The number of BrdU-immunoreactive
cells was significantly increased in ECS-treated,
as compared to control sham-operated, animals,
demonstrating the effectiveness of the procedure
(Fig. 2D). The levels of the 1.28-ppm biomarker
in the preparation of cells from the hippocampus
were also significantly increased after ECS (Fig.
2D). Together, our results with the cultured NPCs
and with the developing and adult animal brain
demonstrate that the amount of 1.28-ppm bio-
marker correlates with neurogenesis and suggest
that changes in neurogenesis can be analyzed
using the 1.28-ppm biomarker as a valid ref-
erence for NPCs.

We next sought to characterize the chemical
nature of the 1.28-ppm biomarker. A specific
group of resonances in the 0 to 2 ppm range of the
1H-NMR is thought to arise from macromole-
cules and the fatty acyl chains of triacylglycerides
and cholesterol esters found in free-floating
mobile lipids in the cytoplasm and in unrestricted
lipid microdomains near the plasma membrane
(22). Proton chemical shift correlation spectros-
copy of NPCs showed that there was a J-coupling
partner for the 1.28-ppm biomarker at 0.8 ppm, as
would be expected for a fatty acid containing
methyl (-CH3) groups on the same molecule (fig.
S3 and Fig. 1A). The notion that the 1.28-ppm
biomarker corresponds to lipids was also

supported by a decrease in the 1.28-ppm signal
amplitude when neurospheres were treated with
cerulenin, an inhibitor of fatty acid synthesis (Fig.
2E). To further examine whether the 1.28-ppm
biomarker contains lipids, we analyzed the
1H-NMR spectra of NPCs extracted with a
chloroform/methanol mixture. The 1.28-ppm bio-
marker was mainly present in the chloroform

fraction, which is suggestive of a lipid metabolite
(Fig. 2G). Indeed, it overlapped with some of the
specific fatty acid spectra, most closely with the
spectra of saturated fatty acids (SFAs), such as
palmitic acid, and of monounsaturated fatty acids
(MUFAs), such as oleic acid (Fig. 2G). The
spectra of polyunsaturated fatty acids (PUFAs),
such as arachidonic acid, which resonate in the

Fig. 2. Analysis of the specificity and molecular composition of the NPC biomarker using 1H-NMR. (A)
Quantification of NPC, neuronal (NAA), and glial (Cho) biomarkers during in vitro differentiation, at 0, 1,
and 5 days (D) after neurosphere plating (1 × 106 cells per time point, n = 3 experiments per time point,
done in triplicate samples per experiment). (B) Quantification of NPC, neuronal (NAA,) and glial (mI)
biomarkers in whole-brain homogenates at E12 and P30 (1 × 106 cells per time point, n = 3 experiments
per time point, done in triplicate samples per experiment). (C) Quantification of the NPC biomarker in the
dissociated adult mouse cortex (CTX) and hippocampus (HIPP) (1 × 106 cells per group, n = 3 experiments
per group, done in triplicate samples per experiment). (D) ECS increases both the number of BrdU-
immunoreactive cells (n = 3 experiments; P < 0.01) and the 1.28-ppm biomarker (n = 3 experiments;
P < 0.05) in the mouse hippocampus. (E) The 1.28-ppm biomarker diminishes while Cho increases
upon blockade of fatty acid synthesis with cerulenin (CRL) (n = 3 experiments per group, done in
triplicate samples per experiment, P < 0.001). (F) SFAs and MUFAs are more abundant in NPCs than in
astrocytes (n = 1). (G) The 1.28-ppm biomarker belongs to a chloroform (CCl3D) and not methanol
(MeOD) fraction. It overlaps with SFAs and MUFAs rather than PUFAs.
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1.3- to 1.4-ppm range, did not overlap (Fig. 2G).
Using gas chromatography, we sought to separate
and quantify specific fatty acids in NPCs and
compare them to those found in astrocytes. There
was a higher concentration of SFAs and MUFAs
than of PUFAs in NPCs, but not in astrocytes
(Fig. 2F). Together, our results suggest that the

1.28-ppm biomarker is most likely a mixture of
lipids that include SFAs and/or MUFAs.

