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Batf3 Deficiency Reveals a Critical
Role for CD8a™ Dendritic Cells in

Cytotoxic T Cell Immunity

Kai Hildner,* Brian T. Edelson, Whitney E. Purtha,® Mark Diamond,® Hirokazu Matsushita,®
Masako Kohyama,# Boris Calderon,® Barbara U. Schraml,* Emil R. Unanue,
Michael S. Diamond,™* Robert D. Schreiber,” Theresa L. Murphy,’ Kenneth M. Murphy™**

Although in vitro observations suggest that cross-presentation of antigens is mediated primarily
by CD8a* dendritic cells, in vivo analysis has been hampered by the lack of systems that selectively
eliminate this cell lineage. We show that deletion of the transcription factor Batf3 ablated
development of CD8a™ dendritic cells, allowing us to examine their role in immunity in vivo.
Dendritic cells from Batf3™ mice were defective in cross-presentation, and Batf3™~ mice lacked
virus-specific CD8" T cell responses to West Nile virus. Importantly, rejection of highly
immunogenic syngeneic tumors was impaired in Batf3™ mice. These results suggest an important
role for CD8a* dendritic cells and cross-presentation in responses to viruses and in tumor rejection.

uring antigen cross-presentation (/), an-
tigens generated in one cell are presented
by major histocompatibility complex
(MHC) class I molecules of a second cell. It re-
mains unclear whether all antigen presenting cells
(APCs) use cross-presentation and whether this
pathway plays a role in Immune responses in vivo
(2). Dendrtic cells (DCs) are a heterogeneous
group of APCs with two major subsets, plasma-
cytoid dendritic cells (pDCs) and conventional
CDIle" dendritic cells (¢DCs) (3). Subsets of
¢DCs include CD8a’, CD4", and CD8a CD4”
populations that may exent distinct functions in
immune responses. Evidence has suggested that
CD8a’ ¢DCs are important for cross-presentation
during infections but has its basis in ex vivo anal-
ysis (4-6) or in vitro antigen loading (7). Evidence
both for and against a role for cross-presentation
in responscs against tumors has been reported
(&=10).
Attempts have been made to study the in vivo
role of DCs by selective depletion. Diphtheria
toxin treatment can deplete all CD11c™ cells in
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one transgenic mouse model (/1) but affects
splenic macrophages and activated CD8" T cells
(12). Gene targeting of transcription factors (e.g.,
Irf2, Irf4, Irf8, Star3, and Id2) has caused broad
defects in several DC subsets, T cells, and macro-
phages (/3). To identify genes regulating DC de-
velopment, we performed global gene expression
analysis across many tissucs and immune cells
(fig. S1A). Batf3 (also known as Jun dimerization
protein p21SNFT) (14) was highly expressed in
¢DCs, with low to absent expression in other im-
mune cells and nonimmune tissues. Thus, we
generated Baff3”" mice that lack expression of
the Batf3 protein (fig. 51, B to D).

In spleens of Batf3™~ mice, we found a selective
loss of CD8a” ¢DCs, without abnormalities in other
hematopoietic cell types or architecture (Fig. 1 and
figs. S2 to S14). CD&a’ ¢DCs coexpress DEC205,
CD24, and low levels of CD11b (3, 15). Barf3”
mice lacked splenic CD11¢™CD8a ' DEC205"
cells (Fig. 1A), showed a loss of CD11¢™CD11b™"
cells and CD11¢™"CD8a'CD24" cells (Fig. 1B), but
had normal populations of CD4" and CD8a CD4~
¢DC subsets (Fig. 1B). Lymph nodes and thymi of
Batf3”" mice lacked CD8a" DCs but had normal
distributions of CD8« CDI1¢” cells (Fig. 1C).
DEC205™ and DEC205" DCs were present in lymph
nodes draining the skin of Batf3™" mice (Fig. 1C)
and showed normal migration from skin to lymph
node after topical application of fluorescein-5-
isothiocyanate (fig. S3A). Ba_a)‘.?""_ mice had normal
development of pDCs (CD11¢"™CD11bB220")
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(fig. S3B), interstitial DCs of pancreatic islets
(CD11c"CD8a’) (fig. S3, C and D), monocytes,
neutrophils (fig. S3E), and SIGN-R1" marginal
zone and MOMA-1" metallophilic macrophages
(Fig. 2A). CD8a’ ¢DCs developed normally in
heterozygous Batf3""~ mice (fig. S4A) and were
absent in Rag2™™ Bayf3™ mice (fig. S4B).

This loss of CD8a” ¢DCs could result from a
cell-autonomous hematopoietic defect or a cell-
extrinsic requirement for Baf3. To distinguish
these possibilitics, we generated chimeras in which
CD452" Batf3"" or CD45.2" Bagf3™ bone mar-
row (BM) was transplanted into lethally imadiated
CD45.1'CD45.2" recipients (Fig. 2B). Upon re-
constitution (fig. S5A), we found CD8a’ ¢DCs
developed only from Batf3""* donor BM cell (Fig.
2B), indicating a cell-intrinsic hematopoietic defect
in Bay3™" mice,

Treatment of mice with fims-like tyrosine ki-
nase 3 (f1t3) ligand-Fc (FL-Fc) increased the num-
bers of CD8a™ ¢DCs, CD8a™ ¢DCs, and pDCs in
Batf3*"" mice but failed to increase the number of
CD8a" ¢DCs in Baf3™ mice (Fig. 2C). In vitro
culture of BM with FL generates cell populations
comesponding to pDCs (CD11c"'CD45RA") and
¢DCs (CD11¢"CD45RA) (3, 16) (Fig. 2D). These
in vitro-derived ¢DCs do not express CD8a or
CD4 but contain a CD24" Sirp-a™™ population
corresponding to CD8a’ ¢DC (16). Batf3™" or
Batf3”"~ BM cells treated with FL produced sim-
ilar ratios of pDCs and ¢DCs (Fig. 2D and fig,
S5B). However, Batf3™ BM generated far fewer
CD24" Sip-u~ cells compared with Baf3'"" BM
(Fig. 2D), corresponding to loss of CD8a” ¢DCs.
Lastly, DCs generated from Ba3" BM were
selectively deficient in Toll-like receptor (TLR)
3-induced interleukin (IL)-12 production (fig. S5C),
a specific feature of CD8a' ¢DCs (/6). Similarly,
CDl1¢" ¢DCs from the spleens of Bag3™ mice
were selectively deficient in TLR3-induced IL-12
production but had normal responses to TLR4
and TLRO ligands (fig. S6A).

We next tested whether APCs from Baif3 "
mice could prime CD4 " and CD&" T cell responses.
Similar proliferative responses of OT=1 transgenic
CD4" Teells (17) occurred with soluble ovalbumin
presented by Bayf3"" and Bat3™~ cDCs (fig. S6B).
However, Batf3 " ¢DCs were defective in an assay
for cross-presentation of cellular antigen to CDS&'
Teells (2, 18) (Fig. 3A). OT-I T cells proliferated
in response to Bay3"" ¢DCs cocultured with
ovalbumin-loaded cells but failed to proliferate in
response to Batf3 " ¢DCs in this assay.
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We examined responses of Bag3” mice to
West Nile virus (WNV) (19, 20) (fig. S6). Ba.'ﬁ_'r_
mice showed normal WNV-specific antibody re-
sponses (Fig. 3B) and memory B cell (fig. S6C)
and CD4" T cell responses (fig. S6D) but had a
dramatic reduction in WNV-specific CDS" T cell
responses (Fig. 3C) and in vivo cviotoxic T Ivme-
phocyte (CTL) killing of WNV i
target cells (fig. S7, A and B). Batf3™" mice lacked
WNV-specific memory CD8" T cells and had
impaired formation of CD& CD44™CD62L"™ cells
(fig. ST). Adoptive transfer of Ba3" CD8' Tcells
into Rag2 ™"~ mice generated normal WNV-specific
CDS8" T cell response (Fig. 3D), but adoptive transfer
of Bayf3"" CD8" Teells into Baf3™ RagZ™" mice
generated an impaired WNV-specific CD8" T cell
response (fig. 87C). This shows that impaired

A

WNV-specific CTL responses in Bag3" mice re-
sults from a defect of DCs rather than CD8 Teells.

We challenged Bayf3"" and Batf3™ ™~ mice with
syngeneic fibrosarcomas that nomally are rapidly
rejected in a CD4" and CD8" T cell-dependent
manner (2, 22) (fig. SBA). Two independent
fibrosarcomas were rapidly rejected by Baf3™"
mice but grew progressively in Rﬂgz"r' mice and
Batf3" mice (Fig. 4A and fig. S8, B and C).
Moreover, Batf3™ mice failed to develop tumor-
specific CTLs (Fig. 4B). Tumor-infiltrating CD&"
T cells, but not CD4" T cells, were significantly
reduced in Bag3 " mice (Fig, 4C). The failure of
Batf3”" mice to reject these tumors was not due
to defective natural killer cell development or
function (figs. S2B and 59, A w0 C). We con-
sidered whether Bay3™ T cells have an intrinsic

REPORTS I

dysfunction because overexpression studies had
suggested Ba3 might affect IL-2 transcription
(14). Although Batf3 overexpression reduces [L-2
reporter activity in Jurkat T cells (fig. S10B),
Batf3”™ CD4" T cells showed normal IL-2 pro-
duction (fig. S10D) and normal T helper cell (Ty)
Tyl, T2, and Tyl 7 differentiation (figs. S10, C
to E, and S11B). Lastly, Basf3 "~ CD8" T cells
showed normal allospecific effector responses
(fig. S11A) and cytokine production (fig. S11B).

Other DC subsets may cross-present, although
less efficiently than CD8a’ DCs (23-26), suggest-
ing there may be residual cross-presentation ca-
pacity in Baf3”" mice. We therefore challenged
mice by using reduced tumor-cell numbers, which
might allow effective responses in the setting of
reduced cross-presentation (fig. S8). Whereas 10
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Fig. 3. Lack of cross-presentation and antiviral CTL responses in Batf3™~ mice.
(A) Batf3*"* (+/+) or Batf3™'~ (~/-) splenocytes were depleted of B220* B cells
and Thy1.2* T cells, enriched for CD11c by MACS, and cultured with irradiated
MHC class I splenocytes as indicated that were either untreated (—ovalbumin),
pulsed with 10 mg/ml soluble ovalbumin (+ovalbumin), or cultured with 1 uM
Ser-lle-lle-Asn-Phe-Glu-Lys-Leu (SIINFEKL) peptide. Carboxyfluorescein succini-
midyl ester (CFSE)-labeled CD45.1% OT-I T cells were cultured with these cells,
and proliferation was determined by FACS after 60 hours. Single-color histograms
of CD8*CD45.1" OT-1 T cells show the percentage of cells in the indicated gates.
(B) Batf3*'* (+/+) or Batf3™ (—/-) mice were infected with 100 plaque-forming
units (PFUs) of WNV. On day 7, isotype-spedific anti-WNV E protein titers were
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intravenously into Rag2™

measured. Horizontal lines represent mean fiters and dotted line represents
limit of detection. (C) Batf3*'* (+/+) or Batf3™'~ (~/-) mice were infected with
100 PFUs of WNV or left uninfected. After 7 days, splenocytes were stimulated
in vitro with the WNV-specific NS4B peptide (P33), OVA peptide, or phorbol 12-
myristate 13-acetate (PMA)/ionomycin as described. CD8" T cells were analyzed
for expression of intracellular interferon y (IFN-y). Data shown are mean + SEM
(n =9 to 10). (D) Batf3*'* (+/+) or Batf3~'~ (-/=) CD8* T cells were transferred
~ recipients. After 24 hours, mice were infected with
100 PFU of WNV (+WNV) or left uninfected (—WNV). After 7 days, splenocytes
were harvested and analyzed as described in (C). Data shown are mean + SEM
(n = 6). Three independently performed experiments yielded similar results.
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rzg. 4. Lack of tumor rejection in Batf3 ™'~ mice. (A)
10® H31m1 fibrosarcoma cells were injected sub-
cutaneously into Batf3** (solid cirdes), Batf3™"
(open circles), or Rag2™" (triangles) mice, and
tumor diameter (+SD) (n = 10) was measured. (B)
Mice were treated as in (A). After 9 days, splenocytes
were harvested and cocultured with IFN-y pre-
treated, irradiated H31m1 tumor cells. After 5 days,
a CTL killing assay using **Cr-labeled H31m1 or
1773 tumor cells as target cells was performed.
Shown is specific killing activity as described in (30).
(€} Tumors and spleens from mice treated as in (A)
were removed on day 11, and cells analyzed by
FACS. Plots are gated on live CD45.2* cells and
show CD3, (DBu, and CD4 expression. Numbers
represent the percentage of cells within the indi-
cated gate. Results are representative of at least
three mice per group.

and 10° tumor cells grew in all Rag2™” mice,
some Bat3 mice controlled this lower tumor
burden (fig. S8, D and E) and developed a tumor-
specific CTL response (fig. S8F). Whereas
adoptive transfer of wild-type DCs led to partial
control of tumor growth in Ba,'ﬂ"" mice, transfer
of Baf3” DCs did not (fig. S12).

Subsets of ¢DCs have recently been described
with functional similarities to CD8a’ ¢cDCs. Mi-
gratory Langerin” dermal and lung DC subsets
express DEC205" and CD103" and, like CD8a”
¢DCs, are CD11b™ (27, 28). CD8a”* ¢DC and mi-
gratory CD103" DC populations share the distinc-
tive properties of TLR3 responsiveness (27) and
capacity for cross-presentation (26), further sup-
porting the idea that these CD103" subsets may be
related. In spleen, CD103 is coexpressed with CD8a
on cDCs (fig. S13A) (29) and selectively expressed
by the “CD8a equivalent” CD24"Sirp-a™™ ¢DC
subset derived from FL-treated Ba#f3"" BM (fig.
S13C), but is not expressed by Batf3"~ splenic
¢DCs (fig. S13B) or FL-treated Bat3~ BM
cells. This suggests that CD103-expressing ¢DCs
may require Baff3. In agreement, Bayf3 ™ mice
showed a reduced number of CD103-expressing
DEC205'CD8a CD116*" dermal DCs in skin-
draining lymph nodes (fig. S14).
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This study describes a transcription factor that
controls development of CD8a" ¢DCs. Bat3™
mice exhibit impaired antigen cross-presentation,
impaired CTL responses against viral infection, and
impaired responses to tumor challenge, These re-
sults suggest an important role for in vivo cross-
presentation m CTL responses and provide support
for therapeutic approaches that use CD8a" ¢DCs
for the induction of effective immune responses.
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Del-1, an Endogenous Leukocyte-
Endothelial Adhesion Inhibitor, Limits
Inflammatory Cell Recruitment

Eun Young Choi,* Emmanouil Chavakis,>* Marcus A. C:abanka,31' Harald F. Langer,t

Line Fraemohs,® Matina Economopoulou,® Ramendra K. Kundu,® Alessia Orlandi,? Ying Yi Zheng,
DaRue A. Prieto,” Christie M. Ballantyne,® Stephanie L. Constant,” William C. Aird,'®

Thalia Papayannopoulou,*® Carl G. Gahmberg,** Mark C. Udey,*® Peter Vajkoczy,?

