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Antheridiogen determines sex in
ferns via a spatiotemporally split
gibberellin synthesis pathway
Junmu Tanaka,1* Kenji Yano,1* Koichiro Aya,1 Ko Hirano,1 Sayaka Takehara,1
Eriko Koketsu,1 Reynante Lacsamana Ordonio,1 Seung-Hyun Park,2 Masatoshi Nakajima,2
Miyako Ueguchi-Tanaka,1† Makoto Matsuoka1†
Some ferns possess the ability to control their sex ratio to maintain genetic variation in
their colony with the aid of antheridiogen pheromones, antheridium (male organ)–inducing
compounds that are related to gibberellin. We determined that ferns have evolved an
antheridiogen-mediated communication system to produce males by modifying the
gibberellin biosynthetic pathway, which is split between two individuals of different
developmental stages in the colony. Antheridiogen acts as a bridge between them because
it is more readily taken up by prothalli than bioactive gibberellin. The pathway initiates in
early-maturing prothalli (gametophytes) within a colony, which produce antheridiogens
and secrete them into the environment. After the secreted antheridiogen is absorbed by
neighboring late-maturing prothalli, it is modified in to bioactive gibberellin to trigger male
organ formation.

G

enetic diversity affords a competitive advantage to a particular species. Homosporous ferns have evolved a mechanism to
favor cross-fertilization by controlling the
sex ratio among individuals or prothalli