We next addressed the possibility of using the
NPC biomarker for in vivo brain imaging. Using
a 9.4-TmicroMRI (mMRI) scanner, we obtained
adult rat spectra of the hippocampus, where en-
dogenous NPCs reside, and the parietal cortex,

where dividing NPCs are undetectable (Fig. 3).
Traditional Fourier transform signal processing
was unable to distinguish the 1.28-ppm biomark-
er in the hippocampus from background noise
(Fig. 3A, insets), most likely due to a low NPC
density in the adult rat hippocampus. Therefore,
we developed a more sensitive signal-processing
algorithm in order to isolate the signal of the
1.28-ppm biomarker from the noise within the in
vivo 1H-MRS spectra. We used singular value
decomposition (SVD), which permits improved
detection at low signal-to-noise ratios and allows
better resolution of signal components (modes)
that are close to one another in a given frequency
domain (23–25). Based on SVD signal process-
ing, we developed an algorithm that enables
detection of the 1.28-ppm biomarker in the adult
rat hippocampus in vivo (Fig. 3A, red peak).
Absolute quantification of the 1.28-ppm bio-
marker was achieved by estimating the amplitude
of the 1.28-ppm signal, whereas relative quan-
tification was achieved by ratiometric analysis
with the creatine (Cr) signal amplitude as a
denominator. Both quantification methods are
established as reliable indicators of a given con-
centration of metabolite (26). A large difference
was observed when the absolute quantities of the
1.28-ppm biomarker were compared between the
hippocampal and cortical spectra; this was paral-
leled by the ratiometric quantification, which con-
firmed that the hippocampus was highly enriched
in the 1.28-ppm biomarker as compared to the
cortex (Fig. 3A).

We also transplanted NPCs into the left cor-
tical hemisphere of the adult rat brain and in-
jected an equal volume of saline into the control
right hemisphere. 1H-MRS data were obtained
for both hemispheres from voxels of the same
size, centered on the injected areas (Fig. 3B).
Both Fourier transform (inset) and SVD-based
signal processing (colored peaks) clearly detected
the 1.28-ppm biomarker in the spectra of the
experimental site containing NPCs (Fig. 3B).
Both the direct quantification and the ratiometric
analysis demonstrated that the signal in the hemi-
sphere with the injected NPCs was more than 35
times greater than that in the corresponding re-
gion of the control cortical hemisphere (Fig. 3B).

Furthermore, to detect changes in the density
of endogenous NPCs in vivo, we treated adult
rats with ECS. Five days after the treatment, we
injected BrdU to label dividing cells and ana-
lyzed the ECS-treated and sham-operated con-
trol animals the next day. Quantification of the
1.28-ppm:Cr signal amplitude ratios in the hip-
pocampus showed a significant increase of the
1.28-ppm biomarker in ECS-treated rats as com-
pared to sham-operated controls (Fig. 3C). To
validate the spectroscopic findings, we quantified
the number of BrdU-immunoreactive cells in the
hippocampus of the same animals (Fig. 3D). A
significant increase in the number of BrdU-
immunoreactive cells in ECS-treated rats as com-
pared to sham-operated controls demonstrated
that, as expected, ECS increased NPC prolifera-

Fig. 3. Identification of NPCs in the rat brain in vivo, using mMRI spectroscopy. (A) Imaging of
endogenous NPCs. Voxels are placed along the hippocampus (HIPP) and in the cortex (CTX). In the
hippocampus, the 1.28-ppm biomarker (red) is evident when SVD-based signal processing is performed
(colored peaks) but not when Fourier transform is done (insets). In the cortex, the 1.28-ppm biomarker is
not detected by either data analysis. Colored asterisks and peaks correlate. Bar graphs show absolute (top)
and relative (bottom) quantification of the 1.28-ppm biomarker (n = 4 experiments, P < 0.05). (B)
Imaging of transplanted NPCs. Voxels are placed in the area of NPC transplant (NT; 5 × 106 NPCs in 5 ml of
saline) and saline injection (ST; 5 ml). In the NT site, the 1.28-ppm biomarker (red) is observed with both
Fourier transform and SVD-based signal processing. In the ST site, no significant 1.28-ppm signal is
observed. Bar graphs show absolute (top) and relative (bottom) quantification of the 1.28-ppm biomarker
(n = 5 experiments; P < 0.05). (C and D) Imaging of endogenous NPCs after ECS. Voxels are placed along
the hippocampus in control (ECS–) and ECS-treated (ECS+) adult rats (C). Quantification of the 1.28-ppm
biomarker [(C) n = 4 experiments, P < 0.05] and the number of BrdU-immunoreactive cells in the dentate
gyrus of the same animal [(D) n = 4 experiments, P < 0.01] indicates linear correlation (E).
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tion. Moreover, in the ECS-treated animals, we
found a correlation between the number of BrdU-
immunoreactive cells and the 1.28-ppm:Cr signal
amplitude ratio in the hippocampus of the same
animal (Fig. 3E). Together, these data indicate that
1H-MRS can be used to detect and measure
changes in the density of endogenousNPCs in vivo.