Thomas Quertermous,® Stefanie Dimmeler,® Christian Weber, Triantafyllos Ehavakis‘:l:

Leukocyte recruitment to sites of infection or inflammation requires multiple adhesive events.
Although numerous players promoting leukocyte-endothelial interactions have been characterized,
functionally important endogenous inhibitors of leukocyte adhesion have not been identified.
Here we describe the endothelially derived secreted molecule Del-1 (developmental endothelial
locus—1) as an anti-adhesive factor that interferes with the integrin LFA-1—dependent leukocyte-
endothelial adhesion. Endothelial Del-1 deficiency increased LFA-1-dependent leukocyte adhesion
in vitro and in vivo. Del-17" mice displayed significantly higher neutrophil accumulation in
lipopolysaccharide-induced lung inflammation in vivo, which was reversed in Del-1/LFA-1
double-deficient mice. Thus, Del-1 is an endogenous inhibitor of inflammatory cell recruitment
and could provide a basis for targeting leukocyte-endothelial interactions in disease.

cukocyte extravasation is integral to the

response to infection or injury and to in-

flammation and autoimmunity. Leukocyte
recruitment comprises a well-coordinated cascade
of adhesive events, including selectin-mediated
rolling, firm adhesion of leukocytes to endothelial
cells, and their subsequent transendothelial migra-
tion. The interaction between LEA-1 (also known
asaLf2 and CD11a/CD18) and endothelial inter-
cellular adhesion molecule—1 (ICAM-1) s crucial
during firm endothelial adhesion of leukocytes

( 1-5). Whereas numerous adhesion receptors pro-
moting inflammatory cell recruitment have been
identified, very little information exists about en-
dogenous inhibitors of the leukocyte adhesion
cascade (1-7).

Developmental endothelial locus—1 (Del-1) is
a glycoprotein that is secreted by endothelial cells
and can associate with the endothelial cell surface
and the extracellular matrix (§—/0). Del-1 is regu-
lated upon hypoxia or vascular injury and has
been implicated in vascular remodeling during

REPORTS I

angiogenesis (10-12). We sought to determine
whether endothelially derived Del-1 participates
in leukocyte-endothelial interactions.

Del-1 mBNA was observed predominantly in
the brain and lung, with no expression in the liver,
spleen, or whole blood (Fig. 1A and fig. S1A).
Del-1 was expressed in wild-type (WT) but not in
Del-1"" murine lung endothelial cells (Fig. 1B)
(9). In lung tissues, Del-1 was present in blood
vessels (fig. S1B).

To determine whether Del-1 participates in
leukocyte recruitment interactions, we studied
the adhesion of primary neutrophils to immobi-
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lized Del-1. Mouse neutrophils specifically bound
to Del-1 under static conditions. Adhesion was in-
hibited by a blocking monoclonal antibody (mAb)
to CDIla (the aL-integrin subunit) but not by
antibodies to av-integrin or Bl-integnn (Fig. 1C),
suggesting that LEA-1 mediates the interaction of
neutrophils with Del-1. Consistently, LFA-1""
neutrophils displayed reduced adhesion to Del-1
(Fig. 1C). The residual LFA-1-independent bind-
ing of neutrophils to Del-1 was blocked by mAb
to Mac-1 (fig. S2A), which is consistent with the
fact that LFA-1 and Mac-1 are closely related and
share several ligands (1.3). In addition, alLAransfected
but not vector-transfected J-f,.7 cells specifically
bound to immobilized Del-1 (Fig. 1D), whercas a
direct interaction between Del-1 and the ligand-
binding I domain of LFA-1, locked in the open
high-affinity conformation, was observed (Fig. 1E
and fig. S2B). Thus, Del-1 is a ligand of LFA-1
integnn.

To address whether Del-1 participates in
leukoceyte-endothelial interactions, we studied
neutrophil and monocyte adhesion to WT and
Del-1"" endothelial cells (14, 15). Contrary to our
prediction, Del-17" endothelial cells promoted sig-
nificantly higher neutrophil and monocyte adhe-
sion. LFA-I-deficiency on leukocytes and mAb
to LFA-1 abolished the enhanced adhesion to
Del-1"" endothelium (Fig. 2A and fig. $3). Thus,
enhanced inflammatory cell adhesion to Del-1""
endothelium 15 specifically mediated by LFA-1
on leukocytes.

To understand the unexpected inhibitory role
of Del-1 in leukocyte-endothelial adhesion, we
investigated whether soluble Del-1 interfered with
the interaction of LFA-1 with its major ligand,
ICAM-1. Mn**-induced binding of ICAM-1-F¢
to murine leukocytes in solution was significantly
inhibited by soluble Del-1 (Fig. 2B). Moreover,
soluble Del-1 inhibited the LFA-1—dependent ad-
hesion of WT neutrophils to immobilized ICAM-1
under physiologic flow conditions, whereas sol-
uble Del-1 did not affect the weaker adhesion of
LFA-1""" neutrophils to ICAM-1 (Fig. 2C).

The finding that endothelial Del-1 antagonizes
LFA-1-dependent adhesion (Fig. 2A) appeared
to be discordant with the finding that immobi-
lized Del-1 promoted leukocyte adhesion under
static conditions (Fig. 1C). We thus assessed the
ability of Del-1 and ICAM-1 to promote adhe-
sion when co-immobilized with P-selectin and
the chemokine MIP-2 under physiologic flow
conditions at low and high shear rates (0.8 and
2 dynca-’cmzl, In this system, leukocytes first roll
on selectin and then arrest on the integrin ligand.
Whereas ICAM-1 promoted robust firm adhesion
ofneutrophils at both shear rates, Del-1 promoted
only weak adhesion at the lower shear rate and
almost none at the higher shear rate (Fig. 2D). We
then analyzed how the presence of plate-bound
Del-1 would affect the adhesion of neutrophils to
ICAM-1 under flow. Increasing concenirations of
Del-1 co-immobilized with ICAM-1, P-selectin,
and MIP-2 significantly inhibited neutrophil ad-
hesion to ICAM-1 (Fig, 2E). Thus, although it is
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Fig. 2. Del-1 interferes with LFA-1—dependent leukocyte adhesion, (A) PMA-induced adhesion of WT
neutrophils in the absence (white bars) or presence of isotype control antibody (light gray bars) or mAb to
LFA-1 (dark gray bars), or of LFA-1™" neutrophils (black bars) to WT or Del-17" lung endothelial cells, is
shown. IgG, immunogolbulin G. Adhesion is presented as the percentage of adherent cells. Data are mean +
SD (n = 4 experiments). *P < 0.05. (B) Binding of soluble ICAM-1-Fc to mouse bone marrow
mononuclear cells in the presence of MnCl;. Cells were preincubated with BSA or soluble Del-1. Data are
mean + SEM (n = 3). *P < 0.05. (C) Adhesion of WT (white bars) or LFA-1™" (black bars) neutrophils to
immobilized P-selectin, MIP-2, and ICAM-1 under flow (0.8 dynesfcmz} was studied in the presence of
mAb to CD11a or isotype control antibody (each mAb at 10 ug/ml) or in the presence of BSA or mouse
soluble Del-1 (each at 20 ug/ml). Adhesion is shown as the percentage of control; that is, adhesion of WT
neutrophils in the presence of control antibody. Data are mean + SEM (n = 3 perfusion experiments). *P <
0.05. (D) Adhesion of WT neutrophils to immobilized P-selectin, MIP-2, and ICAM-1 (white bars) or Del-1
(black bars) was studied at indicated shear rates. Adhesion is shown as the number of adherent cells per
field. Data are mean + SEM (n = 4 perfusion experiments). *P < 0.05. (E) Adhesion of WT neutrophils to
immobilized P-selectin, MIP-2, and ICAM-1 was studied in the presence of increasing concentrations of
Del-1 that was coimmobilized. Adhesion is shown as the percentage of control; that is, adhesion of WT
neutrophils in the absence of immobilized Del-1. Data are mean + SEM (n = 6 perfusion experiments).
**P < 0.01. (F) The numbers of neutrophils at 4 hours after intraperitoneal injection of thioglycollate in
WT mice are shown. Mice were treated 30 min before thioglycollate injection with intravenous injection of
control Fc protein (control), Del-1—Fc, or ICAM-1—Fc. Data are expressed as absolute numbers of emigrated
neutrophils. Data are mean + SD (7 = 4 mice per group). *P < 0.05.

WWW.SCiencemag.org




a ligand of LFA-1, Del-1 does not promote firm
leukocyite adhesion under flow but interferes with
leukocyte adhesion to endothelial ICAM-1.

We then assessed the ability of soluble Del-1
expressed as an Fe fusion protein to inhibit neu-
trophil recruitment in vivo in acute thioglycollate-

REPORTS I

induced peritonitis (/4). Intravenous administration
of Del-1-Fc 30 min before thioglycollate injec-
tion significantly reduced neutrophil accumulation,
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5 600- |
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Fig. 3. Slow rolling and firm adhesion of
inflammatory cells in vivo are enhanced TNF -a
by Del-1 deficiency in the dorsal skinfold
chamber model. (A) The number of leuko-
cytes adherent to the endothelium of post-
capillary venules was assessed in WT (black
bars) or Del-17' (gray bars) mice at base-
line conditions as well as 2 hours after
TNF-u superfusion. Adherent leukocytes C B i
are shown as the number of cells per ves- 60 g® °
sel surface (in square millimeters). Data are - Boais i o= :'. s
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as compared to Fc control protein (Fig, 2F). Sim-
ilarly, ICAM-1-Fc reduced neutrophil recruitment
into the peritoneum (Fig. 2F).

To provide further evidence for the role of
Del-1 in inflammatory cell recruitment in vivo,
we performed intravital microscopy using the
dorsal skinfold chamber model (16). Del-17"
mice displayed increased numbers of leukocytes
adherent to postcapillary venules both in the base-
line condition and upon tumor necrosis factor—o
(TNF-a) stimulation (Fig. 3, A and B). Besides
firm arrest, the interaction between LFA-1 and
ICAM-1 contributes to slow rolling processes (/7).
A significant decrease in rolling velocity accom-
panied by an increase in the fraction of slow-
rolling leukocytes was observed in Del-17"" mice
(Fig. 3, C and D).

We further studied whether Del-1 could reg-
ulate inflammatory cell recruitment in vivo,
by performing LPS-induced lung inflamma-
tion. Del-17" mice displayed significantly higher
accumulation of neutrophils in the broncho-
alveolar lavage (BAL) fluid than did WT mice
(Fig. 4A). LFA-17" mice displayed reduced neu-
trophil accumulation in the BAL upon LPS-
induced lung inflammation (Fig. 4A) (I8, 19).
The increased neutrophil recruitment in vivo
due to Del-1 deficiency required the presence of
LFA-1, bL‘CHUEE nx:mmphil accumulation in the
BAL in Del-1 " LFA-1" mice equaled the accu-
mulation of these cells in LFA-1""" mice (Fig. 4A).
The increased leukocyte recruitment due to Del-1
deficiency could not be attributed to an altera-
tion in peripheral blood counts, because constitu-
tive leukocyte numbers were comparable in WT
and Del-17" mice (fig. $4). In addition, intra-
venous administration of soluble Del-1 efficiently
reversed the increased neutrophil recruitment in
Del-1"" mice (Fig. 4B).

Furthemmore, Del-1 deficiency resulted in an
up-regulation of baseling ICAM-1 protein expres-
sion by lung endothelial cells, which was over-
ridden upon TNF-a stimulation, whereas vascular
cell adhesion molecule—1 (VCAM-1) expression
was unaffected (fig. S5). No significant increase
in ICAM-1 expression, under baseline or inflam-
matory conditions, was found in Del-1"" lungs
(fig. S6), suggesting that altered ICAM-1 expres-
sion is not involved in the increased leukocyte
recruitment to Del-17"" lungs. Moreover, whereas
the increased neutrophil recruitment to the lung
upon Del-1 deficiency was completely reversed
by leukocyte LFA-1 deficiency (Fig. 4A), the in-
hibition of ICAM-1 by a blocking mAb (78, 20)
decreased neutrophil recruitment by the same ex-
tent in both WT and Del-17" mice (Fig. 4C), sug-
gesting an involvement of other LFA-1 ligands.
Thus, Del-1 deficiency enhances LFA-1-dependent
leukocyte recruitment in vivo.

We found that Del-1 acted in an anti-inflammatory
fashion; however, the expression of Del-1 in in-
flammation has not been demonstrated. Thus, we
analyzed Del-1 mRNA expression in the lung
and in endothelial cells upon inflammatory stim-
ulation. Upon LPS administration, lung Del-1
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mRNA was significantly reduced (Fig. 4D). Like-
wise, TNF-a stimulation of endothelial cells in-
duced a significant decrease in Del-1 expression
(fig. S7).

