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Strigolactone Biosynthesis in Medicago truncatula and Rice
Requires the Symbiotic GRAS-Type Transcription Factors
NSP1 and NSP2™*
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Legume GRAS (GAIl, RGA, SCR)-type transcription factors NODULATION SIGNALING PATHWAY1 (NSP1) and NSP2 are
essential for rhizobium Nod factor-induced nodulation. Both proteins are considered to be Nod factor response factors
regulating gene expression after symbiotic signaling. However, legume NSP1 and NSP2 can be functionally replaced by
nonlegume orthologs, including rice (Oryza sativa) NSP1 and NSP2, indicating that both proteins are functionally conserved
in higher plants. Here, we show that NSP1 and NSP2 are indispensable for strigolactone (SL) biosynthesis in the legume
Medicago truncatula and in rice. Mutant nsp1 plants do not produce SLs, whereas in M. truncatula, NSP2 is essential for
conversion of orobanchol into didehydro-orobanchol, which is the main SL produced by this species. The disturbed SL
biosynthesis in nsp1 nsp2 mutant backgrounds correlates with reduced expression of DWARF27, a gene essential for SL
biosynthesis. Rice and M. truncatula represent distinct phylogenetic lineages that split approximately 150 million years ago.
Therefore, we conclude that regulation of SL biosynthesis by NSP1 and NSP2 is an ancestral function conserved in higher
plants. NSP1 and NSP2 are single-copy genes in legumes, which implies that both proteins fulfill dual regulatory functions to
control downstream targets after rhizobium-induced signaling as well as SL biosynthesis in nonsymbiotic conditions.

INTRODUCTION nutrients, mainly phosphate (Yoneyama et al., 2007; Lopez-Raez
et al., 2008; Umehara et al., 2008; Lin et al., 2009). To understand
this adaptive regulation of these novel hormones, it is important to
unravel the molecular mechanisms of SL biosynthesis, transport,
and signaling. Here, we show that the GRAS-type transcription
factors NODULATION SIGNALING PATHWAY1 (NSP1) and
NSP2, which in legumes (Fabaceae) are essential for rhizobium
root nodule formation, are indispensable for SL biosynthesis under
nonsymbiotic conditions.

Legumes can establish an endosymbiosis with nitrogen-fixing
rhizobium bacteria. To host rhizobium, a novel lateral root organ, the
root nodule, is formed in response to specific lipo-chito-oligosaccha-
rides secreted by the bacterium. These signals, named nodulation
(Nod) factors, show strong resemblance to lipo-chito-oligosaccha-
rides produced by mycorrhizal fungi (Maillet et al., 2011). In legumes,
rhizobium Nod factors can trigger cell divisions in the root cortex,

Strigolactones (SLs) exuded by plant roots into the rhizosphere are
well-known stimuli for symbiotic arbuscular mycorrhizal fungi of
the order Glomeromycota (Akiyama et al., 2005). These ex planta
signals are coopted by root-parasitic plants of the Orobanchaceae
family and are essential to induce their germination (Cook et al.,
1966; Bouwmeester et al., 2007). Recently, it was found that SLs,
or their derivatives, also function as endogenous plant hormones
controlling outgrowth of axillary shoot buds (Gomez-Roldan et al.,
2008; Umehara et al., 2008). They do so in crosstalk with auxin, the
most prominent plant hormone (Beveridge and Kyozuka, 2010; Xie
et al.,, 2010; Domagalska and Leyser, 2011). Biosynthesis and
subsequent secretion of SLs is highly adaptive upon availability of
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resulting in the formation of a nodule primordium. Furthermore, Nod
factors are essential for intracellular infection by rhizobium. The Nod
factor-signaling cascade has been genetically dissected (reviewed by
Kouchi et al., 2010). These studies showed that several signaling
components have been recruited from the network that are also
essential for endomycorrhizal symbiosis. Genes that are essential for
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mycorrhizal as well as rhizobium Nod factor-induced signaling form
the so-called common symbiotic signaling pathway and comprise a
plasma membrane receptor kinase (DMI2 in Medicago truncatula and
SYMRK in Lotus japonicus); several components in the nuclear
envelope, including a cation—ion channel (M. truncatula DMI1 and L.
japonicus CASTOR and POLLUX); subunits of nuclear pores (L.
japonicus NUP85 and NUP133); and a nuclear localized calcium
calmodulin-dependent kinase (CCaMK) (M. truncatula DMI3 and L.
japonicus CCaMK) (reviewed by Kouchi et al., 2010). Mycorrhizae and
rhizobium induced signaling bifurcates downstream of CCaMK,
possibly because of differences in the nature of the calcium signal
(Kosuta et al., 2008).