We then proceeded with the identification of
endogenous NPCs in the human brain. Brain
1H-MRS was performed on healthy adults,
using a 3-T MRI scanner and SVD-based signal
processing (Fig. 4A). An experimental voxel
was placed along the length of the hippocam-
pus, while a control voxel of the same volume
included gray and white matter of the ipsilateral
parietal cortex (Fig. 4A). The Fourier transform
did not reveal the 1.28-ppm biomarker (inset) in
any of the voxels (Fig. 4A). However, the SVD-
based analysis (colored peaks) clearly detected
the 1.28-ppm biomarker in the hippocampal
spectra, indicating that this methodology can be
used to identify endogenous NPCs in the human
brain (Fig. 4A). For each person, we found a

major difference between the hippocampus and
the cortex when using either absolute or ratio-
metric quantification of the 1.28-ppm biomarker,
indicating that both can be applied to indirectly
measure NPC density in the human hippocam-
pus. No difference in the level of the 1.28-ppm
biomarker was observed when the left and right
hippocampi were compared (Fig. 4A). Further-
more, when we imaged the left hippocampus of
the same people after a 3-month period during
which there was no major change in their daily
routine, no difference was observed in the 1.28-
ppm biomarker (Fig. 4B). Finally, we analyzed
the age-related changes in the 1.28-ppm bio-
marker during human development by imaging
people of varying ages: preadolescents, adoles-
cents, and adults. Quantification of the 1.28-ppm
biomarker revealed a decrease in the 1.28-ppm
signal amplitude (Fig. 4C), which is compatible
with data demonstrating age-related decrease in
neurogenesis in animals (27).

In our work, we identified a spectroscopic
biomarker of NPCs, developed a methodology to

detect this biomarker in the live brain, and dem-
onstrated the use of the biomarker for identifying
NPCs in the live human brain. The NPC bio-
marker could be readily detected in vitro with
1H-NMR, but its detection at low concentrations
in the live brain with 1H-MRS required the
development of more refined methodology. Our
SVD-based signal processing proved to be
superior to the traditionally used Fourier trans-
form and can now be applied in a variety of
imaging settings where low levels of a particular
metabolite preclude its reliable detection in vivo.

Our results suggest that the NPC biomarker,
represented by a 1.28-ppm spectral peak, is a
complex mixture of saturated and/or mono-
unsaturated fatty acids and related compounds.
The functional relevance of these molecules for
the control of proliferation and differentiation of
NPCs remains to be elucidated.

Finally, our data on humans provide in vivo
imaging evidence for NPCs in the human hippo-
campus. These findings support the numerous
data demonstrating continuous neurogenesis in the
dentate gyrus (1, 2, 28). We also demonstrated
that in humans the presence of the NPC biomarker
in the hippocampus dramatically decreases with
age. Although a decrease in neurogenesis has been
reported in aging mammals, these are the first data
from the living human brain that indicate a
decrease in NPCs during brain development from
childhood to adulthood. More generally, this
biomarker can be applied to track and analyze
endogenous or transplanted NPCs, to monitor
neurogenesis in a wide range of human neurolog-
ical and psychiatric disorders, and to evaluate the
efficiency of therapeutic interventions.
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Sex-Linked Genetic Influence on
Caste Determination in a Termite
Yoshinobu Hayashi,1 Nathan Lo,2 Hitoshi Miyata,1 Osamu Kitade1*

The most ecologically successful and destructive termite species are those with both a nymph caste and
an irreversibly wingless worker caste. The early developmental bifurcation separating these castes is
widely accepted to be strictly environmentally determined. We present evidence that genotype also
influences this process. Offspring from four different crosses of nymph- and worker-derived secondary
reproductive individuals had strongly differentiated caste and sex ratios, despite uniform rearing
conditions. These data fit an X-linked, one-locus-two-allele model. Of five possible genotypes, one was
lethal, two resulted in workers, and two resulted in either nymphs or environmentally determined workers.
Caste is thus controlled both by environment and by a complex genetic inheritance pattern.