Endogenous inhibitors exist in many aspects
of inflammation and immunity (2/, 22), attenuat-
ing exuberant inflammatory and immune activa-
tion. The existence of endogenous inhibitors in the
leukocyte adhesion cascade, a central paradigm
of inflammation and immunity, has been unclear.
In this study, endothelially derived Del-1 was
shown to intercept LEA-1-dependent leukocyte-
endothelial interactions. Given the importance of
LFA-1-dependent leukocyte recruitment in sev-
eral inflammatory and autoimmune disorders
(13, 23-25), Del-1 may provide a platform for de-
signing novel attractive therapeutic modalities to
target leukocyte-endothelial interactions in disease.
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Ubiquitin-Like Protein Involved
in the Proteasome Pathway of
Mycobacterium tuberculosis

Michael ). Pearce,® Julian Mintseris,” Jessica Ferreyra,* Steven P. Gygi,” K. Heran Darwin*

The protein modifier ubiquitin is a signal for proteasome-mediated degradation in eukaryotes.
Proteasome-bearing prokaryotes have been thought to degrade proteins via a ubiquitin-
independent pathway. We have identified a prokaryotic ubiquitin-like protein, Pup (Rv2111c),
which was specifically conjugated to proteasome substrates in the pathogen Mycobacterium
tuberculosis. Pupylation occurred on lysines and required proteasome accessory factor A (PafA). In
a pafd mutant, pupylated proteins were absent and substrates accumulated, thereby connecting
pupylation with degradation. Although analogous to ubiquitylation, pupylation appears to
proceed by a different chemistry. Thus, like eukaryotes, bacteria may use a small-protein modifier

to control protein stability.

the Mycobacterium tuberculosis (Mth) pro-

teasome is a multisubunit barrel-shaped pro-
tease composed of two rings of catalytic B subunits
sandwiched by rings of a subunits (/-5). The
cukaryotic 268 protcasome is composed of'a 208
core particle and one or two 195 regulatory caps,
which include adenosine triphosphatases (ATPases)

S imilar to the ecukaryotic 208 proteasome,

that recognize, unfold, and translocate substrates
into the core for degradation [reviewed in (6)]. In
Mitb, Mpa (Mycobacterium proteasome AT Pase)
shares homology with regulatory cap ATPases.
Substrates of the Mtb proteasome have been iden-
tified (7), but it remains unclear how they were
targeted for degradation. Proteins delivered to the
ceukaryotic proteasome are usually conjugated with
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ubiquitin, which covalently attaches to substrate
lysines (Lys) as well as onto ubiquitin itself
[reviewed in (8)]. Genes encoding ubiquitin-like
proteins (Ubls) have not been identified in the
Mth genome

To further define the Mib proteasome system,
we looked for proteins that interacted with Mpa
using an Escherichia coli bacterial two-hybrid
system (9, 10). A fusion protein that encoded
the last 26 amino acids of Rv2111c (here re-
ferred to as “Pup”) interacted with the Mpa bait
fusion [Fig. 1A (10)]. Full-length Pup also spe-
cifically interacted with Mpa (Fig. 1A). The
pup gene has been identified (11, 12), but the
function of Pup was unknown. pup homologs
have so far only been identified in Actino-
bacteria by BLAST search (13). In Mtb, pup is
part of a putative operon with the proteasome
core genes preB and pred (fig. S2). pup is pre-
dicted to encode a 64-amino acid protein with
amolecular size of 6.9 kD (GenBank accession
number EU914921). Recombinant Pup puri-
fied from E. coli migrated to a position around

1De;)artmem of Micrabiclogy, New Yark University School
of Wedicine, New York, NY 10016, USA. “Department of
Cell Biclogy, Harvard Medical Schoal, Boston, MA 62115,
USA

*Ta whom correspondence should be addressed. E-mail:
heran.darwin@med.nyu.edu

Fig. 1. Pup interacts with the ATPase Mpa and the
proteasome substrate FabD. (A) Mpa interacted with
Pup in an E. coli two-hybrid system. E. coli (cya) was
transformed with combis of plasmids

15 kD in a denaturing polyacrylamide gel (Fig.
1B); however, certain Ubls, like SUMO-1, mi-
grate more slowly than expected (14, 15).

We then tested the PupMpa interaction in
vitro using nickel-nitrilotriacetic acid (Ni-NTA)
agarcse bound with purified Hisg-Pup, and Pup
was able to bind Mpa (Fig. 1B) (/). Mpa was
not retained by agarose that had first been incu-
bated with E. coli lysate or with SigE-Hise, a
Salmonella typhimuriton protein that is similar in
size and charge to Pup (16). Thus, Pup specifi-
cally and noncovalently interacted with Mpa in
an E. coli lysate under native conditions.

Additional genetic and biochemical experi-
ments with £, coli 10 test for interactions between
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tected purified FLAG-FabD at the predicted
size of ~30 kD (Fig. 1D). Unexpectedly, Hiss-
specific antibodies detected a purified ~45-kD
species when FLAG-FabD and Hisg-Pup were
coproduced in mycobacteria (Fig. 1D). We also
observed the ~45-kD band upon a longer ex-
posure with anti-FLAG (fig. S3A). This ~45-kD
species, probably representing a Pup~FabD com-
plex, was highly stable because it was main-
tained under reducing and denaturing conditions.
‘When FLAG-FabD was purified from an E. coli
strain making Hisg-Pup, we were unable to de-
tect the ~45-kD species (fig. S3B). Thus, Pup
interacts with an Mh proteasome substrate in a
manner lhal is not suppom:d in E. coli, and

Pup and other Mth p ne cor
were 1. Thus, we hypoth d that
E. cofi lacked cofactors that were necessary to
promote certain Mth protein-protein interac-
tions. We used a mycob l pro-

Tequires A b specific factors.

The formation of a stable complex between
our model substrate FabD and Pup was rem-
iniscent of the covalent attachment of ubiquitin
top substrates in cu]mryalr:s Sequence

tein fragment complementation assay (I7) to
test for interactions between various Mrb protea-
some components and substrates in Myco-
bacterium smegmatis (Msm). Surprisingly, we
observed a strong positive interaction between
Pup and the proteasome substrate FabD [mal-
onyl coenzyme A acyl carrier protein] (Fig.
1C). To confirm the interaction, we expressed
constructs encoding FLAG-FabD and His;-Pup
in Msm. Antibodies to FLAG (anti-FLAG) de-

either of the two domains of Bordetella pertussis Cya,
T25 (“plasmid 1") or T18 (“plasmid 2", fused to test
proteins (for plasmid details, see fig. S1A and table
51). 'Pup represents the 26—amino acid fragment
identified from an b genomic T25 library with
T18C-Mpa as bait (a). Interactions that reconsti

functional Cya permitted growth on minimal lactose
agar ("+"). All strains grew on minimal glucose agar
(fig. S1A). (B) Mpa interacted with Pup in vitro.
Hisg-Pup, SigE-Hisg, or E. colf “vector only” lysate
on Ni-NTA agarose was incubated with recombi-
nant Mpa (“input”). Fractions were separated by

15% SDS—polyacrylamide gel electroph:

(PAGE) and visualized with Coomassie Brilliant Blue
(CBB). The same samples were analyzed by anti-Mpa
immunoblot (1B, below). (C) Pup interacted with
FabD in an Msm two-hybrid system. Msm was
transformed with combinations of plasmids encoding

either of the two domains of murine
reductase, F(1,2) ("plasmid 1" or F(3) ("] plasmld 27
fused to Pup, FabD, GCN4 (a Saccharomyces
cerevisige leucine zipper domain), or no other
protein (for plasmid details, see fig. S1B and table
S1). Positive interactions permitted growth on
trimethoprim (Trim) (“+"). Pup had weak interactions
with GCN4 (f, . All strains grew on media lacking
Trim (fig. $18). (D) Pup formed a stable complex with
FabD in Msm. FLAG-tagged proteins were enriched

and structural prediction comparisons between
Pup and ubiquitin showed no overall homol-

ogy. However, we noticed conservation of either
of the basic amino acids arginine (Arg) or Lys,
followed by two glycines (Gly) at the C termini
(Fig. 2A). This di-Gly motif is conserved in
most members of the ubiquitin-like protein fam-
ily, and is usually followed by one or more amino
acids [reviewed in (/8)]. The C termini of Ubls
are generally processed to expose the di-Gly and

A B Flow-through Elution
plasmid 1 + plasmid 2 E. coli on Minimal + F
di (a) | ‘Pup+mpa lactose g f f 43*%'
(B) | Pup+Mpa 00 TP TY E
(© | Mpas+Pup g =
(d) | Pup+empty a7
(@) [ empty + Pun 25=
(i) emply + ampty =
@ | emply +Mga = i 4 Fup
e . W «sigEHIs,
Wpa +
) ipa + Mpa T = ==<IB: Mpa
c
plasmid 1 + plasmid 2 Myzabecteria on D i FabD 4 HisPup
@ [cmarcone | . trimethoprim 2: FLAG-FahD + vector
o e iro i 3: FLAG-FabD + His,-Pup
@ | empty + Pup L2, 122
(@ | Fabb+Pup
e (| Lo B e N
M | Pup+aone =
(@ | Pup+FabD 25’-
o | Pup + ampry
() | Pup+FabD
0| empty+ Pup
) | FabD + Pup IB: FLAG Hisg
o | eeNe+ P

from equal amounts of lysates of Asm with plasmids encoding FLAG-FabD and either empty vector or His¢-Pup. Untagged FabD was the negative control. Samples
were separated by 12% SDS-PAGE, and analyzed by anti-FLAG or anti-Hiss immuncblotting. FLAG-FabD migrated at the predicted size (arrow, left) and at a higher
molecular size {fig. S3A); the ~45-kD anti-Hiss—reactive protein (asterisk, right) is only seen in mycobacteria producing FLAG-FabD and Hisg-Pup.
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then activated for conjugation to substrate pro-
teins through a series of enzyme-catalyzed re-
actions [reviewed in (19)]. The terminal Gly of
ubiquitin is essential for the formation of an
isopeptide bond with the Lys of a substrate [re-
viewed in (8)].

Consequently, we used tandem affinity chro-
matography to purify FLAG-FabD~His,-Pup
(Fig. 2B) and characterized the interaction using
mass spectrometry (MS) (20). MS analysis of
ubiquitylated substrates typically identifies sub-
strate peptides with the tryptic Gly-Gly ubiquitin
fragment covalently attached to a lysine (20).
Our MS analysis confimned the presence of both
Mib proteins and, given the Pup C-terminal se-
quence (Gly-Gly-Gln; Gln, glutamine), we per-
formed a high-resolution tandem MS/MS search
allowing for either a Gly-Gly or Gly-Gly-Gln
modification of FabD (Fig. 2C). This anal-
ysis revealed several spectral matches to a FabD
tryptic peptide with the Pup C-terminal se-
quence attached through an isopeptide bond
to Lys'” of FabD. The precursor mass devia-
tion (AM), however, suggested a deamidation
event (AM =+0.984), pointing to a probable C-
terminal Gln—Glu conversion. This result showed
that the Gln following the di-Gly of Pup was
not removed. We then purified unconjugated
His;-Pup from E. coli and Msm, digested the
protein with Asp-N protease, and analyzed
peptides by MSMS. Using the raw intensity

Fig. 2. The C terminus of Mtb Pup covalently
attaches to Lys'™ of Ath FabD. (A) Alignment of
the C terminus of Pup to that of Pup or ubiquitin
from representative Actinomycetes or eukaryotes,
respectively. Identical amino acids are shaded
black. Sequences were compiled from the Nation-
al Center for Biotechnology Information server
and aligned by means of ClustalW (23). (B) Pu-
rification of the FabD~Pup complex. Msm was
cotransformed with plasmids encoding FLAG-FabD
and Hisg-Pup. FLAG-FabD~Hisg-Pup was purified
sequentially with Ni-NTA agarose and anti-FLAG
M2 affinity matrix. Proteins from each purifica-
tion step were analyzed by 12% SDS-PAGE and
visualized with CBB. (C) Tandem mass (MS/MS)
spectrum of a FabD tryptic peptide derived by
collision-induced dissociation of the (M + 2H)*
precursor, massicharge ratio (m/z} 869.963 [1.55
parts per million (ppm)]. Singly charged fragment
ions marked in the spectrum represent peptide
bond cleavage resulting in the sequence infor-
mation recorded from both the N and C termini
(b- and y-type ions, respectively). This spectrum,
searched with the SEQUEST program, matched to
the peptide shown with a mass shift correspond-
ing to a deamidation event, converting the Pup C-
terminal Gln to Glu (Q*). High mass accuracy MS/MS
unambiguously confirms covalent modification of
lysine in FLAG-FabD by Hiss-Pup, with multiple

data, we estimated roughly a 1:10 ratio of de-
amidated Gln:Gln at the Pup C terminus when
purified from E. cofi (Fig. 2D). In contrast,
the deamidated form dominated by two or-
ders of magnitude in Afsm, strongly suggest-
ing that enzymatic activity was responsible
for the conversion of Pup into its active form.
Thus, deamidated Pup was covalently bound
to a specific Lys residue of an Mrh protea-
some substrate in a manner analogous to the
conjugation of ubiquitin to eukaryotic protea-
some substrates.

FabD and other Mb proteasome substrates
accumulate in mpa and pafd mutants (7). If
Pup, like ubiquitin, targeis proteins for degrada-
tion, pupylated FabD should also accumulate
in these mutants. FLAG-tagged FabD abun-
dance was increased in the mpa and paf4 strains
compared to wild-type (WT) Mrb (Fig. 3A).
We detected Pup~FabD in WT Afrb, and an ac-
cumulation of this species in the mpa mutant
({Fig. 3A). We also observed Pup~FabD in WT
samples using FLAG-specific antibodies (Fig.
3A). Pup~FabD is present at extremely low steady-
state amounts, suggesting that the transition
from an unpupylated to a pupylated state is a
tightly regulated process, like that of Ubl con-
Jjugation (19, 27). Unexpectedly, Pup~FabD was
undetectable in the pafd strain (Fig. 3A), de-
spite the accumulation of unpupylated FabD.
Similar observations were made for another

LTALEEK
B, b, bbb

@100

Relative Abundanc

000
miz

Mib proteasome substrate, PanB (ketopantoate
hydroxymethyltransferase) (fig. S6A), but not
for DIaT (dihydrolipoamide acyltransferase)
(Fig. 3A), which is not a substrate (7). There-
fore, PafA is involved in pupylation, a process
that seems to be specific for Mib proteasome
substrates.

If Pup acts like ubiquitin, then multiple
pupylated proteins could exist in 7. Immu-
noblot analysis with a Pup-specific antibody
against soluble proteins from WTand mpa Mtbh
strains revealed a ladder of proteins (Fig. 3B).
Again, no anti-Pup reactive bands were observed
in the pafA sample (Fig. 3B), implying that this
phenomenon extends 1o all targets of pupyla-
tion within the limits of detection. We were
unable to detect the unconjugated form of Pup,
suggesting that most Pup molecules are con-
jugated to substrates at steady state, or are
rapidly degraded by an unidentified protease.
Because pafA is in an operon with pafBC, we
also tested pafB and pafC mutants for substrate
pupylation (Fig. 3B). The extent of pupylation
did not differ between the WT strain and the
pafBC mutants, confirming that PafB and PafC
do not seem to be involved in substrate degra-
dation (22).

Our data sugFesl that PafA-dependent
pupylation of Lys'” leads to the degradation
of FabD. To test this hypothesis, we followed
the stability of purified **S-labeled FLAG-FabD-

NINTA FLAG
EEELuES

4 Pup~FabD

19,

matching b- and y-type ions. Additional detailed fragment ion information and additional spectra are presented in fig. 54. (D} Extracted ion
chromatograms of the C-terminal peptide of Asp-N—digested His¢-Pup. The traces correspond to the m/z of MH,™ precursors +3 ppm). In E. coli,
deamidated Gln was detected at a low abundance (~10%), whereas in Msm, the C-terminal Gln deamidation predominated. Q* denotes a deamidated
Gln, equivalent to Glu. See fig. 55 and (10) for additional details. Amino acid residues: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; K, Lys; L, Leu; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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KI173A-Hiss from WT AMfsm. The K173A mu-
tant was markedly more stable than WT FabD
(Fig. 4, A and B), providing further evidence
that pupylation is a signal for degradation. We
then purified radiolabeled Hisg-pupylated pro-
teins from WT and mpa-deficient Msm and
observed the disappearance of these proteins
over time in WT but not mpa-deficient bacteria

(Fig. 4C and fig. 7). Thus, Pup covalently con-
Jjugates to a specific Lys of an Mb proteasome
substrate, and pupylated proteins are degraded in
an Mpa/proteasome-dependent manner (fig. S8).