within the population with the aid of antheridiogens. Antheridiogens are pheromones released
in the aqueous environment by early-maturing
fern prothalli in a colony, and they cause neighboring late-maturing prothalli in the colony to
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social networks and collection of edible plant resources, may have encouraged regular descents
to lower elevations.
Lithic tools and debitage of nonlocal finegrained rocks, some with stream-polished cortex
(Fig. 2C), suggest that Terminal Pleistocene and
Early Holocene plateau residents ventured periodically to high-energy rivers below the plateau.
Formal tools of Alca-4 obsidian at Cuncaicha originated in outcrops near the plateau edge ~22 km
southwest (21) (Fig. 1B). Contemporary sites at
Quebrada Jaguay on the Pacific Coast contain
Alca-1, -4, and -5 obsidian tools and debitage (9, 23);
the only source of these three obsidians is the
Pucuncho Basin and surrounding plateau (21). The
oldest dates at Quebrada Jaguay and Cuncaicha
overlap at two standard deviations. These sites
likely constitute end members in a coast-highland
Paleoindian settlement system.
Pleistocene glaciers did not present a barrier to
human migration and settlement of the Pucuncho
Basin. Glacial-geologic records from adjacent
Nevado Coropuna (32) suggest that local glaciers
reached their late-Pleistocene maxima ~25 to 20 ka
and even then did not encroach into the basin.
After a relatively minor readvance ~13.4 ka (26)
(Fig. 3 and table S7), glaciers again receded.
Southward displacement of the intertropical convergence zone ~13.0 to 11.5 ka (33) probably resulted in increased wet-season precipitation. The
arrival of humans to the Pucuncho Basin coincided
with a period of warming climate and enhanced
primary productivity in plateau habitats.
Our data do not support previous hypotheses,
which suggested that climatic amelioration and
a lengthy period of human adaptation were necessary for successful human colonization of the
high Andes. The Pucuncho Basin sites postdate
the oldest known South American lowland site,
Monte Verde (13), by only ~2 ky. Because early
settlement of high-altitude regions is understudied, additional Terminal Pleistocene sites above
4000 masl likely await discovery. The Pucuncho
Basin sites suggest that Pleistocene humans lived
successfully at extreme high altitude, initiating
organismal selection (34), developmental functional adaptations (35), and lasting biogeographic
expansion in the Andes. As new studies (36–38)
identify potential genetic signatures of highaltitude adaptation in modern Andean populations, comparative genomic, physiologic, and
archaeological research will be needed to understand when and how these adaptations evolved.
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prothalli larger than 3.5 mm were completely
insensitive to antheridiogens. These results demonstrate that there is an antiparallel relationship between synthesis/secretion and perception
of antheridiogens in adult and young prothalli,
respectively.
Antheridiogens in L. japonicum (4, 5) share a
common ent-gibberellane skeleton with gibberellin A4 (GA4), the most bioactive gibberellin (GA) in
seed plants (Fig. 1H). Although GA4 is capable of
inducing antheridium formation (Fig. 1I), all known
natural antheridiogens lack the OH group at C3
that is essential for active GAs. In addition, antheridiogens also possess a methyl-esterified
carboxyl group at C6 (Fig. 1H), which hinders GA
activity (6). In this study, we used GA9 methyl
ester (GA9-Me) as an antheridiogen, which has
10 times the antheridium-inducing ability of GA4
(solid line in Fig. 1I). When a GA synthesis inhibitor, uniconazole (Uni) (7), was applied, it severely inhibited antheridial formation in prothalli,
but not archegonial (female organ) formation (Fig.
1, J and L), whereas cotreatment with uniconazole
and 10−7 M GA9-Me or GA4 promoted antheridial
formation but suppressed archegonial formation
(Fig. 1, K and M), indicating a dual role of antheridiogens and GA4 in controlling the sexes (8).
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The above and previous observations (5) indicate that antheridiogens in L. japonicum might be
synthesized, at least in part, through the GA biosynthetic pathway. Thus, we attempted to isolate
L. japonicum genes encoding GA synthesis–related
enzymes (9), specifically ent-copalyl diphosphate
synthase (CPS), ent-kaurene synthase (KS), entkaurene oxidase (KO), ent-kaurenoic acid oxidase
(KAO), GA 20-oxidase (GA20ox), and GA 3-oxidase
(GA3ox), along with the key components for GA
perception (10), including the GID1 GA receptor,
DELLA protein (a suppressor of GA signaling), and
GID2/SLY1 (an F-box protein in GA signaling) (fig. S1).
As L. japonicum has 58 chromosomes per haploid
with more than 1.1 × 109 base pairs (11, 12), we took
the RNA sequence strategy for gene isolation. Finally, we cloned and validated the above GA-related
genes, and designated them as Lj_CPS/KS, Lj_KO,
Lj_KAO, Lj_GA20ox, Lj_GA3ox1 and 2, Lj_GID1-1,
-2, and -3, Lj_DELLA1 and 2, and Lj_GID2 (fig. S2
to S7, table S1, and table S2). Among the genes with
two orthologs identified in L. japonicum, Lj_GA3ox1,
Lj_GID1-1 (Lj_GID1-3 does not contain the GA receptor activity; see below), and Lj_DELLA1 were
expressed at higher levels in prothalli (fig. S8).
To investigate the molecular events caused by
GA9-Me and GA4, we first examined their effects
sciencemag.org SCIENCE
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develop male organs (antheridia), thus promoting outcrossing in the colony (1–3). We first, by
bioassay, measured the amount of antheridiogens
secreted by prothalli of Lygodium japonicum at
different developmental stages (Fig. 1, A to F).
Prothalli were grown on media to a specified size
(0.5 to 5 mm) and then replaced with protonemata
(structure prior to prothallus stage). The amount
of antheridiogens secreted by the prothalli was
estimated by measuring antheridial formation of
protonemata (solid line in Fig. 1G). Prothalli larger than 1.5 mm in size gradually started to secrete antheridiogens, and prothalli larger
than 3.5 mm secreted enough antheridiogens
for protonemata to form 100% antheridia. We
also determined the sensitivity of prothalli to
antheridiogens by growing prothalli on media
under excess amounts of antheridiogens and examined them for antheridial formation (dashed
line in Fig. 1G). Young prothalli (≤1 mm) had the
greatest tendency to form antheridia, whereas