Nod factor signaling also requires several transcription factors,
among which are the GRAS-type proteins NSP1 and NSP2 (Kald
et al., 2005; Smit et al., 2005; Heckmann et al., 2006; Murakami
et al., 2006). Both of these transcription factors are essential for
nearly all rhizobium-induced symbiotic responses, including Nod
factor-induced early nodulin gene expression, nodule organogen-
esis, and nodule functioning (Catoira et al., 2000; Oldroyd and
Long, 2003; Mitra et al., 2004b; Heckmann et al., 2006). Biochem-
ical studies indicate that NSP1 and NSP2 form a protein complex
that binds to a specific DNA element present in the promoter of
some early nodulin genes, such as ENOD11 (Hirsch et al., 2009).
This suggests that NSP1 and NSP2 can function as Nod factor-
responsive transcription factors upon heterodimerization (Smit
et al., 2005; Hirsch et al., 2009). NSP1 and NSP2, which are
essential for rhizobium Nod factor-induced signaling, are posi-
tioned downstream of CCaMK. Although both transcription fac-
tors are not essential for mycorrhizal symbiosis, it was recently
found that an NSP2-dependent signaling pathway facilitates my-
corrhizal root colonization (Maillet et al., 2011). This suggests that
NSP2 does not function exclusively in rhizobium Nod factor
signaling, a hypothesis that is supported by the presence of
orthologous NSP genes in nonlegume plant species (Kalé et al.,
2005; Smit et al., 2005; Heckmann et al., 2006; Murakami et al.,
2006). Here, we aim to characterize this novel function because it
will provide insight into how these GRAS-type transcription factors
have been recruited during nodule evolution.

GRAS-type transcription factors can be grouped in at least
eight different classes, which are largely conserved in higher
plants (Tian et al., 2004; Lee et al., 2008). For example, potential
orthologs of NSP1 (class Ill) and NSP2 (class VII) can be found
in many higher plant species, including rice (Oryza sativa) (Os
039g29480/0s NSP1 and Os 03g15680/0s NSP2) and Arabidop-
sis thaliana (At3g13840 and At4g08250) (Kal6 et al., 2005; Smit
et al., 2005; Heckmann et al., 2006; Murakami et al., 2006).
Arabidopsis is unable to establish mycorrhizal symbiosis, which
suggests a more generic function for both transcription factors.
Notably, NSP1 and NSP2 are functionally conserved in higher
plants as demonstrated in trans-complementation studies of
legume nsp1 and nsp2 knockout mutants with nonlegume NSP1
and NSP2 homologs (Heckmann et al., 2006; Yokota et al., 2010).
This supports the idea that NSP1 and NSP2 fulfill a conserved
function in plant growth and development.