There are similarities between the ubiquitin
and Pup systems, but there are also notable
differences. Unique aspects of pupylation may
include the mechanism of Pup activation and

Fig. 3. Pupylation is A Pull down: B Soluble Mtb proteins
associated m:g ffth px FLAG-FabD-His; 5 FLAG-DlaT-His o
teasome substrates. &é’
Aberrant amounts of £6§§ -#Ge‘!* WT  WT .#53?@
pupylation correlated with 4 -
proteasome-defective ‘1"'50-- 3&- 9y

states, Equal amounts of o

soluble Aith lysates from %% -

WT, mpa and pgfA strains - 3= 5 el

were incubated with Ni- 5. N - 37-

NTA agarose for enrich-

ment of FLAG-FabD-His,. 25—

Samples were deliberate- 20-

ly oyv;;le:ladzdmm d:te::}t IB: FLAG Pup FLAG Pup IB: Pup
pup: protein and o

serve the relative amounts unslad
of unpupylated versus IB: DlaT
pupylated FabD. Anti-FLAG

immunoblots of Ni-NTA eluates detected both unpupylated (arrow) and pupylated (asterisk) FLAG-FabD-
His;. Anti-Pup immunoblots of the same samples detected Pup~FLAG-FabD-His, {asterisk) in WT and mpa
/isth but not in the pafA strain. As a control, FLAG-DlaT-His, was purified from WT fth. Anti-FLAG
immunoblots detected a protein at the predicted size of FLAG-DlaT-Hise, but no pupylated species was
detected. Ponceau S staining shows that protein is present on this membrane (fig. S68). (B} Multiple
pupylated proteins were present in Ath, but not in a pafd mutant. Anti-Pup immunoblots of Mtb lysates
from WT, mpa, pafé, pafB, and pafC strains. Equivalent cell numbers were analyzed and the same blot was
used for detection of endogenous DlaT. All samples were separated by 10% SDS-PAGE.

A pulldown: FLAG-FabD-His, B
ihj=0 % 2 3 4 5 8 7 2y I’"‘j.
(3
K173A ettt s 80 LA T3LETY
E 60
é
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WT e Ezn
# 0 wy
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- ———
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FabD. WT Msm expressing WT fabD or fabD with the

mpa
Fig. 4. Pupylation is required for Mpa-dependent protein degradation. (A) K173A mutation stabilized

K173 codon mutated to alanine was pulse labeled

with *°s-methionine and cysteine. Samples were collected over time and FLAG-FabD-His, (WT or K173A
mutant} was purified and analyzed by 10% SDS-PAGE (20). This image represents a 12-hour exposure. A
6-hour exposure of the same gel is shown in fig. S7A. Immunoblot analysis showed that the K173A mutant
was also not efficiently pupylated (fig. S7B). (B) Quantification of labeled protein in (A). (C) Pupylated

proteins were degraded in an Mpa-dependent manner. WT and mpa mutant Asm were treated as in {A)
and His,-pupylated proteins were purified and analyzed. Total %5 protein labeling is shown in fig. S7C. All

data are representative of at least two independent experiments.
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conjugation to substrates, the chemistry involved
in the linkage of Pup to Lys, and the involvement
of PafA. We speculate that PafA plays a part in
conjugating Pup to substrates, but this idea re-
quires further investigation. Additionally, it re-
mains 1o be determined if proteins can be poly-
pupylated in AMth.

Aside from a role in protein degradation,
Pup and other small protein modifiers may
have important implications for other cellular
processes in bacteria. Considering the multi-
tude of activities coordinated by ubiquitylation
or SUMOylation in eukaryotes ({9, 2.), prokary-
otes may also use postiranslational protein
‘maodifiers for functions ranging from subcellular
sorting to secretion.
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Genome of an Endosymbiont
Coupling N, Fixation to Cellulolysis
Within Protist Cells in Termite Gut
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Termites harbor diverse symbiotic gut microorganisms, the majority of which are as yet
uncultivable and their interrelationships unclear. Here, we present the complete genome
sequence of the uncultured Bacteroidales endosymbiont of the cellulolytic protist
Pseudotrichonympha grassii, which accounts for 70% of the bacterial cells in the gut of the
termite Coptotermes formosanus. Functional annotation of the chromosome (1,114,206 base
pairs) unveiled its ability to fix dinitrogen and recycle putative host nitrogen wastes for
biosynthesis of diverse amino acids and cofactors, and import glucose and xylose as energy and
carbon sources. Thus, nitrogen fixation and cellulolysis are coupled within the protist’s cells.
This highly evolved symbiotic system probably underlies the ability of the worldwide pest
termites Coptotermes to use wood as their sole food.

termes formosanus is one of the most de-

structive species, causing severe economic
damage in temperate and subtropical regions
worldwide (7). C._formosanus annually costs resi-
dents about 1 billion dollars in the United States
(2) and several hundred million dollars in Japan
(3). Termites are keystone animals in the global
carbon cycle (4), and their ability to digest ligno-
cellulose & being explored to promote the devel-
opment of novel biofuels from woody biomass
(5). The mechanism underlying the ability of the
termites to thrive solely on such a recakitrant and
nitrogen-poor food sounce as wood remains unclear.
Although this capacity has long been attributed
to the termite’s symbionts, the interrelationships
are complex and the organisms resistant to avail-
able culture techniques (6, 7).

Hence, we attempted to acquire the complete
genome sequence of a prokaryote belonging
to the order Bacteroidales, and called phylo-
type CfPtl-2, which lives specifically within
the cells of the uncultivable, cellulolytic protist
Pseudotrichonympha grassii found in the gut
of C. formosanus (8) (fig. S1). About 1 x 10°
CtPt1-2 cells are housed within a single P. grassii
cell, contributing, in total, 70% of the bacterial

The Formosan subterrancan termite Capto-
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cells in the gut of C. formosanus (8). The para-
basalid host P grassii is the most important and
indispensable protist species and is essential for
the degradation of wood particles in the gut of
C. formosanus (9). Pseudotrichomympha spe-
cies harboring the Bacteroidales endosymbionts
are widely distributed among diverse subter-
ranean termites (family Rhinotermitidae) (10)
(fig. S2). Thus, elucidation of the metabolic func-
tions of CfPt1-2 is crucial for understanding the
symbiotic mechanism in C. formosanus and other
subterranean termites.

A single cell of P grassii was |':h¥5ir;=1llg.r
isolated from the gut microbiota, and 107 to 10
cells of its endosymbionts were collected by
rupturing the host membrane in buffer (/7). The
collected cells were subjected to isothermal
whole-genome amplification for sequence anal-
ysis. From the amplified sample, a single cir-
cular 1,114,206-base pair (bp) chromosome was
unambiguously reconstructed (fig. S3). The chro-
mosome contains 758 putative protein-coding
sequences (CDSs), 38 transfer RNA genes, and 4
ribosomal RNA genes (table S1 and S2). The
rRNA genes do not constitute an operon, and a
region containing the 165 rRNA gene and tRNA-
lle gene has been duplicated (72). Phylogenetic
analysis based on concatenated sequences of
ribosomal proteins confirmed that this bacterium
belongs to the order Bacteroidales (fig. S4).

Additionally, four circular plasmids were re-
constructed (table S1 and fig. S5). Three of the
four showed synteny with each other (fig. S6),
as well as with the chromosome region 974,000
to 1,042,400 (fig. 87) (12). This 68.4-kb-long
chromosome region contains three to four dupli-
cations of the plasmid-derived sequences. These
insertions and duplications imply active rear-
rangements in this genome. Genes involved in
DNA repair and recombination are relatively
abundant compared with other known intra-
cellular symbionts (table S3).

The predicted metabolic pathways of CfPt1-2
are shown in Fig. 1. The most striking feature of
this bacterium that we uncovered in this study
was its ability to fix dinitrogen. The genes en-
coding nitrogenase (NifHDK), Mo-Fe cofactor
biosynthesis proteins, nif-operon regulator NifA,
and Mnl*-h‘an:-:pnrtcr, all of which are essential
for N, fixation, were identified on the chromo-
some (table S4 and fig. $8). Although N,-fixing
activity has been demonstrated in diverse ter-
mites, including C. formosanus (13, 14), the dis-
covery of the requisite genes in a member of the
Bacteroidetes was unexpected, because there have
been no previous reports of nitrogenase genes in
this phylum.

The nifH gene of CiPt]-2 was phylogeneti-
cally affiliated with a cluster of clones previously
obtained from termite guts (/4, 15) (fig. S9). It
showed only low sequence similarity to the nifHf
genes of any known bacterial species, includ-
ing the N,-fixing spirochetes isolated from ter-
mite guts (/6). The expression of the nifH gene of
CfPtl-2 in the gut was confirmed by reverse-
transcription polymerase chain reaction using
universal primers for nifH. Ninety of 91 sequenced
clones were identical or nearly identical to CfPt1-2
nifH, which suggests that this bacterium is the
principal Na-fixer in C. formosanus gut (12). A
genus and species, “Candidatus Azobacteroides
pseudotrichonymphae,” is proposed here for the
CfPt1-2 bacterium (/2).

In CfPt1-2, the predicted pathways suggest
that the fixed nitrogen, in the form of NH,, is
assimilated initially by the activity of glutamine
synthetase and then used for biosynthesis of di-
verse amino acids and cofactors (Fig. 1). This
bacterium also possesses a gene encoding an
ammonium transporter and a gene cluster encod-
ing urease and a urea transporter. The orthologs
of the latter genes have never previously been
found in the Bacteroidales order. The ability to
import and assimilate ammonium and urea im-
plies that CfPt1-2 not only fixes atmospheric ni-
trogen but also recyeles the putative nitrogen
waste products of parabasalid protists (/7). The
amount of nitrogen in the diet alters the Na-
fixation activity of C. formaosanus (13), possibly
because CiPtl-2 can repress N fixation and re-
cycle urea and ammonia when these are abun-
dant in the host cytoplasm. N, fixation requires
a large amount of energy and thus its regulation
is important.

CiPt1-2 possesses genes for using mono-
saccharides derived from lignocellulose, that is,
glucose, xylose, and hexuronates, which are
likely to be abundant in the cytoplasm of the
cellulolytic host protist. In addition, the genome
encodes enzymes involved in a glycogen cyele
for storing carbohydrates. Thus, CfPt1-2 is un-
likely to expenence energy and carbon starva-
tion unless the termite host itself is starved.
CfPtl-2 retains a glycolytic pathway, and ener-
gy production is achieved through fermentation
of sugars to acetate and by fumarate respiration
(Fig. 1). Because the genome lacks genes for
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Fig. 1. Predicted metabolic pathways of phylotype CfPt1-2. Blue, synthesized
amino acids; green, cofactors. Amino acids and cofactors that can be
synthesized from imported precursors are shown in pale colors. The genome

encodes pathways for biosynthesis of 19 amino adds. Compounds that should
be imported are shown in gray. Provision of menaquinone (MQ) or its precursor
1,4-dihydroxy-2-naphthoate is probably required for fumarate respiration.

catalase, superoxide dismutase, and cytochrome
oxidase, CfPt1-2 is strictly anacrobic and cannot
use 0O, as an electron acceptor.

Interestingly, this bacterium is known to take
up hydrogen (18), although no typical hydrogen-
ase gene exists in its genome. The candidates for
this function form a cluster of seven genes, in-
cluding homologs of heterodisulfide reductase
and hydrogenase-like components (fig. S10).
Molecular Hy is abundantly produced during
both lignocellulose fermentation and N, fixation,
and is an ideal altemative encrgy source. More-
over, the removal of excess H, theoretically pro-
motes both lignocellulose fermentation and N,
fixation (fig. S11).

Comparison of the CfPtl-2 genome with
those of other known Bacteroidales show that
its guanine/cytosine content and CDS density are
lower, the number of pseudogenes is larger, and
its genome size is smaller (table S5). Although
genes involved in nitrogen metabolism have
been abundantly retained, CfPt1-2 has no genes
encoding extracellular glycosylhydrolases, has
few genes for biosynthesis of lipopolysaccharide
for a cell wall, and possesses only a few regu-
latory genes. All of these genes are numerous in
Bacteroidales human gut symbionts such as Bac-
tervides thetaiotaomicron (19). Although the pro-
file of orthologous groups of CfPtl-2 proteins
greatly differs from those of other Bacteroidales,
it is strikingly similar to that of phylotype Rs-D17 in
the candidate phylum Termite Group 1 (TG1), a
bacterial endosymbiont of the cellulolytic protist

www,sciencemag.org SCIENCE

Trichonympha agilis found in the gut of the ter-
mite Reticulitermes speratus (20) (fig. S12). The
TG endosymbiont also has a reduced and stream-
lined genome specialized for biosynthesis of amino
acids and cofactors (20, but unlike CfPt1-2, TGI
cannot fix N,.

Endosymbionts of cellulolytic protists are prob-
ably required by their protist hosts for the biosyn-
thesis of nitrogen compounds that are deficient in
woody materials. The cellulolytic protist with its
No-fixing endosymbionts, in tum, enables highly
cfficient growth of the host termite and its colony
without being limited by nitrogen deficiency. The
combined metabolic capacity of these organisms
has allowed termites to take advantage of a nutrient-
limited resource to humankind’s detriment.

References and Notes

N. Y. Su, Sociobiology 41, 7 (2003).

2. A R Lax, W. L. A. Osbrink, Pest Manag. Sci. 59, 788
(2003),

3. K. Tsunoda, Sociobiology 41, 27 (2003).

4. A Sugimoto, D. E. Bignell, ]. Macdonald, in
Termites: Evolution, Sociality, Symbioses, Ecology,
T. Abe, D. E. Bignell, M. Higashi, Eds. (Kluwer Academic
Publishers, Netherlands, 2000), pp. 405-436.

5. F. Warnecke et al., Nature 450, 560 (2007).

6. M. Ohkuma, Trends Microbiol. 16, 345 (2008).

7. N. Shinzato, M. Muramatsu, T. Matsui, Y. Watanabe,
Biosd, Biotechnol. Biochem. 69, 1145 (2005).

8. 5 Noda ef al., Appd. Emviron. Microbiol 71, 8811 (2005)

9. T. Yoshimura, Wood Res. 82, 68 (1995).

10. 5. Noda et al., Mol. Ecal. 16, 1257 (2007).