100

0

Number of Arc per plant

Fig. 1. Antheridiogen production, sensitivity
to antheridiogen, effect of GA4 and GA9-Me
on antheridial formation, and structures of
antheridiogen-related compounds used in this
study. (A to F) Prothallus of L. japonicum at 0 days
after germination (A), 6 days (B), 13 days (~0.5 mm
in size) (C), 15 days (~1.0 mm) (D), 19 days (~2.0 mm)
(E), and 22 days (~5.0 mm) (F). Arrowheads,
archegonia; arrows, antheridia. Scale bars, 0.1 mm
[(A) to (D)], 0.5 mm [(E) and (F)]. (G) Antheridiogen
secretion and sensitivity of prothalli during development. Solid line, secreted antheridiogen level; dashed
line, sensitivity to antheridiogens; n = 8. (H) Chemical structure of antheridiogen-related compounds
used in this study. Black shade, presence or absence of OH at C3; gray shade, presence or absence
of methyl-esterified group at C6. (I) Dose dependence of GA4 and GA9-Me action on antheridial
(Ant) formation. Solid line, GA9-Me; Dashed line,
GA4. (J and K) Effect of Uni (10−8, 10−7, and 10−6 M),
Uni (10−6 M) + GA4 (10−7 M), and Uni (10−6 M) + GA9Me (10−7 M) on antheridial formation; n = 8. (L and M)
Effect of Uni, Uni (10−6 M) + GA4 (10−7 M), and Uni
(10−6 M) + GA9-Me (10−7 M) on archegonial (Arc)
formation; n = 8. Con denotes control (no chemical
treatment).
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Fig. 2. Effects of GA4 and GA9-Me
on Lj_DELLA1 degradation, gene
expression, and Lj_GID1–Lj_DELLA1
interactions, and effects of a GID1
inhibitor on antheridial formation. (A) Degradation of Lj_DELLA1 protein in
prothalli after GA4 and GA9-Me treatments. (B) Comparison of gene expression
patterns in prothalli treated with 10−6 M GA4 or 10−7 M GA9-Me for 1 hour. Black
line represents the regression line calculated by the least-squares method ( y =
0.9686x – 0.0434, R2 = 0.91081). (C) Yeast two-hybrid assay for the interaction
of Lj_GID1-1 as prey and Lj_DELLA1 as bait under various concentrations of GA4
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(D) Inhibitory effect of TSPC on antheridial formation. Treatment with 10−9 M
GA9-Me induced 2 to 6 antheridia per protonema (blue line), whereas cotreatment with 5 × 10−7 M TSPC decreased antheridial formation (red line);
10−5 M GA4 completely counteracted the inhibitory effect of TSPC (green line).
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Fig. 3. Change in the expression level of GA biosynthetic genes
and Lj_GID1-1 in the process of prothallus development and
effect of prohexadione on antheridial formation. (A) Expression levels of GA biosynthetic genes and
Lj_GID1-1 in prothalli of various sizes. (B) Inhibitory effect of prohexadione on antheridial formation in the
presence of GA4 and GA9-Me. Solid line, 10−8 M GA4; dashed line, 10−9 M GA9-Me. (C) Comparisons of Km
and Vmax (maximum substrate concentration) among Lj_GA20ox, Lj_GA3ox1, and Os_GA3ox1.
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on the degradation of the GA signaling repressor
DELLA, which is the primary event of GA response
(13, 14). By immunoblotting proteins extracted
from young prothalli treated with either GA9-Me
or GA4 for 1 hour, we detected the degradation of
Lj_DELLA1 in both treatments (Fig. 2A). Further,
we compared the effects of GA9-Me and GA4 on
gene expression by transcriptome analysis (Fig.
2B). Among the 2213 unigenes differentially expressed between GA9-Me and the mock treatment
SCIENCE sciencemag.org

at a significant level (P < 0.001, false discovery rate
<0.01, factor of ≥2 difference) (table S3), almost
all were regulated in a similar manner by GA4,
with high correlations. These results indicate that
GA9-Me, like GA4, elicits GA signaling via the
GID1-DELLA system.
To examine whether GA9-Me is directly perceived by the GID1-DELLA system, we performed
a yeast two-hybrid assay to detect the interaction
of Lj_GID1-1 and Lj_DELLA1 (Fig. 2C). GA4 caused