We studied the genetic network controlled by NSP1 and NSP2
under nonsymbiotic conditions and provide evidence that both
transcription factors are indispensable for SL biosynthesis in
legumes as well as nonlegumes. M. truncatula nsp1 mutants,

nsp1 nsp2 double knockout mutants, and rice Os nsp1 Os nsp2
double knockdown lines hardly produce SLs. By analyzing the root
transcriptome in M. truncatula, we found that the effect on SL
production correlates with a strongly reduced DWARF27 (Mt D27)
expression. Likewise, rice Os nsp1 Os nsp2 double RNA interfer-
ence (RNAI) knockdown lines have reduced DWARF27 (Os D27)
expression. This underlines a conserved function of NSP1 and
NSP2 in regulating SL biosynthesis.

RESULTS

M. truncatula NSP1 and NSP2 Regulate Genes in the
Carotenoid Biosynthetic Pathway

To identify genes that are directly or indirectly activated by NSP1
and NSP2 under nonsymbiotic conditions, we analyzed the tran-
scriptome of M. truncatula nsp1 and nsp2 knockout mutants.
NSP1 and NSP2 are expressed mainly in root and nodules
(Benedito et al., 2008). Therefore, we conducted microarray
studies on 7-d-old roots and compared the nsp7-1 and nsp2-2
mutants with the wild-type M. truncatula (Jemalong A17) grown
on minimal medium without a nitrogen source (1.7 mM Pi).
Expression values were obtained from three independent bio-
logical replicates for each of the two mutants against the wild
type (National Center for Biotechnology Information Gene Ex-
pression Omnibus accession no. GSE26548). Because NSP1
and NSP2 can act as heterodimers (Hirsch et al., 2009), we
searched for genes with decreased expression (at least twofold) in
both mutants. In total, 42 probe sets (representing 39 genes) fulfill
this criterion (see Supplemental Table 1 online). The expression of
these genes was subsequently studied by quantitative (q) RT-PCR
in an independent experiment that now also included the M.
truncatula nsp1 nsp2 double mutant. Reduced expression in roots
of both nsp mutants could be confirmed for 16 genes. These
genes were also downregulated in the double mutant (Table 1).
To obtain insight in the biological function of the downregulated
genes, extended sequences were retrieved from the M. truncatula
genome data (IMGAG genome annotation version MT3.5) and
were compared with homologous genes in other plant species.
Two genes seemed to be legume specific, whereas the remaining
14 genes have clear homologs in nonlegume species (Table 1).
Four of these encode a protein that catalyzes a conversion in the
carotenoid biosynthetic pathway (a carotenoid isomerase homo-
log) or pathways leading from carotenoids to the plant hormones
SL and abscisic acid (a MAX1 homolog, a 9-cis-epoxycarotenoid
dioxygenase homologous to Arabidopsis NCED4 and an iron-
containing protein with high sequence similarity to rice DWARF27
[Os D27]) (Beveridge and Kyozuka, 2010; Xie et al., 2010). In
particular, the expression of the DWARF27 homologous gene was
strongly affected (~90% reduced expression) in roots of both
nsp1 and nsp2 mutants and in the double mutant (Figure 1A).
Subsequent searches in the M. truncatula genome and EST
resources revealed that M. truncatula has only a single DIWARF27
homologous gene that was covered by two probes on the M.
truncatula GeneChip (see Supplemental Table 1 online). The
encoded M. truncatula protein displays 54% identity and 70%
similarity with rice D27 (Figure 2A). Subsequent phylogenetic
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Table 1. Genes Downregulated in Root Tissue of M. truncatula nsp1, nsp2, and nsp1 nsp2