11. Materials and methods are available as supporting
material on Science Qnline,

12, See SOM Text.

=

VOL 322

13. ). A Bremnak, W. ). Brill, ]. W. Mertins, H. C. Coppel,
Nature 244, 577 (1973),

14. M. Ohkuma, 5. Noda, T. Kudo, Appl. Enviran. Micrabiol.
65, 4926 (1999).

15. 5 Noda, M. Ohkuma, T. Kudo, Microbes Environ, 17, 139
(2002).

16. T. G. Llburn et al,, Science 292, 2495 (2001).

17. ). M. Carlton et al., Science 315, 207 (2007).

18. ). Inoue, K. Saita, T. Kudo, 5. Ui, M. Ohkuma, Eukanvot.
Cell 6, 1925 (2007).

19. ). Xu ef al., PLo5 Biol. 5, #156 (2007).

20. Y. Hongoh et al,, Froc Natl Acad. Sci. L5.A 105, 5555
(2008).

21, We are grateful to all the technical staff of the Sequence
Technology Team at RIKEN Genomic Sciences Center {GSO
and the Ecomolecular Biorecycling Science Research Team
for their assstance, This work was supported in part by a
grant for the President’s Discretionary Fund of RIKEN; a
Special Fund for RIKEN GSC; grants for the Bioarchitect
Research Program and the Eco Molecular Science Research
Program from RIKEN; a Discovery Research Institute
Research Grant to Y.H. from RIEEN; a Grant-in-fid for
Scientific Research on Priority Areas “Comprehensive
Genomics” from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan to MH.; and a Grant-in-
Aid for Scientific Research from Japan Sockety for the
Promotion of Science to Y.H. and M.0. The authors declare
ng competing financial interests, The sequence dala have
been deposited in GenBank/DDBJEMBL under accession
numbers APO10656-60,

Supporting Online Material
www.sciencemag.orglogifcontentiull32 2/5904/1108/DC1

14 NOVEMBER 2008

Materials and Methods
S0M Text

Figs. 51 to 512

Tables 51 to 57
References

5 September 2008; accepted 8 October 2008
10.1126fcience. 1165578

1109



I REPORTS

Globally Distributed Uncultivated
Oceanic N,-Fixing Cyanobacteria
Lack Oxygenic Photosystem I

Jonathan P. Zehr,'* Shellie R. Bench, Brandon ]. Carter,® lan Hewson,® Faheem Niazi,’

1110

Tuo Shi,* H. James Tripp,® Jason P. Affourtit®

Biological nitrogen (N,) fixation is important in controlling biological productivity and carbon flux
in the oceans. Unicellular N,-fixing cyanobacteria have only recently been discovered and are
widely distributed in tropical and subtropical seas. Metagenomic analysis of flow cytometry—sorted
cells shows that unicellular N -fixing cyanobacteria in “group A" (UCYN-A) lack genes for the
oxygen-evolving photosystem Il and for carbon fixation, which has implications for oceanic carbon
and nitrogen cycling and raises questions regarding the evolution of photosynthesis and N,

fixation on Earth.

the enzyme nitrogenase, which is present

in diverse Bacteria and Archaea (/). Ma-
ring BNF is particularly important in the oli-
gotrophic open-ocean gyres, where nitrogen (N)
inputs to stratified surface waters are stoichio-
metrically related to photosynthetic carbon (C)
fixation and the vertical export of C to the deep
ocean (2). Biogeochemically based estimates
of oceanic N; fixation rates are much higher
than previously believed (2-5). Oceanic BNF
was assumed to be primarily due to the fila-
mentous cyanobacteria Trichodesmivum (6, 7)
and the symbiotic filamentous cyanobacteria
Richelia (8, ¥), until the recent discovery that
oceanic unicellular cyanobacteria are impor-

B iological N, fixation (BNF) is catalyzed by

'0cean Sciences Department, University of Califomnia,
Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA
2454 Life Sciences, 20 Commercial Street, Branford, CT
06405, USA,

*To whom correspondence should be addressed. E-mail:
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Fig. 1. Cytogram of the forward scatter (x axis)
and chlorophyll fluorescence (y axis) profile from
concentrated water samples collected from a depth
of 15 m at Station ALOHA (North Pacific) in late
January 2008. The UCYN-A population sorted for
MDA genome amplification and subsequent
sequencing indicated by the red arow.
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tant in oceanic N, fixation {0, /7). The uni-
cellular N,-fixing cvanobacteria were initially
discovered only by amplification of nitroge-
nase genes and gene transcripts (mRNA) from
oceanic water samples (72, 13), because they
cannot be detected with traditional net collec-
tion methods and microscopy as can Tricho-
desmium and Richelia.

One phylogenetic group of unicellular N;-
fixing cyanobacterial nitrogenase gene sequences
(“group A" or UCYN-A nifH) (13) is most
closely related to sequences from the marine
unicellular cyanobacterium Cyanothece sp. strain
ATCC 51142, a marine strain isolated from an
intertidal habitat, and to those of the unicellular
cyanobacterial symbiont of the diatom Rhopalo-
dia gibba (14). UCYN-A nifH gene sequences
have been reported from the Atlantic and Pacific
Oceans (15), but UCYN-A cyanobacteria have
not been successfully cultivated despite repeated
attempts. These microorganisms express nitro-
genase genes with maximum transcript abundances

during the light period (1, 16). The daytime ex-
pression of nitrogenase presents an enigma, because
the enzyme is inactivated by oxygen evolved dur-
ing photosynthesis. Most cyanobactenia use tempo-
ral or spatial separation of photosynthesis and N2
fixation to prevent nitrogenase inactivation (/7).
However, we found that UCYN-A cyanobacteria
have a genotype not previously known in free-
living cyanobacteria and are genetically incapable
of oxygenic photosynthesis, which also explains
why they can fix N, during daylight.

We initially assumed that the UCYN-A
cyanobacteria would have cell diameters of 2 to
8 pm, similar to those of typical coastal
(Cvanothece) and oceanic (Crocosphaera watso-
nii, UCYN-B) cyanobactena (/8), but discovered
that the UCYN-A cells were less than 1 pm in
diameter (/9). Natural populations of UCYN-A
cells could not be completely separated from other
small phototrophic and heterotrophic populations
by flow cytometry (FCM), but highly enriched
cell sorts were obtained by screening cells sorted
by fluorescence-activated cell sorting (FACS) for
UCYN-A nifH genes with a quantitative real-time
fluorescence polymerase chain reaction (QPCR)
assay, Real-Time TagMan (716, 20). We refined
sort parameters (fig. S1) from those we previ-
ously used (/9) to sort natural populations of
UCYN-A cells from numerous North and South
Pacific Ocean water samples (Fig. 1). We found
that the populations are widely distributed, which
indicated that our sorting strategy for UCYN-A
cells was robust (table 82).

Amplification of 165 ribosomal RNA (rRNA)
genes from the sorted cells, using PCR with
universal 165 rRNA primers, showed that the
sorted population contained some noncyano-
bacterial Bactena (such as Pelagibacter ubigue)
and non-N,-fixing cyanobacteria (Prochloro-
coccus and Synechococcus) in addition to the

UCYN-A cyanobacteria (table S1). The per-

Gloeocapsa sp. KOZ0B5
Glosocapsa sp. KO30D1

16S rRNA
100

a7

AL

82

0.01

o)
100" Gioe ocapsa sp. KO3BCUS
62 Cyanothece sp. ATCC 51142

—symbiont of Climacodium fravenfeldianum
100 Cracosphaera watsonii WH 8501
yanothece sp. WH BS802

[ 1533AA41
1605AA44

TDU‘me.mA_z_aa
f14041AA28

Cyancthece sp. WH 8904

39 loeothece sp. KO110G
100 Gloeothece sg. KOBBDGA
100 Gloeothece sp. 3K
97 Gganorhece sp. SKTU126
L1 Aphanothece sacrum

Rhopalodia gibba
Cyanothece sp. PCC 8801

40

Fig. 2. Phylogenetic tree of North and South Pacific Ocean UCYN-A full-length 165 rRNA
nucleotide gene sequences showing the relationship of UCYN-A to Cyanothece sp. ATCC 51142 and
other unicellular cyanobacteria. The arrow indicates the UCYN-A group.
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centage of UCYN-A cells in the defined sort
region varied depending on the source of the
(tables S1 and S2).

All 165 rRNA, nifH, and nifD sequences
amplified from sorted cells were consistent with
the UCYN-A cells being Cyanothece-like uni-
cellular No-fixing cyanobactena (/3) (Fig. 2 and
figs. 82 and S3) even though they were much
smaller. The 165 rRNA Cranothece-like se-
quence was linked to the UCYN-A nifH gene
by FACS-sorting single cells and multiplex gene
amplification (fig. 82) of nifH and 165 rRNA
genes from individual cells in which the positive
single-cell QPCR reaction mixtures for nifH were
used as a template for the second 165 rRNA
amplification (27). Reactions that were negative
for UCYN-A nifH were also negative for
unicellular Na-fixing cyanobacterial 165 rRNA
(fig. S2).

A water sample collected from a depth of
15 m at the North Pacific Ocean long-term mon-
itoring site Station ALOHA in late January 2008
(during Hawaii Ocean Time-series cruise HOT
199) indicated the presence of a high propor-
tion (51%) of UCYN-A cells (Fig. 1). We used
this population for metagenomic analysis, using
Titanium sequencing technology from 454 Life
Sciences (2/7). Multple displacement ampli-
fication (MDA) (21) of DNA from approxi-
mately 5000 sorted cells was used to generate a
genomic shotgun library that we estimate gave at
least 10-fold genomic coverage of the 2- to 3-Mb
UCYN-A genome in approximately 400,000 se-
quence reads (assuming that roughly one-third of
the reads in the mun were not UCYN-A). 177,834
sequence reads were most similar to the No-
fixing unicellular cyanobacteria Cyanothece sp.
ATCC 51142, Cvanothece sp. CCY 0110, or
C. watsonii WH 8501, on the basis of a BLAST
analysis (21), whereas only 40,593 sequences
had best BLAST hits to Prochloracoccus pro-
teins, and 96,341 sequences were most similar

Other Cyanobacteria 17 Seqs -

Rhopalodia Endosymbiont 3 Seqs —
Nostoc 5 Seqs —
Aphanocapsa 6 seqs —

to proteins from other microorganisms, including
noneyanobacterial Bacteria. The 165 rRNA se-
quences also showed that the library was domi-
nated by UCYN-A DNA sequences (Fig. 3), and
they agreed with the QPCR data for UCYN-A
cyanobacteria. The sequence read library repre-
sented good coverage of the UCYN-A genome
because it contained the entire nitrogenase gene
cluster on one assembled contig (Fig. 4) (21).
The nitrogenase gene arrangement and compo-
sition were very similar to those of Cyanothece
sp. ATCC 51142 and of the R gibha symbiont
(Fig. 4). Most of the proteins in the common
cyanobacterial genome core (22) were identi-
fied by BLAST. Comparison of sequences to
the cyanobacterial genome core (27) indicated
that at least 79% of the core cyanocbacterial
genome had been sampled (fig. 54).

Although the core genes and all the nif genes
were present, no candidate UCYN-A sequences
were found that comesponded to C fixation, C
concentration, or photosystem 11 (PSID) and as-
sociated pigments (such as phycoerythrin or
phycobiliprotein linker). However, good cov-
crage of candidate UCYN-A PSI genes was
obtained (Fig. 5). In companson, we had equal
coverage of Prochlorococeus PSI and PSII genes,
although they were a much smaller component
of the sequence library (Fig. 5). However, we
did detect a complete PSI psad gene, found on
one single assembled contig [5788 base pairs
(bp) assembled from 948 sequence reads], fol-
lowed immediately by 1857 bp of the psaB gene,
which clustered with sequences from other
unicellular N,-fixing cvanobacteria (fig. S3).
No unicellular N,-fixing cyanobacteria phyco-
erythrin or phycocvanin genes (or associated
linkers) were found in the metagenome, which
is consistent with the observation that UCYN-A
cyanobacteria were not detected by phycoery-
thrin fluorescence in FCM (/9). Additional PCR
experiments readily amplified the UCYN-A PSI

Other Bacteria 50 Seqs

UCYN-A | Cyanothece
335 Seqs

Fig. 3. Phylogenetic affiliation of 165 rRNA sequences from metagenome sequences obtained from
the station ALOHA 15-m sample. Sequences matching 165 rRNA were first retrieved by comparing
the metagenome reads against those of the Ribosomal Database Project. Matching sequences were
then assigned phylogenetically by BLASTn comparison to the nonredundant database at the
National Center for Biotechnology Information (NCBI).
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genes found on the genomic contig, but no C
fixation or PSII genes were obtained. We ob-
tained further evidence that UCYN-A lack PSII
genes by amplifying photosynthetically critical
genes using degenerate PCR primers (2/). From

sbr0003 coe_0572
faxH faxH
hesB hesB
hesA hesA
ni iflv
i e 0567
orf2 cce_0566
niex niftx
nifN nifN
nife nifE
" 7 coe_0562
nifk nifK
nifD nifD
nifH nifH
nifl - nifl
nifs nifS
cce_ 0556
nif8 cce_ 05655
nifB
nifP £2
sbr0002
Sbro00] [ | % 0552
: cce 0551
1 kbp]: nifv cce_0550
nifZ nifV

Fig. 4. Comparison of the UCYN-A nif gene cluster
to those of Cyanothece sp. ATCC 51142 and the
R. gibba symbiont. The nif cluster was located on a
large (135,849 bp) contig assembled from 5161
sequence reads. The figure shows the synteny of
approximately 23 kbp of coding sequences for the
nif gene clusters of UCYN-A (contig 02671, NCBI
accession no. FJ170277), a N -fixing endo-
symbiont of R. gibba (NCBI accession no.
AY728387), and the circular chromosome of
Cyanothece sp. ATCC 51142 (EMBL accession no.
CPO00B06). Genes with full-length matches of
amino acid sequence are shown in dark gray,
genes with no matches are shown in light gray, and
noncoding DNA is shown in white.
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multiple samples of sorted cells, we successfully
amplified UCYN-A psad fragments with DNA
sequences >98% identical to those genes found
on the genomic contigs. However, attempts to
amplify genes for the PSII D1 protein (pshA) as
well as the RuBisCO large subunit yielded only
sequences that were >98% identical to those of
Prochlorococcus or =94% identical to those of
Synechococcus species, and none that were sim-
ilar to those of unicellular diazotrophs, as ex-
pected for UCYN-A sequences. The absence of
any candidate UCYN-A PSII genes is clear, given
the random and complete coverage of the se-
quencing effort, the high percentage of genome
core coverage, the lack of amplification when
degenerate primers were used, and the random
location of photosynthesis genes in cyanobacte-
rial genomes (23). Although it has been shown
that some cyanobacteria can uncouple PSI from
PSII using either organic (24) or inorganic (25)
substrates as electron donors, this is the first ob-
servation of a cyanobacterium that completely
lacks the PSII apparatus. This conclusion is strik-
ing because there are no reports to our knowledge
of free-living cyanobacteria that are not oxygenic
phototrophs.