a dose-dependent interaction, which was detected
even at 10−10 M of GA4, a concentration lower
than that required for GID1-DELLA interactions
in seed plants by one to two orders of magnitude
(15, 16). This indicates that Lj_GID1-1 is especially
adapted for detecting and interacting with minute amounts of GA4. On the other hand, neither
GA9-Me nor GA4-Me showed any noticeable
interactions even at higher concentrations (Fig.
2C). Similar interaction profiles were also seen in
other Lj_GID1–Lj_DELLA combinations, with
the exception of Lj_GID1-3, which did not interact
with any Lj_DELLAs under any conditions (fig.
S9). This indicates that GA9-Me itself cannot
bind to Lj_GID1s or elicit GA signaling. We also
examined the involvement of GID1 in antheridial formation with the use of a GID1 inhibitor, 3-(2-thienylsulfonyl) pyrazine-2-carbonitrile
(TSPC), which is assumed to competitively inhibit GA binding to GID1 (17). Treatment with
5 × 10−7 M TSPC inhibited antheridial formation elicited by 10−9 M GA9-Me, whereas cotreatment with 10 −5 M GA 4 almost rescued the
inhibitory effect of TSPC (Fig. 2D). This suggests
that antheridial formation by GA9-Me is mediated by GID1.
Next, we examined the expression pattern of GA
biosynthetic genes during prothallus development
by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) (Fig. 3A). Adult prothalli
(3.5 mm) preferentially expressed Lj_CPS/KS,
Lj_KO, Lj_KAO, and especially Lj_GA20ox, which
was expressed at a level 10 to 20 times that in
young prothalli. On the other hand, young prothalli
(1.0 mm) expressed Lj_GA3ox1 at a level 10 to
20 times that in adult prothalli, and a similar expression pattern was also observed for Lj_GID1-1.
Such an antiparallel expression pattern between
Lj_GA20ox and Lj_GA3ox1 is very similar to the
pattern of antheridiogen synthesis/secretion and
antheridiogen sensitivity of prothalli (Fig. 1G).
Next, to examine the dependence of antheridial formation on the C3 hydroxylation of antheridiogens
by GA3ox, we examined the effect of a GA3ox
inhibitor, prohexadione (18), on antheridial formation in the presence of 10 −8 M GA 4 and
24 OCTOBER 2014 • VOL 346 ISSUE 6208
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10 −9 M GA9-Me, which both induce 75% antheridial
formation (Fig. 1I). When cotreated with GA9-Me
(which lacks the OH group at C3), prohexadione started to inhibit antheridial formation
around 4 × 10−6 M and reduced it to ~10% at 4 ×
10−5 M (Fig. 3B). In contrast, in the presence of
GA4 (possessing the OH group at C3), prohexadione did not inhibit at 2 × 10−5 M and caused
a decline only at ~4 × 10−5 M. These results
demonstrate that the C3 hydroxylation of antheridiogens is essential for antheridial formation,
and therefore that antheridiogens are precursors
of a compound that induces antheridial formation. This corresponds with the observation that
the expression pattern of Lj_GA3ox1 is similar to
that of antheridiogen sensitivity (Fig. 1G). We then
compared the enzymatic property of Lj_GA3ox1
produced in Escherichia coli to that of rice
GA3ox (Os_GA3ox1) (Fig. 3C and fig. S10). The
Km (Michaelis constant) value of Lj_GA3ox1 to
the substrate, GA9, was 42 nM, which was not
only lower than that of Os_GA3ox1 (Km = 540 nM)
but also lower than those of GA3oxs from other
seed plants, such as Arabidopsis At_GA3ox1 (Km =
1 mM) (19) and wheat GA3ox (Km = 1 mM) (20). In
contrast, relative to Lj_GA3ox1, the affinity of
Lj_GA20ox for its substrate, GA24, was lower
by more than two orders of magnitude (Km =
7.78 mM). These observations demonstrate that
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(Fig. 4A). In another experiment, young prothalli
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are shown. (B) Accumulation of radioactive GAs in prothalli at different concentrations with respect to
incubation time. Dashed lines, [3H]GA4; solid lines, [14C]GA9-Me; orange, 5.9 mM; green, 11.8 mM; blue,
23.6 mM. (C) GA9 content (ng/g fresh weight) of young (1.0 mm) and adult (5.0 mm) prothalli with or
without incubation with 0.6 mM GA9-Me for 3 hours. (D) Proposed model for fern antheridiogen system.
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version of GA9-Me into GA9 by prothalli (Fig. 4C).
The endogenous amount of GA9 in young (1.0 mm)
and adult (5.0 mm) prothalli was similar. Although
the GA9 level in young prothalli increased by a
factor of ~3.5 after incubation with GA9-Me,
such an increase did not occur in adult prothalli.
This indicates that incorporation and conversion
of GA9-Me into GA9 occurs in young prothalli but
not in adults.
We propose a model for the antheridiogen
system that involves a split GA biosynthetic
pathway for interindividual communication to
regulate the sex ratio in a colony (Fig. 4D). First,
early-maturing prothalli in a colony express GAbiosynthetic genes, except GA3ox, thus producing
a GA9 intermediate that lacks the OH group at
C3. To be effectively transmitted to the surrounding prothalli, GA9 is modified into an antheridiogen
by methyl esterification of its C6 carboxyl group
before being secreted to the outside environment.
In this transmission process, there is the possible
involvement of transporter(s) specific for antheridiogen. Second, antheridiogens are incorporated
into neighboring late-maturing prothalli in a
colony, which highly express GA3ox. Imported
antheridiogen is first hydrolyzed to release the
methyl group at C6—probably by a methyl esterase, because Lj_GA3ox1 cannot metabolize
GA9-Me into GA4-Me (fig. S11)—and is then
metabolized by GA3ox into GA4. Finally, GA4 is
perceived by the GID1-DELLA system with the
aid of GID2. Activation of the GA signaling pathway causes specific expression to induce and
suppress antheridial and archegonial formation,
respectively, to maintain an appropriate population of outcrossing male and female prothalli in
the colony. To establish this system, GA3ox and
GID1, two proteins required for antheridiogen
perception, have evolved in L. japonicum. Relative to the GID1s of seed plants, the affinity of
Lj_GID1-1 for GA4 was higher by one to two orders
of magnitude (Fig. 2C), and Lj_GA3ox1 showed a
much higher affinity for its substrate relative to
other GA3oxs from seed plants (Fig. 3C). These
findings indicate that the two proteins have become attuned to very low concentrations of their
substrates within young prothalli.
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VIRAL CELL BIOLOGY