Fold Change Microarray

Fold Change gRT-PCR

Gene Gene ID nsp1 nsp2 nsp1 nsp2 nsp1 nsp2
DWARF27 - -3.2 -3.4 —6.1 -8.0 -7.4
Carotenoid isomerase - -2.1 2.2 —-2.2 —-2.5 -3.5
MAX1 Medtr3g104560 -25 -23 -1.9 -2.0 -1.6
9-cis-epoxycarotenoid dioxygenase 4 - -2.0 -3.0 -2.6 —-2.4 -3.2
1-Cys peroxiredoxin - -3.6 -3.7 -2.3 -1.9 -9.2
Abnormal gametophytes Medtr3g014420 -3.4 -2.8 -3.2 -2.5 -2.5
Ala-tRNA ligase Medtr4g074670 -3.3 -3.4 -1.9 -1.7 —4.4
Allyl alcohol dehydrogenase - -2.1 -2.0 -18.2 —-14.9 —23.8
C2H2-type Zinc finger protein 6 Medtr7g082260 —7.8 —10.1 -5.0 5.4 —29.4
Cytokinin-specific binding protein Medtr3g055120 —-2.4 —-2.5 -1.9 -1.7 -2.1
Dirigent-like protein Medtr4g122110 —6.1 5.4 —4.4 -3.5 -5.3
Man-6-phosphate isomerase Medtr3g104560 -2.5 -2.3 -1,7 -1.8 -1.6
Nudix hydrolase Medtr5g078020 -3.5 —4.5 -1.5 -3.4 —15.6
Seed maturation protein LEA 4 Medtr7g093160 -3.2 -3.0 -1.2 -1.2 —11.1
Legume-specific protein Medtr5g061550 7.7 7.7 -1.9 -1.8 —-10.5
Legume-specific protein - —4.6 -7.8 -1.5 -3.0 —-2.5

Plants were grown in the absence of a nitrogen source. Gene expression was analyzed using microarray analysis and gRT-PCR. Gene ID is based on

M. truncatula genome annotation (IMGAG MT3.5).

analysis revealed that the M. truncatula protein and rice D27
belong to the same orthology group (Figure 2B; see Supplemental
Data Set 1 online). Common ancestry is further supported by a
largely conserved exon-intron structure of both genes (Figure 2C).
Based on these findings, we named the corresponding M.
truncatula gene Mt DWARF27 (Mt D27), although it must be noted
that we did not provide a formal proof for orthology because
functional trans-complementation experiments of the rice d27
knockout mutant have not been done.

To confirm that downregulation of M. truncatula D27 was the
result of the knockout of NSP genes and not of a background
mutation present in both mutants, we complemented the M.
truncatula nsp1-1 mutant with a pMt-NSP1:Mt-NSP1 construct
and subsequently determined the D27 expression in transgenic
roots. This revealed that the expression of D27 did indeed
depend on the presence of a functional NSP1 protein (Figure 1B).

Next, we determined whether expression of D27 under non-
symbiotic conditions depends on components of the common
symbiotic signaling pathway that is essential for rhizobium Nod
factor signaling and mycorrhizal signaling. D27 transcript levels
were quantified in roots of M. truncatula dmi1, dmi2, and dmi3
mutants. D27 expression was not reduced in these mutants
(Figure 1C). Therefore, we conclude that the regulation of D27
expression in the absence of rhizobium or a mycorrhizal fungus
does not depend on the common symbiotic signaling pathway
but does depend on NSP1 and NSP2.

SL Biosynthesis in M. truncatula Requires NSP1 and NSP2

In rice, D27 is essential for SL biosynthesis (Lin et al., 2009).
Because the expression of D27 in M. truncatula is nearly unde-
tectable in roots of nsp1, nsp2, and nsp1 nsp2 mutants grown in
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Figure 1. M. truncatula D27 Expression Is NSP1 and NSP2 dependent.

(A) Relative expression level of D27 in nitrogen-starved roots of M. truncatula wild-type (WT), nsp1, nsp2, and nsp1 nsp2 mutant plants as determined

by qRT-PCR.

(B) Expression of D27 can be rescued in the roots of nsp1 mutant complemented with pMt-NSP1:Mt-NSP1.
(C) Expression of D27 in nitrogen-starved roots of the M. truncatula common symbiotic signaling pathway mutants dmi1, dmi2, and dmi3 determined by

qRT-PCR. Data are means =+ SD.
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Figure 2. M. truncatula D27 Is Orthologous to Rice D27.