The UCYN-A phylogeny and poor pigmen-
tation (dim chlorophyll fluorescence) resemble
those seen in observations of the R gibba sym-
biont (/4). Although the R. gibba symbiont se-
quences are no closer to UCYN-A sequences
phylogenetically than to those of other cvano-
bacteria in the unicellular N,-fixing cyanobac-
terial lineage (Fig. 2 and fig. 53), the symbiont
of R. gibba also appears to have lost photosyn-
thetic capabilities and pigmentation (/4, 26). In
the R. gibba symbiont, some of the PSII proteins

(psbC and pshbD) have become pseudogenes
(14, 26). We did not detect UCYN-A cells in
association with large cells, neither in size-
fractionation filtration nor by FCM, and it ap-
pears to be a free-living organism.

Our work shows that oceanic UCYN-A cva-
nobacteria are missing the entire PSII apparatus,
although the PSI apparatus appears to be intact
(Fig. 5). It is possible that UCYN-A cyanobac-
teria are photoheterotrophic cells that generate
adenosine triphosphate with PSI and are not able
to fix C by the Calvin-Benson-Basham cyele as
oxygenic photoautotrophs do. It is unclear how
PSI functions in the absence of PSIL The UCYN-A
strain, like the R. gibba symbiont, fixes N> during
the daytime, judging by its nitrogenase gene ex-
pression pattern (//). The lack of a functional
PSIlin the UCYN-A cells means that nitrogenase
will not be poisoned by oxygen evolved from
photosynthesis. The lack of oxygenic photo-
synthesis in UCYN-A cells has implications for
C and N cyeling in the oceans, as well as for the
evolution of photosynthesis and N, fixation.
UCYMN-A cyanobacteria overlap in size and
fluorescence characteristics with non—N5-fixing
microbial populations in the open ocean, includ-
ing Prochlorococcus, Synechocoecus, and other
Bacteria, making them difficult to detect and
quantify in the oceanic picoplankton. However,
unicellular cyanobacteria may have a substan-
tial impact on the N budget (1, I1), particu-
larly in this case, because N» fixation is not
linked to C fixation. It is critical to determine
the global importance of N, fixation by this
unusual photoheterotrophic cyanobacterial group
in order to better constrain the global ocean N
budget.
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Fig. 5. Photosystem genes identified from sequencing of FACS-sorted environmental samples. The
distribution of the number of sequence reads having top BLAST matches to individual photosystem
genes in metagenomes of UCYN-A and Prochlorococcus is shown. Candidate UCYN-A photosystem
sequences were identified by screening for reads having top BLAST matches to photosystem genes
in Cyanothece, Crocosphaera watsonii WHB501, and Synechocystis, which are phylogenetically
related to UCYN-A and hence collectively represent a proxy of the UCYN-A metagenome. The inset
shows the distribution of the total number of PSI and PSII genes identified in metagenomes of
UCYN-A, Prochlorococcus, and marine Synechococcus.
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Arabidopsis Stomatal Initiation
Is Controlled by MAPK-Mediated
Regulation of the bHLH SPEECHLESS

Gregory R. Lampard,* Cora A. MacAlister,* Deminique C. Bergmannt

Stomata, epidermal structures that modulate gas exchange between plants and the atmosphere,
play critical roles in primary productivity and the global climate. Positively acting transcription
factors and negatively acting mitogen-activated protein kinase (MAPK) signaling control stomatal
development in Arabidopsis; however, it is not known how the opposing activities of these
regulators are integrated. We found that a unique domain in a basic helix-loop-helix (bHLH)
stomatal initiating factor, SPEECHLESS, renders it a MAPK phosphorylation target in vitro and
modulates its function in vivo. MAPK cascades modulate a diverse set of activities including
development, cell proliferation, and response to external stresses. The coupling of MAPK signaling to
SPEECHLESS activity provides cell type specificity for MAPK output while allowing the integration of
multiple developmental and environmental signals into the production and spacing of stomata.

regulated by three closely related basic helix-

loop-helix (bHLH) transcription factors—
SPEECHLESS (SPCH), MUTE, and FAMA—
that, in partnership with the more distantly related
bHLHs ICEI/SCREAM and SCREAM2, control
initiation of asymmetric divisions, proliferation
of transient precursor cells, and differentiation of
stomatal guard cells, respectively (fig. S1) (/).
Acting in opposition to these stomatal promoting
factors are signaling systems that limit stomatal
density and establish pattem. These negative regu-
lators include the ERECTA (ER) family of leucine-
rich repeat (LRR) receptor-like kinases (3, 6) and
the LRR receptor-like protein TOO MANY
MOUTHS (TMM) (7) that both may work in
concert with the putative ligand EPF1 (8). A sub-
tilisin protease, SDD1, also negatively regulates
stomatal production but may act independently
of this receptor-ligand module (8, 9)

Genetic evidence places a mitogen-activated
protein kinase (MAPK) signaling cascade down-
stream of the receptors in stomatal development
(10, 11). In all eukaryotes, MAPK cascades con-
trol a diverse amay of activities, including the
regulation of cell division and differentiation and
the coordination of respanses to environmental
inputs (12, 13). The MAPK components impli-
cated in stomatal development (YODA, MKK4/5,
and MPK3/6) are broadly expressed (11, J4) and
are involved in multiple activities. For example,
YODA s required for asymmetric cell divisions
in the embryo (15), and MKK4/5 and MPK3/6
were initially characterized by their roles in stress
and pathogen responses (16, /7). Because of these
multiple roles, a major challenge in MAPK sig-
naling is to understand how common signaling
elements evoke specific responses. Spatially or

In Arabidopsis, stomatal fate and pattemn are
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temporally restricted expression of MAPK sub-
strates could provide this specificity. Develop-
mental MAPK substrates have not been previously
described in plants; however, the cell type-specific
expression and activities of SPCH, MUTE, and
FAMA make these proteins attractive candidates
for such specificity factors. Here we show that
SPCH is a substrate of MPK3 and MPK6 in vitro,
that specific phosphorylation sites on SPCH reg-
ulate its activity in vivo, and that known com-
ponents of the stomatal development signaling

REPORTS I

tion of the MAPK pathway components YODA
and MKK4/5 (10, 1I), and speh is epistatic to
yoda (2); these results are consistent with SPCH
being a downstream target of MAPKSs in the epi-
dermis. To test whether SPCH is regulated by
MAPK activity, we examined the expression of
trnscriptional (SPCHpro::GFP) and translational
(SPCHpro.::SPCH-GFP) reporters (GFP, green
fluorescent protein) in plants expressing constitu-
tively active (CA) YODA (YODApro.:CA-YODA)
{11). At5 days post-germination (dpg), both wild-
type plants (20 of 20) and YODApro::CA-YODA
plants (19 of 20) expressed SPCHpro::GFP
(fig. 82, A and B). Wild-type plants also ex-
pressed SPCHpro::SPCH-GFP (20 of 20), but
YODApro::CA-YODA plants did not (0 of 20;
fig. 82, C and D); this result suggests that YODA
does not prevent transcription of SPCH, but rather
limits the production or abundance of SPCH
protein.

Phosphorylation of transcription factors can
modulate their levels and activities (18, 19). We
tested whether SPCH was an in vitro substrate for
phosphorylation by the MAPKs previously im-
plicated in stomatal development (MPK3 and
MPK6) (10). SPCH, but not its paralogs FAMA
and MUTE, could be phosphorylated by both
MPK3 and MPK6 (Fig. 1B and fig. S3A). Align-
ment of SPCH, MUTE, and FAMA proteins re-
veals high sequence conservation in their BHLH
domains and C termini (Fig. 1A) (2). However,
SPCH also has a unique 93-amino acid domain
[herein referred to as the MAPK target domain
(M:PK‘[D)] that contains 10 consensus MAPK

network modulate SPCH behavior.
The SPCH loss-of function phmotypc is strik-
ingly similar to that caused by five activa-
A

horylation target sites. Five of these sites

[ZUL0Y) I | | || B i)

5
PPQLPLIPQPPLRSYSSLASCSSLGDPPPYSPASSSSSPSVSSNHESSVINELVANSKS 283

Fig. 1. SPCH is a stomatal regulator
that contains a unique MAPK phos-

WT 1 5 24 14 25 1-5 493

phorylation target domain. (A) Protein SPCH—t ".'-"
alignment of SPCH, MUTE, and FAMA. MPK3—

Highest conservation is in the bHLH WT 1 5 24 14 25 15 A9}
domain (black} and C terminus (dark SPCH—

gray). White lines within these domains Frrt N —— -

indicate nonidentical residues. The se-

quence of the MPKTD is shown with beginning and ending amino acid residue positions. Deletions are
denoted as a solid underline for A93, a long-dashed underline for A49, and a short-dashed underline for
A31. Italics denote the predicted PEST sequence. MAPK target sites are in bold. High-stringency sites are
denoted 1 (Ser'®?), 2 (Ser”™), 3 (Th*'*), 4 (Ser”'%), and 5 (Ser®*®). Abbreviations for amino acid residues:
A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; H, His; |, lle; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr;
V, Val; ¥, Tyr. (B} In vitro activity of recombinant MPK3 (top} and MPKé (hottom) an bacterially expressed
SPCH variants. Lane labels indicate specific SPCH variant tested. Arrows correspond to phosphorylated

SPCH and autophosphorylation of MPKs.
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contain a Pro-X-Ser/Thr-Pro (P-X-ST-P) motif,
marking them as high-stringency sites (20) (Fig.
| A). Because SPCH differs from the nonsub-
strate MUTE and FAMA proteins primarily in the
MPETD, we perfonmed phosphorylation assays with
a version of SPCH lacking the MPKTD and with
the MPKTD alone. All MPK3 and MPKS6 in vitro
phosphorylation target sites appear to be contained
within the SPCH MPKTD (Fig. 1B and fig. S3).
We then tested the functional imporiance of
the SPCH MPKTD by using both the strong,
broadly expressed 358 promoter and the endoge-
nous SPCH promoter to express full-length SPCH
and SPCHAMPEKTD variants in plants. Expres-
sion of 355::SPCH was previously reported to in-
duce divisions in pavement cells (2) and to produce
extra stomatal lineage cells (3). 355::SPCH ex-
pression in wild-type plants resulted in additional

TMM::GFP

TMM::GFP

SPCHpro::SPCH-GFP | L

divisions in pavement cells and a modest increase
in total epidermal cell number (Fig. 2B), whereas
expression of SPCHpro::SPCH in the wild type
resulted in no significant phenotypic effects (Fig. 3).
In contrast to these results with full-length SPCH,
SPCHAMPKTD variants markedly affected epi-
dermal development. When the entire domain was
deleted (355-:SPCHA93 or SPCHpro::SPCHAY3),
the epidermis of transformed plants exhibited large
clusters of stomata (Fig. 2C and fig. 54), a pheno-
type similar to that produced by 355:-MUTE (2, 3).
The SPCHAY3 results are unsurprising given the
strong similarity of SPCH and MUTE—particularly
when the MPKTD is removed (Fig. 1A)}—and in
light of previous reports that overexpression of
FAMA deletion variants mimics 335 MUTE (/).

More informative were the phenotypes induced
by expressing a smaller deletion that eliminates

SPGHpro:.;‘{S‘ 1-5

“ )
O .
4

¢

g n,_[
| o N Y
L

0 F

SPCHpro::S1

SPCHpro::51-4-YFFP

Fig. 2. Confocal images of phenotypes of SPCH variants expressed in plants. (A to D and G to J) Confocal
images of 7-dpg abaxial cotyledons. Specific genotypes are noted in upper right corner of images. (E and
F) Expression of TMMpro:TMM-GFP (green) in 355::SPCHA49 (F) compared to wild-type (WT) control (E).
(K and L) Comparison of expression pattern for full-length SPCH (K) and SPCH variant with four S/T - A
substitutions (L) in abaxial leaves 1 and 2 at 11 dpg. SPCH expression in nuclei is shown in green. Note
additional SPCH-expressing cells and persistence of SPCH in young guard cells (white arrow) in (L). Images
in (A) to (]) are at the same magnification. Scale bars, 50 pm.
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eight target sites (four of five high-stringency sites)
but leaves the fifth high-stringency site (Ser™)
intact (SPCHA49, Fig. 1A) or the complementary
deletion that removes the remaining target sites
(SPCHA3I, Fig. 1A). Expression of each deletion
vanant produced excessive numbers of asymmetric
cell divisions in the epidermis, with SPCHA4Y pro-
ducing a stronger but qualitatively similar pheno-
type to that of SPCHA3! when expressed with
the same promoter (Fig. 2D and fig. S4, B to D).
The divisions induced by SPCHA4Y and SPCHAZ3!
were physically asymmetric and created cells with
meristemoid morphology, much like the stomatal
lineage-—establishing divisions that SPCH promotes
during normal development. To better charactenze
the cells produced by ectopic divisions, we moni-
tored the expression of cell fate markers. Nearly all
small, ectopic cells expressed TMMpro:: TMM-GFF,
a general marker of cells in the stomatal lineage
(Fig. 2, E and F) (7). A smaller fraction expressed
MUTEpro::GFP, a marker that is normally ex-
pressed in meristemoids just before their transi-
tion to guard mother cells (GMCs) (2). Thus, the
population evidently consists of both meriste-
moids and other stomatal lincage cells (fig. S4H).

The division-promoting behavior of both
SPCHA49 and SPCHA31 suggests that multiple
residues within the MPKTD are functionally im-
portant. To define the specific residues, we re-
peated the in vitro and in vivo assays with SPCH
varants in which the phosphorylatable S/Ts of
the five high-stringency phosphorylation sites werne
substituted with nonphosphorylatable alanines.
Each of these S/T — A variants was made as a
fusion protein with vellow fluorescent protein
(YFP) at the C terminus and was expressed with
the SPCH promoter (217). Converting all five high-
stringency MAPK target residues to alanines
(SPCHpro::SPCH1-5 5/T>A) resulted in a protein
that created ectopic stomata like those created by
SPCHpro::5PCHA93 (Fig. 2G). Converting the first
four sites to alanines (SPCHpro::SPCH -4 5/T=A)
resulted in ectopic division phenotypes similar to
those seen with SPCHpro::SPCHA49 (Fig. 2H).
The effect of SPCHpro::SPCHS §/T>A, however,
was much weaker than that of SPCHpro::SPCHA31
(Fig. 3 and fig. 84, D and E).