Influenza A virus uses the
aggresome processing machinery
for host cell entry
Indranil Banerjee,1*† Yasuyuki Miyake,2 Samuel Philip Nobs,3
Christoph Schneider,3 Peter Horvath,4 Manfred Kopf,3
Patrick Matthias,2,5 Ari Helenius,1‡ Yohei Yamauchi1‡
During cell entry, capsids of incoming influenza A viruses (IAVs) must be uncoated
before viral ribonucleoproteins (vRNPs) can enter the nucleus for replication. After
hemagglutinin-mediated membrane fusion in late endocytic vacuoles, the vRNPs and
the matrix proteins dissociate from each other and disperse within the cytosol. Here,
we found that for capsid disassembly, IAV takes advantage of the host cell’s aggresome
formation and disassembly machinery. The capsids mimicked misfolded protein aggregates
by carrying unanchored ubiquitin chains that activated a histone deacetylase 6
(HDAC6)–dependent pathway. The ubiquitin-binding domain was essential for recruitment
of HDAC6 to viral fusion sites and for efficient uncoating and infection. That other components
of the aggresome processing machinery, including dynein, dynactin, and myosin II, were
also required suggested that physical forces generated by microtubule- and actin-associated
motors are essential for IAV entry.

I

nfluenza A virus (IAV) is an enveloped virus of
great medical impact. With the risk of an influenza pandemic growing, it is increasingly
important to understand virus-host interactions in detail and to develop new antiviral
strategies (1). IAV has a single-stranded, negativesense RNA genome divided between eight subgenomic RNA molecules. These are individually
packaged into helical viral ribonucleoproteins
(vRNPs) that contain a viral polymerase complex
and multiple copies of the nucleoprotein, NP. In
the virus, the vRNPs form a stable, capsid-like,
supramacromolecular complex with the matrix
protein, M1, which forms a shell around the vRNPs
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(2). During IAV entry into a host cell (Fig. 1A,
top), the uncoating process is initiated in early
endosomes where the mildly acidic pH triggers
the opening of the M2 channel in the viral envelope leading to influx of protons and potassium ions (3–5). A conformational change occurs
that renders the capsid uncoating-competent.
When the pH drops further in late endosomes
(LEs), the membrane fusion function of the
hemagglutinin (HA) is activated, and the capsid
is transferred to the cytosol (6, 7). The M1 disperses, and the vRNPs are imported into the
nucleus through nuclear pore complexes (8–11).
While analyzing the role of HDAC8 and HDAC3
in endosome maturation and IAV penetration
(12), we noticed that another histone deacetylase, HDAC6, was also required for infection. A
cytosolic enzyme responsible for deacetylation
of tubulin and some other substrates, it also
serves as a key component in ubiquitin (Ub)–
dependent aggresome formation and disassembly (13, 14). We found that HDAC6 depletion by
RNA interference (RNAi) in A549 cells (a human
bronchial epithelial cell line) reduced infection by
half (fig. S1, A and H). In HDAC6 knock-out (KO)
mouse embryonic fibroblasts (MEFs), infection was
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reduced to 30%, and viral titers to 48%, compared
with wild-type (WT) MEFs (fig. S1, B, C, and H).
When WT and HDAC6 KO mice (15) were infected intratracheally with IAV strains PR8
and X31 in HDAC6 KO mice, lung viral titers