(A) Protein alignment of M. truncatula D27 and rice D27 (70% homology/54% identity).

(B) Maximum-likelihood phylogenetic analysis of rice D27 homologous proteins of M. truncatula (M. truncatula), soybean (Glycine max), poplar (Populus
trichocarpa), cassava (Manihot esculenta), wild strawberry (Fragaria vesca), maize (Zea mays), and rice. Branch lengths are proportional to the number
of amino acid substitutions per site. Branch support was obtained from 100 bootstrap repetitions.

(C) Largely conserved exon-intron structure in M. truncatula and rice D27. The lengths of exons 2 to 6 are conserved between M. truncatula D27 and rice
D27 (aligned with dashed lines). Black boxes, exons; line, introns. GenBank accession number JN629088.



the absence of a nitrogen source, we determined whether SL
biosynthesis is affected in these mutants. To this end, we char-
acterized the SLs produced by M. truncatula. It has been
reported that the amount of SLs in root exudate strongly
increases upon phosphate starvation (Yoneyama et al., 2007;
Loépez-Raez et al., 2008; Umehara et al., 2008; Lin et al., 2009).
Therefore, we conducted two experiments and grew plants in
one-half-strength Hoagland medium under either low and normal
nitrogen conditions (0.14 and 2.8 mM NH4NOg, respectively) or
no and normal phosphate conditions (0.2 mM Pi). First, we de-
termined the expression levels of NSP1, NSP2, and D27 in root
systems grown under these conditions. Expression levels of
NSP1 and NSP2 were not affected by the nutrient levels in the
medium. By contrast, D27 already displayed a strong (>30-fold)
upregulation after 1 d of phosphate starvation, whereas nitrogen
starvation had little to no effect on D27 expression (Figures 3A
and 3B). Next, root exudates from phosphate-starved and
-nonstarved plants and from nitrogen-starved and -nonstarved
plants were collected and purified using C18 column chroma-
tography. In all root exudates, two peaks were detected that
could correspond to SLs. The major peak had a retention time
and transitions corresponding to didehydro-orobanchol (see
Supplemental Figure 1A online). The nature of this SL was
confirmed by coinjection and comparison of that of the tandem
mass spectrometry (MS/MS) spectrum with the MS/MS spec-
trum obtained from one of the didehydro-orobanchol isomers
found in tomato (Solanum lycopersicum) (Lépez-Réez et al.,
2008) (see Supplemental Figure 1B online). The minor peak was
identified as orobanchol based on the retention time and tran-
sitions (see Supplemental Figure 1C online), and this was con-
firmed by comparing this MS/MS spectrum with that of an
orobanchol standard (see Supplemental Figure 1D online). Taken
together, we conclude that M. truncatula produces two different
SLs: didehydro-orobanchol and orobanchol. Although both SLs
could be detected in the exudate of nonphosphate-starved
plants (with or without nitrogen), amounts increased ~10-fold
upon phosphate starvation (Figures 3C and 3D). This indicates
that, as with many other species, SL secretion, and likely
biosynthesis, by M. truncatula roots is induced by phosphate-
limiting conditions, whereas the nitrogen status of the plant has
no effect. This increase in SL secretion under phosphate star-
vation correlates with the transcriptional upregulation of D27.
Subsequently, the M. truncatula nsp1, nsp2, and nsp1 nsp2
mutants as well as an independent set of the wild-type plants
were grown under phosphate starvation. Profiling of D27 ex-
pression under these growth conditions revealed that D27 ex-
pression was repressed in all three mutants. In nsp7 and nsp1
nsp2 mutant plants, D27 expression was nearly absent, whereas
in roots of the nsp2 mutant, D27 expression was reduced to
~20% of wild-type levels (Figure 3E). The finding that D27
expression in phosphate-starved roots is dependent on NSP1
and NSP2 is in line with results obtained in the microarray study,
although it also shows that, under phosphate limitation, transcrip-
tional activation of D27 can occur partly independent of NSP2.
Analyses of root exudates by multiple reaction monitoring-liquid
chromatography (MRM-LC)-MS/MS showed that no SLs are
secreted by the nsp7 mutant or the nsp7 nsp2 double mutant
(Figure 3F). By contrast, in root exudates of the nsp2 mutant,
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orobanchol accumulated in 10-fold higher levels than those
observed in exudate of the wild-type plants (Figure 2F). Interest-
ingly, didehydro-orobanchol was absent in the root exudate of
this mutant, suggesting that NSP2 controls a specific step in SL
conversion. To rule out the possibility that NSP1 and NSP2 are
merely affected in secretion of certain SLs and not in biosynthe-
sis, we also investigated the SL content of root extracts. This
revealed similar results as observed in root exudates (see Sup-
plemental Figure 2 online). Taken together, these findings dem-
onstrate that genes controlled by NSP1 and NSP2 are essential
in the SL biosynthetic pathway and include D27.