To test whether specific ST residues or the
overall number of S/T sites were important for
SPCH regulation, we made additional combina-
tions of ST — A changes and assayed their ability
to induce additional cell divisions. In representative
lines from each vanant (21), the ability to promote
excess asymmetric cell division increased as more
sites were eliminated (Fig 3 and fig. S4). These
results strongly suggest that multiple P-X-S/T-P
sites are biologically imporant sites for SPCH
regulation. Using mass spectrometry, we found
evidence of phosphorylation at several of these
functionally critical sites (fig. S5).

Elimination of MAPK target sites generated
SPCH variants with greater activity, consistent
with phosphorylation of the MPKTD having a
repressive role, If the MPKTD is solely a nega-
tive regulatory domain, then each of the variants
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should still rescue spch mutant phenotypes. We
assayed rescue of speh-3 by MPKTD deletion and
S/T — A variants (fig. S6); in the course of this
experiment, we found it necessary to refine our
criteria for rescue to include not only the produc-
tion of stomata (the ultimate result of SPCH activ-
ity) but also the generation of physically asymmetric
cell divisions (the immediate consequence of SPCH
activity), because multiple SPCH variants appeared

Fig. 3. Production of di-
visions and stomata by
5PCH variants in the wild
type. Shown are average

400 -

to separate these two processes. For example,
SPCHpro:.SPCH 14 5T=A, SPCHpro::.5PCHA4Y,
and 355::SPCHA49 did not produce stomata
but did induce additional asymmetric divisions
(figs. S41 and S6). It was possible to trace the failure
to rescue speh to a single mutation (Ser'™ — Ala
in SPCHpro::SPCH1 §=A) (fig. S6), indicating a
positive role for phosphorylation in the MPKTD
in addition to negative regulatory elements.

numbers of stomata and O stomata

B non-siomatal cels

nonstomatal cells (pave-
ment, meristemoid, and
small dividing cells) in
0.25-mm? sections of 7-
dpg abaxial Col cotyledons
expressing the indicated
SPCH variant with the SPCH

cates significant difference
from SPCHpro::SPCH phe-
notype [joint confidence
coefficient P = 99% (21)]. Error bars are +SE.

Fig. 4. Effects of endogenous stomatal requlators on SPCH function. (A) Scheme of known stomatal
regulatory pathway (P, phosphorylation). (B to D) Suppression of tmm-I-mediated enhancement

SEEEN r‘ I_I J VI
promoter. Asterisk indi- e e e e e o

SPCHpro::SPCH variant

SPCHpro::SPCH
erllerl2

of SPCHpro::SPCH phenotypes by CA-YODA. (B) Baseline of tmm-1 clustered stomata. (C) Enhanced
clusters in SPCHpro::SPCH; tmm-1. (D) Block in excess stomatal production by CA-YODA in
SPCHpro::SPCH; tmm-1. (E to G) Enhancement of SPCH activity in erl1;erl2 mutant background. (E)
erl1;erl2 with no stomatal clusters, (F) SPCHpro::SPCH; er1;erl2, and (G) SPCHpro::SPCHA49; erl1erl2
all result in a statistically significant increase in the stomatal density and fraction of stomata in clusters.
(H to J) Lack of enhancement of SPCH by sddl1. (H) sdd1 mutants exhibit pairing of stomata and
increased density. Expression of SPCHpro::SPCH (1) or SPCHpro::SPCHA49 (]) in sdd1 does not enhance

the sdd1 stomatal overproduction phenotype.
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Results with the ST — A SPCH variants
suggested that negative regulation by phospho-
rvlation can be a mode of SPCH regulation. If the
known stomatal regulators and MAPK. compo-
nents are endogenous regulators, then SPCH
activity should be enhanced when these regu-
lators are eliminated by mutation. Our results
support this hypothesis; SPCHpro::SPCH-GFP
expression in a fmm-1 background vielded a mas-
sive overproduction of stomata instead of a subtle
increase in epidermal cell divisions (2) (Fig. 4. B
and C). This stomatal overproliferation phenotype
could be suppressed by expressing CA-YODA in
SPCHpro::SPCH-GFP;tmm-1 plants (Fig. 4D).
We further tested the effects of known stomatal
regulators on SPCH behavior by expressing
SPCHpro::SPCH and SPCHpro::SPCHA49 in
backgrounds with mutations in either MPK3 or
MPK6 and in a double mutant of the putative
upstream receptor-like kinases ERL] and ERL2.
These backgrounds were specifically chosen be-
cause none has a stomatal patterning defect on its
own (10, 22). In each MAPK and receptor mu-
tant background, the phenotypic effect of SPCH
expression was significantly enhanced relative to
the wild type, consistent with these proteins being
endogenous upstream regulators (Fig. 4, E to G,
and fig. S7). As a control for whether the effect
on SPCH activity was specific to MAPK-related
stomatal regulators, we also expressed the vanants
in sddl. SDDI is also a negative regulator of
stomatal development but was recently shown to
act independently of YODA, TMM, and ER in per-
ception of EPF1 (&). There was no statistically sig-
nificant increase in stomatal production or clustening
when SPCHpro::SPCH or SPCHpro::SPCHA49
were expressed in sdd! (Fig. 4, Hto J, and fig. 87,
A and B). Taken together, the behavior of SPCH
in these mutant back grounds suggests that mem-
bers of the established stomatal receptorMAPK
signaling system modulate SPCH activity in vivo.
These results do not rule out additional regulators
or MAPK pathway members being involved in
SPCH regulation. Furthermore, although these re-
sults are consistent with TMM, ER-family recep-
tors, and the MAPKs controlling SPCH activity
itself, it is also possible that these proteins regulate
the behavior of cells produced by SPCH activity.

Eliminating MAPK target sites affects SPCH
function and subsequent stomatal development;
however, these experiments do not address the
mechanism by which phosphorylation affects
SPCH. Substrates of MAPK phosphorylation are
often associated with changes in localization,
stability, or interaction partners (23, 24). All
SPCH variants are constitutively nuclear (2) (Fig. 2,
K and L), which suggests that SPCH phosphoryla-
tion does not alter its subcellular localization;
however, it is possible that SPCH phosphoryla-
tion alters SPCH persistence. A structural hint of
this mechanism is the presence of a predicted
PEST domain [PESTfind score +7.63 (21)] in the
SPCH MPKTD (fig. S5). Functionally, elimination
of MPE.TD phosphorylation sites results in excess
SPCH protein as visualized by YFP expression.
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Typically, early in leaf development, SPCHpro.:
SPCH-YFP is expressed in many small cells, but
fluorescence diminishes as cells become morpho-
logically distinct meristemoids (2) (Fig. 2K).
Relative to equivalently staged SPCHpro::
SPCH-YFP plants, SPCH variants with strong
overproliferation phenotypes displayed increased
numbers of YFP-positive cells early (Fig. 2L)
and a trend toward increased protein persistence
into meristemoid, GMC, and guard cell stages
later (Fig. 2L and fig. S8). When expressed in a
CA-YODA background (in which SPCH was
predicted to be phosphorylated), full-length
SPCH-GFP was not visible, nor could it promote
stomatal development (figs. S2 and S9C). Howev-
er, GFP-SPCHA49, which is missing phos-
phorylatable residues, was detectable and was
able to drive asymmetric divisions (fig. S9D).
SPCH is closely related to two other bBHLH
transcription factors that control stomatal devel-
opment. We have shown, however, that a novel
domain of SPCH renders it uniquely subject to
phospho-regulation by a group of kinases that
have been demonstrated to transduce signals down-
stream of both cell-cell and plant-environment
interactions (fig. S10). In general, the domain
mediates repression of SPCH and does so in a
quantitative manner; the more potential MAPK
sites eliminated, the stronger the effect of the
SPCH variant on stomatal development. However,
one specific residue phosphorylated by MPK6,
Ser'™, is required positively for activity, which sug-
gests that the MPKTD is the integration site for
complex regulatory inputs, The MPKTD is of
unknown ongin; it is not present in Arabidopsis
proteins other than SPCH but is found in SPCH

homologs from a variety of plant species (fig. S11)
(25), hence MAPK regulation of a stomatal bHLH
i5 likely to be a widespread regulatory strategy.

SPCH solves a problem intrinsic to MAPK
signaling—how is a set of generally used MAPKs
recruited to a specific biological event?™ by pro-
viding the important effector in a spatially and
temporally restricted domain. From the perspec-
tive of stomatal control, SPCH guards the entry
into the stomatal lineage, including the production
of self-renewing cells that contribute to later flex-
ibility in epidermal development. This important
decision point is likely the target of developmen-
tal, physiological, and environmental regulation
(26, 27). Coupling the MPK3/6 signaling module
to the activity of SPCH provides a unified, yet
tunable, output for the complex set of inputs from
these sources. Understanding the elements of the
MAPEK/SPCH regulatory system that coordinate
stomatal production with the prevailing climate
may allow the production of food or bioenergy
crops with the ability to respond and adapt to
changes in that climate.
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Regulatory Genes Control a Key
Morphological and Ecological Trait
Transferred Between Species

Minsung Kim,™** Min-Long Cui,** Pilar Cubas,™** Amanda Gillies,* Karen Lee,’
Mark A. Cheu::-m.‘:m.z'5 Richard ]. Abbott,” Enrico Cuenl'r

Hybridization between species can lead to introgression of genes from one species to another,
providing a potential mechanism for preserving and recombining key traits during evolution. To
determine the molecular basis of such transfers, we analyzed a natural polymorphism for flower-
head development in Senecio. We show that the polymorphism arose by introgression of a cluster
of regulatory genes, the RAY locus, from the diploid species 5. squalidus into the tetraploid

S. vulgaris. The RAY genes are expressed in the peripheral regions of the inflorescence meristem,
where they promote flower asymmetry and lead to an increase in the rate of outcrossing. Our
results highlight how key morphological and ecological traits controlled by regulatory genes
may be gained, lost, and regained during evolution.

hanges in regulatory genes have been
‘ implicated in a range of evolutionary
transitions, operating from the micro- to
macro-evolutionary scales (/-3). These changes
have largely been considered as occurring inde-
pendently within different species. However, it is

14 NOVEMBER 2008 WVOL 322 SCIENCE

also possible that interspecific hybndization plays
an important role in evolution (4). One conse-
quence of such exchanges is that they may allow
traits that are lost because of short-term selective
pressures to be regained at a later stage. For exam-
ple, members of the sunflower family (Asteraccae)

share a composite flower head, with each head
comprising numerous small flowers (florets). In
radiate species, the outer florets (ray florets) have
large aitractive petals, whereas the inner florets
{disc florets) tend to be less conspicuous. Loss
of the radiate condition has occurred multiple
times within the Asteraceae, vielding nonradi-
ate species with only disc florets (5). These events
often correlate with shifts to higher levels of
self-pollination (6), which should be favored
when mates and/or pollinators occur at low den-
sities (7). Partial or complete reversals from the
nonradiate back to the radiate condition have
been described (&), some of which appear to
involve interspecific hybridization events (9).
One explanation for such evolutionary gains
and losses is that key regulatory genes control-
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ling the trait can be modified and exchanged
between species. To test this idea, we analyzed
a well-documented case of interspecific exchange
in Senecio.

Senecio vulgaris (Groundsel) (Fig. 1A) is an
allotetraploid nonradiate specics, native to Europe
and occurring throughout temperate zones. Ra-
diate forms of 8. vulearis (Fig. 1B) arose in the
United Kingdom after the introduction of §.
squalidus (Fig. 1C), a diploid radiate species
orginating from Sicily. §. squalidus was brought
to the Oxford Botanic Garden about 300 vears
ago (/0), from where it spread. As S. squalidus
became dispersed throughout the United Kingdom,
it crossed with 8. vulgaris, yielding triploid hy-
brids (/). Although such triploids have low fer-

Fig. 1. Flower head of non-
radiate S. wulgaris (A), radiate
S. wulgaris (B), and S. squalidus
(€). Scale bars, 3 mm. (D) Sec-
tion through a flower head
and two individual florets tak-
en by optical projection to-
mography. Disc floret petals
are outlined in orange, where-
as ray floret petals are out-

lined in red (dorsal) or yellow
(ventral).
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tility [seed set <0.02% (9)], some viable progeny
occur as a result of backerosses with 8. vulgaris.
Further rounds of backcrossing are thought to
have led to introgression of the radiate trait into
some populations of 8 wlearis (12, 13). The
resulting polymorphism for the radiate condition
in S. vulgaris is controlled by a single chromo-
some region or genetic locus, here termed RAY
(14). Thus, the hypothesized introgression would
have involved transfer of the RAY locus from §.
squalidus into 5. vulgaris.

The RAY locus affects floral symmetry. Disc
florets have fivefold radial symmetry, whereas ray
florets are bilaterally symmetrical (zygomorphic),
having enlarged ventral (abaxial) and reduced dor-
sal (adaxial) petal lobes (Fig. 1D). CYCLOIDEA

REPORTS I

(CYC) is a primary gene controlling floral sym-
metry in Antirchinum majus, a species with en-
tirely zygomorphic flowers (15). CYC encodes a
DNA-binding protein belonging to the TCP fam-
ily (16). Proteins from this family contain a con-
served basic helix-loop-helix region that binds
DNA (the TCP domain) and have a range of reg-
ulatory roles in plant development (16, 17). On the
basis of Antirrhinum mutant phenotypes, it has
been proposed that CYC-like genes might also
control the development of ray florets in the Aster-
aceac (/8). Supporting this theory, ectopic expres-
sion of a CYC-like gene from Gerbera hybrida,
GhCYC2, has differential effects on ray and disc
floret development in this horticultural species (19).

To determine whether CYC-like genes are in-
volved in the RAY locus, homologs were isolated
from §. vilgaris. RNA in situ hybridizations on
radiate plants revealed that two of these genes,
termed RAY] and RAY2, were specifically ex-
pressed in ray floret primordia (Fig. 2, A and B).
RAY! and RAY2 were expressed in a similar pat-
tem in radiate (R/R) and nonradiate (N/N) geno-
types (Fig. 2, A to D). However, the signal
appeared to be stronger in N/N compared with
R/R. This difference was confirmed by the ex-
pression levels in RNA from voung flower heads
(Fig. 2E). Stronger expression of the N alleles
was also seen in RNA from N/R heterozygotes,
suggesting that it reflects cis-regulatory changes
(Fig. 2E). Phylogenetic analysis showed that RAY/
and RAYZ belong to a subfamily of TCP genes
that include genes known to control flower asym-
metry (clade in orange, Fig. 2F). RAY] and RAY2
arose by a duplication event ~30 million years
ago (20) that occurred early in the evolution of
the Asteraceae, before divergence of Helianthus,
Gerbera, and Senecio but after divergence of
the Asteraceae from the Lamiales (Fig. 2F). RAY2
appears to be orthologous to GACYC2 from
Gerbera, which is also expressed preferentially
in ray florets (/9).