were reduced to 48% and 31%, respectively, at
day 5 compared with controls (fig. S2, A and
B). The antiviral immune responses were comparable when tested in PR8-infected mice (fig.
S2, C to E).
When the stepwise IAV entry was analyzed in
HDAC6 KO MEFs using quantitative assays (8),
no significant difference was observed with WT
MEFs in endocytic uptake, acid-induced HA conversion, and fusion (Fig. 1A and fig. S1G). However, capsid uncoating and nuclear import of
vRNPs were reduced to 22 and 17%, respectively
(Fig. 1A). In HDAC6-depleted A549 cells, uncoating was reduced to 21% compared with controls, with no effect on HA acidification or fusion
(fig. S1, D to F). It was apparent that HDAC6
played a role in the release of viral capsids from
the cytosolic surface of endosomes, the dissociation of M1 from vRNPs, and the dispersion of
capsid components in the cytosol.
To confirm that the HDAC6 requirement was
postfusion, we induced fusion of the virus directly with the plasma membrane (PM), a process that allows delivery of viral capsids into
the cytosol without endocytosis (fig. S3A) (6, 7).
Although fusion efficiency was comparable, the
M1 was diffusely distributed through the cytoplasm in WT MEFs but remained punctate in
HDAC6 KO MEFs (fig. S3, B and C). That uncoating was reduced to 32% in the HDAC6 KO MEFs
and to 47% in HDAC6-depleted A549 cells (fig. S3,
D and E) compared with control cells confirmed
that HDAC6 was required after fusion.
To determine which of the functions of HDAC6
were required for uncoating, we used HDAC6
KO MEFs that had been rescued either with WT
HDAC6 (WTr) or with HDAC6s with point mutations either in the two deacetylase domains (HDm)
(16) or in the zinc-finger domain (ZnFm) (17, 18).
The zinc-finger ubiquitin binding domain (ZnFUBP) is C-terminal and binds Ub. It plays a
critical role in aggresome formation and disassembly (13, 14) (Fig. 1B). Whereas most Ubbinding proteins interact with the hydrophobic
core of Ub, the ZnF-UBP domain of HDAC6 binds
to the C-terminal Gly-Gly residues (13, 19). This
means that HDAC6 only binds to Ub and poly-Ub
chains that are not coupled to proteins. The point
24 OCTOBER 2014 • VOL 346 ISSUE 6208
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Antheridiogen determines sex in ferns via a spatiotemporally
split gibberellin synthesis pathway
Junmu Tanaka, Kenji Yano, Koichiro Aya, Ko Hirano, Sayaka
Takehara, Eriko Koketsu, Reynante Lacsamana Ordonio,
Seung-Hyun Park, Masatoshi Nakajima, Miyako Ueguchi-Tanaka
and Makoto Matsuoka (October 23, 2014)
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Sex determination driven by community cooperation
An optimized ratio of male and females in a sexually reproducing population helps to generate the
genetic diversity useful to a species in a changing world. Tanaka et al. studied a fern in which the sex
ratio is adjusted not by individual identity, but by signaling between individual plants (see the
Perspective by Sun). Early-maturing individual ferns express some of the biosynthetic genes needed to
make a precursor of the plant hormone gibberellin, which they secrete into the environment. Younger
ferns, which express the enzymes needed to finalize synthesis of gibberellin, take up the signal and in
response develop the organs that produce male gametes.
Science, this issue p. 469; see also p. 423
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