Social insects, such as ants and termites, are
characterized by the differentiation of colo-
ny members into either reproductive or

sterile individuals (1). Kin selection theory pre-
dicts that caste results from environmentally
induced differences in gene expression from a
totipotent genome (2, 3), a prediction supported by
empirical studies of hymenopteran social insects
(bees, ants, wasps) (4, 5). Although genetic
determination of hymenopteran queen and worker
castes has been documented (6–11), these are
exceptions resulting from hybridization, thelyto-
kous parthenogenesis (asexual production of
female offspring), and dimorphic queens. In
termites, the reproductive and worker castes are
hypothesized to be determined entirely by extrin-
sic factors, primarily pheromones (12–14).

Termites (Blattaria: Isoptera) are a eusocial
form of cockroach (15). In >80% of species, a
bifurcation occurs early in development (Fig. 1).
The vast majority of offspring (both female and
male) enter the functionally sterile, irreversibly
wingless worker pathway (13, 16). Alternative-
ly, some offspring develop wing buds and enter
the nymphal pathway, which leads to the alate
(primary reproductive) caste. In the absence of
the queen and/or king, some individuals (termed
neotenics) take over the role of reproduction
while retaining juvenile characteristics (13). In-
breeding within the colony is thus common in

termites. Neotenics may arise from the nymphal
and/or the worker pathway and are, respectively,
termed nymphoids (withwing buds) and ergatoids
(without wing buds) (Fig. 1). Workers, although
functionally sterile, therefore retain the ability to
occasionally become fertile in some species.

We isolated nymphs and workers from
reproductive individuals, producing female (f)
and male (m) nymphoids (N) and ergatoids (E)
from three distinct colonies of Reticulitermes
speratus. We crossed them (i.e., fNmN, fNmE,
fEmE, f EmN) as described (17). Each mated
pair was placed with 50 female workers from an

independent, unrelated fourth colony to promote
egg production. Eggs were removed daily and
raised by 50 male workers from the fourth
colony to identify environmental and genetic in-
fluences on developmental bifurcation (Fig. 1).
The sex and caste of third-instar offspring were
determined, as were survival rates. In the absence
of a male reproductive, R. speratus females can
reproduce parthenogenetically via thelytokous
automixis, resulting in homozygous female
nymph offspring (18–20). Therefore, we also
examined the development of parthenogenetic
offspring from single parents of types fN and f E.

Among replicates of a particular pair type,
offspring caste and sex ratios were similar, re-
gardless of whether they were outbred or inbred
(17). No significant differences among offspring
types were foundwith Fisher’s exact test [fNmN,
P = 0.30 (n = 7); fEmE, P = 0.11 (n = 4); f EmN,
P = 0.54 (n = 7)], with the exception of f NmE
(P = 0.02), where 1 of 5 replicates had slightly
more female workers, although the pattern was
similar to the other 4 replicates (P = 0.10 upon
exclusion of the female worker–skewed replicate).
Therefore, we pooled our data for comparisons
with the other treatments.

All offspring of parthenogenetic fN and fE
were female, and almost all differentiated into
nymphs (100% and 99%, respectively) (Fig. 2). In

1Natural History Laboratory, College of Science, Ibaraki
University, Mito, Ibaraki 310-8512, Japan. 2Behaviour and
Genetics of Social Insects Laboratory, School of Biological
Sciences, University of Sydney, Sydney, New South Wales
2006, Australia.

*To whom correspondence should be addressed. E-mail:
kitade@mx.ibaraki.ac.jp

Fig. 1. Caste developmental pathways of Reticulitermes spp. (13). Termites are diploid and
hemimetabolous; larvae of each sex follow either the worker pathway, in which individuals remain
irreversibly wingless, or the nymphal pathway, leading to the alate form. Arrows indicate molts; dotted
arrows indicate occasional molts to neotenic nymphoids or ergatoids, which may reproduce in the absence
of the queen and/or king. Workers undergo stationary molts after w5. Soldiers are derived from w4 and w5.
Ergatoids arise from all worker stages after w1.
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