ArTCP2 Fig. 2. (A) Expres-

. g i 'I]'i _E::?'::rh sion pattern of RAY1

= Hat¥Cic tion of a developing

\«., RaY! S 'ﬁﬁ s radiate (R/R) flower

) | ) head. (B) Expression
RAY2 — =1 e of RAYZ in radiate

M evess  form. (C) Expression

185w L_%“‘"‘ﬁﬁ:‘ of RAY1 in nonradi-

T ™ _ lwwmm:n ate (NNV) form. (D)
Waavole Expression of RAYZ

. T Ha ¥ Ih in nonradiate form.

w¥ In all cases, RAY1 and
o ) RAYZ are expressed in the outer floret primordia (marked by *). Scale bars, 100 pm. (E)

Semiquantitative reverse transcription polymerase chain reaction (RT-PCR) showing RAY1
and RAYZ2 expression in young flower heads of R/R, RN and NN genotypes. A common
i band for R and N is indicated with an arrow in the RV genotype. 185 RNA control is also
yi shown. (F) Phylogenetic relationships between RAY1, RAYZ2, and a sample of other genes
: from the TCP family on the basis of a maximum likelihood analysis of amino acid se-
P— quences. RAY1 and RAY2 belong to a dade with CYC and DICH, which control floral
symmetry in Antirrhinum (15). Bootstraps of 500 replicates (where greater than 50%) are

shown. Species abbreviations and GenBank accession numbers are given in (30).
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Fig. 3. (A) RAY1: a412-bpbandthat A RAY1

cosegregates with R and a 238-bp and

a 174-bp band with N in an F2 popu- R/R RN N
lation. (B) RAY2: a 540-bp and a 156-

bpband that cosegregate withRanda 412 — e .

696-bp band with V. PCR produds of 35— _—== — ==

RAY1 and RAYZ coding regions were 174

digested with Tagl and EcoRl, respec-
tively. (C) Variable sites at RAYI and
RAYZ in and around the coding regions C

for the four haplotypes N, N1, R, and

R1. Polymorphisms that are diagnostic
for N/N1 versus RR1 haplotypes are
shown surrounded by black and white,
respectively. All other polymorphisms
are highlighted in gray. Nucleotide poly-
morphisms that cause amino acid changes
are indicated with asterisks. Positions of
deletions of TAAGGAAATCCAAACCCCA

o~ [
I - /- - O~ e

L

and ATAGAAA in the RAY2-R1 haplotype are marked with arrows.

RAY1

" 15 16 17 18

a4

“
-~ =E-8 &=
I

RRNN 3 4 § &

w W R

e w— ww e NPT

TS - - - - - - 168

phenotype R N VS N SS SS VS SS VS N SS S8

ENT T S8

Fig. 4. (A) Flower-head phenotypes of RR nontransgenic control plant. (B) Flower head with slightly short
rays from a transgenic plant overexpressing an internal fragment of RA¥1 N allele coding sequencesina
radiate (R/R) 5. vulgaris background. (C) Flower head from a RAY1 transgenic, as in (B), with very short ray
florets. (D) Flower head from a RAY1 transgenic, as in (B), giving no ray florets. (E) Flower head from a
transgenic overexpressing the RAY2 N allele coding sequences in a radiate (R/R) 5. vulgaris background,
giving tubular ray florets. (F) Section through a ventralized ray floret, color-coded as in Fig. 1D. All trans-
genics are T1 generation, obtained by self-pollinating the primary transformants. (G) Semiguantitative
RT-PCR showing expression levels of RAY1 and RAY¥2 in the transgenics, together with controls for 185
RNA and the kanamycin resistance gene (MPTI). R, normal radiate head; N, nonradiate or discoid head;
5SS, slightly short rays; S, short rays; VS, very short rays; T, tubular rays with ventralized petals. Scale bars,

2 mm [(A) to (E)] and 1 mm (F).

To determine whether RAY! or RAY2 map
to the RAY locus, their sequence was deter-
mined for parental radiate (R/R) and nonradiate
(N/IV) plants, allowing genotype-specific CAPS
(cleaved amplified polymorphic sequences) to be
designed (Fig. 3, A and B). Genotyping an F2
population denved from these parents revealed
that both RAY 1 and RAY2 segregated with flower-
head phenotype, and we observed no recombi-
nants in more than 700 plants. Linkage between
RAYT and the RAY locus was further confirmed
by bulk segregant analysis on &R and N/N geno-
types, and no recombinants were observed out of
2800 chromosomes. CAPS were also used to geno-
type accessions of radiate and nonradiate forms
from various locations in the United Kingdom
(table S1). In all cases, the RAYT and RAY2 geno-
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types matched the phenotype, confirming a tight
association with each other and with the RAY
locus. This was further confirmed by sequencing
the RAY genes from several UK. S, vulgaris ac-
cessions: All sequences from R/R genotypes were
identical, while two minor variants were found
among N/N genotypes, termed N and N/ (Fig. 3C).
Thus, both R4Y1 and RAY2 are tightly linked and
associated with R4Y, and we were able to define
three haplotypes: N, N1, and R. Because the ra-
diate condition in §. vulgaris is thought to have
onginated from 8. squalidius, RAY! and RAY2 were
also sequenced from various UK. accessions of
S. squalidus. This revealed two haplotypes, one
identical to the R-haplotype of 8 wulgaris and
another that was a variant of R and was termed
R1 (Fig. 3C and table S1). These resulis provide

RAY2
R/R R/N N/N
— e G . —
— — N —— —

B o

molecular proof that the radiate form of 8. vulgaris
arose through hybridization with 8. squalidus plants
and show that the R-haplotype was introgressed
through this process.

Comparing the sequences of the haplotypes
revealed several differences between N/NVI and
R/R1(Fig. 3C and fig. S1A). No diagnostic amino
acid substitutions were found for RAYT, whereas
two amino acid substitutions (S to F, D to E) were
associated with the N/N/ alleles of RAY2. The
substitutions found in the N and N/ alleles of
RAY2 were also found in the radiate species S.
vernalis and 8. glaucus (fig. S1B), making it
unlikely that they are responsible for the nonra-
diate condition. Several diagnostic differences were
also found in the 5 and 3" noncoding regions. As
these represent only a limited sample of flanking
sequence, it is likely that further differences would
also be found in regions extending further out from
the genes. Thus, the NV and R/RI haplotypes
have accumulated multiple nucleotide differences
since they diverged from their common ancestor
and it is likely that the functionally important
changes lic outside the RAY] and RAY2 coding
regions.

The rapid spread of the radiate trait in 5.
vulgaris, despite the strong reproductive bar-
rier between S vulgaris and S. squalidus, sug-
gests that the infrogression of the R haplotype
may have been driven by selection, presumably
acting on differences outside the RAY/ and RAY2
coding regions. However, testing for selection by
analyzing sequence variation at the RAY locus is
not straightforward because most selection tests
assume a single interbreeding population (21),
whereas introgression of R involved exchange
between two divergent species separated by a
major reproductive barrier.

As a further test of whether RAY! and RAY2
play a role in ray floret development, we trans-
formed radiate S. vulgaris with two constructs,
both of which are driven by the constitutive 358
promoter (the radiate background was chosen
because N is semidominant and is thought to
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represent the derived condition). Expression of
an internal fragment ofthe RAY! coding region
(N allele) that includes the conserved TCP and
R domains, yielded 10 independent transformants,
Five of these plants produced slightly shorter ray
florets (Fig. 4, A and B), three produced very short
ray florets (Fig. 4C), and two had only disc florets
(Fig. 4D), resembling nonradiate plants. These
results suggest that overexpression of RAY! is
repressing ray floret development, consistent with
the higher levels of RAYT expression observed in
N/N genotypes. However, the level of transgene
expression did not correlate in a simple manner
with the severity of the phenotype; transgenics
with slightly short ray florets had higher levels of
expression than the discoid transgenics (Fig. 4G).
There was also no correlation with the endoge-
nous levels of RAYI gene expression, because
these levels were similar in transgenics with dif-
ferent phenotypes (fig. S1D). The variation in
transgenic phenotype may reflect differences in
the pattem of tansgene expression, postiranscrip-
tional interactions with the intemnal RAYY fragment
used in the transformations, or perhaps promotive
as well as inhibitory effects of RAY! on ray floret
development. Whatever the explanation, the re-
sults indicate that RAY! plays a critical part in
controlling ray versus disc floret identity.

Expression of the entire RAY2 coding region
(N allele) in the radiate background produced tu-
bular ray florets in three independent transgenics
(Fig. 4E). All petal lobes in these florets resem-
bled the long ventral (abaxial ) petal lobes of nor-
mal ray florets (Fig. 4, E and F), which suggests
that RAY2 is involved in promoting ventral iden-
tity in ray florets. Unlike ectopic expression of
GhCYC2 in Gerbera hybrida (19), disc floret de-
velopment was not modified by expression of
RAY2. This difference may reflect the fact that the
innermost florets in Gerbera hybrida are not
fully radially symmetrical (/9) and may have
some raylike character even in untransformed
horticultural varieties.

We conclude that the RAY locus comprises a
cluster of CYC-like genes that have played a key
role in the evolution of the radiate condition.
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Radiate development in the Asteraceae can be
compared to the functionally analogous process
controlling the development of individual flow-
ers. For both systems, peripheral expression of
regulatory genes is involved in establishing the
identity of the attractive organs—CYC genes for
radiate heads and MADS box genes for the flower
(22-24). The main difference is that for radiate
heads, peripheral expression is organized with re-
spect to the inflorescence apex, whereas for floral
organ identity it is organized in relation to the
floral apex. Domsoventral asymmetry within indi-
vidual flowers is also established in relation to the
inflorescence apex (/8, 25). Thus, the ability of
CYC genes to respond to a basic prepattem, cen-
tered on the inflorescence apex, could have led to
their co-option and involvement in a key evo-
lutionary innovation in the Asteraceae: radiate
development.

The subsequent loss of the radiate condition
in lineages of the Asteraceae most likely reflects
tradeofts involved in the evolution of breeding
systems. Self-fertilization allows reproductive as-
surance under conditions where mates and/or pol-
linators are absent or oceur at low densities (7)
and may be favored, therefore, in colonizing and
weedy species, such as 8. vulgaris (26, 27), de-
spite barriers imposed by inbreeding depression
(28) and pollen discounting (29). However, a
self-fertilization strategy may impose long-term
limitations on responding to changing environ-
mental conditions. Reintroduction of genes that
promote outcrossing may therefore allow a self-
pollinating species to revert and prevent extine-
tion in the longer term. Our results therefore
highlight the interplay between regulatory genes,
development, and life history, and show how gene
transfers between species may play an impor-
tant part in the evolution of key ecological and
morphological traits.
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Personal Automation System

The Maxwell 16 Flexi Method Firmware features a new software
system that provides users with flexibility and control of automated
instrument operation. The new functionality helps research
labs develop and optimize instrument methods to maximize
performance for unique sample types and address specific
application requirements. The Maxwell 16 System with the Flexi
Method Firmware delivers flexible results from diverse sample types;
controls key aspects of instrument operation; simplifies workflow
with fully integrated prefilled cartridges and preprogrammed
protocols; and requires only as much space as a laptop computer.
The system can simultaneously purify up to 16 samples without
user intervention.

Promega

For information 608-274-4330

WWW.promega.com

Baculovirus Titer System

A novel titration system, deltaTITER enables researchers to
accurately quantify the amount of baculovirus in a sample in just
one hour. The kit offers a significant five-day time saving and
accuracy benefits compared with the traditional method of plague
assay, which requires skilled personnel and often gives variable
results. Measurement of baculovirus titer is an important workflow
component for protein expression, in both research and production
laboratories. The automated kit is based on a proprietary buffer
system, andisdesignedto be used withdeltaDOT’s high-performance
capillary electrophoresis tool, the Peregrine.

deltaDOT

For information +44-(0)-207-594-1001

www.deltadot.com

Liquid Handling Module

A new Liguid Handling Module extends the functionality of the
ArrayScan VTl HCS Reader. The combination of synchronous
dispensing-while-imaging capability, kinetic image capture, a range
of image analysis algorithms, and “on-the-fly" processing allows

Culture Sample Barcode Labeler

The Labelmaster |l is an automated system for labeling and organizing culture
media samples in clinical, food, and pharmaceutical testing laboratories.
Designed to print and affix labels to petri dishes, the pneumatic system allows
up to a thousand plates per hour to be processed and sorted accurately. An
optional storage unit increases this capacity to 1,900, Labels are printed and
applied directly to the underside edge of the sample plates, which are then
stacked and sorted one by one. Applying the label in this way allows automatic
plate readers to be used, protects the barcode from scratches and spills, and
ensures the label remains attached to the base containing the sample, should
the lid become dislodged.

Don Whitley Scientific

For information +44-(0)-1274-595-728

J www.dwscientific.co.uk

the real-time capture of cellular phenotypes and rapid biological
responses, Multiple aspirate/dispense options enable dye loading,
media replacement, incubation, and stimulus addition to be fully
automated. The Cellomics ArrayScan VTl with Liquid Handling
Module provides an automated solution for pharmacological studies,
including G protein-coupled receptor biology, cell pathway analysis,
compound pharmacology, and in vitro toxicology. Compatible with
96-well and 384-well plates, the module makes use of disposable
tips with a dispensing volume range of 3 pl to 200 pl.

Thermo Fisher Scientific

For information 905-332-2000

www.thermofisher.com

Magnetic Particle Processors

The MagMAX Express platform is an automated system for nucleic
acid isolation that incorporates the rapid, reliable, and cost-effective
magnetic bead-based extraction of nucleic acids. MagMAX Isolation
Kits extract both genomic and viral nucleic acid from diverse sample
matrices, with products available for gene expression analysis, small
RNA research, and microarray profiling.

Applied Biosystems

For information 800-327-3002

www.appliedbiosystems.com

Vial Barcode Labeler

The Label X 2D barcode labeler is a stand-alone unit designed to
accommodate a wide range of glass vials. This semiautomated
labeler applies barcode labels to the bottom of vials and features
a compact footprint. The labeler is equipped with interchangeable
manifolds so it is simple to change between sample vials without the
use of tools. Manifold options include eight, 24, and 96 vials, ranging
in diameter from 6.5 mm to 28 mm. It is pneumatically operated and
requires no electrical connection, applying up to 96 labels in less
than 20 seconds.

MatriCal

For information 509-343-6225

www.matrical.com

Electronically submit your new product description or praduct literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information.
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