NSP1/NSP2 Control SL Biosynthesis in Rice

Because NSP1 and NSP2 orthologous genes are present in
nonlegume species, we investigated whether the control of SL
biosynthesis is a conserved function of these proteins. The role of
DWARF27 in SL biosynthesis is characterized in rice (Lin et al.,
2009; Wang and Li, 2011), and rice, as a monocaot, is phylogenet-
ically distinct from M. truncatula. Therefore, we decided to focus on
this species. gRT-PCR analysis on root RNA showed that tran-
scripts of both NSP genes are present, although the level of NSP2
expression was close to the detection limit (Figure 4A). This is in line
with a previous study that reported that the expression levels of rice
NSP1 and NSP2 are extremely low (Yokota et al., 2010).

To study whether NSP1 and NSP2 are essential for SL biosyn-
thesis in rice, double RNAi knockdown lines were created by
Agrobacterium tumefaciens—mediated transformation. In total, 14
lines were obtained, and two of these showed severe knockdown
(>90%) of NSP1 in roots (Figure 4B). Because NSP2 is expressed
at a very low level, the knockdown level of this gene could not be
determined reliably. The expression of D27 in these knockdown
lines is reduced >90% when compared with the wild type (Figure
4C), showing that inrice, as in M. truncatula, the expression of D27
relies on the presence of NSP1 and possibly NSP2.

To determine whether downregulation of rice D27 expression
correlates with reduced SL biosynthesis, root exudates of nsp1
nsp2 RNAI lines were analyzed using MRM-LC-MS/MS analysis.
In rice, 2'-epi-5-deoxystrigol and orobanchol are the major SLs
(Umehara et al., 2008), and both could be detected in root
exudates of the wild-type rice plants (Figure 5A). Inthe nsp1 nsp2
RNAi lines, the amounts of 2'-epi-5-deoxystrigol and orobanchol
in the root exudates were approximately five- and eightfold
lower, respectively, than in the wild-type plants (Figure 5A). This
reduction was also visualized in a Striga hermonthica seed
germination bioassay. Seeds of this parasitic plant are known
to respond in a semiquantitative way to SLs (Matusova et al.,
2005). The germination-inducing activity of the rice nsp1 nsp2
RNAI root exudates was four- to fivefold reduced compared with
exudates from the wild-type plants (Figure 5B). Therefore, we
conclude that NSP1 and possibly NSP2 are essential for SL
biosynthesis in rice as well.

NSP1/NSP2 Control Lateral Shoot Growth in Rice but
Not in M. truncatula

In rice, a d27 knockout mutation causes increased tillering in
combination with reduced plant height (Lin et al., 2009). Because
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Figure 3. SL Biosynthesis Correlates with M. truncatula D27 Expression.

(A) Relative expression levels as detected by gRT-PCR of D27, NSP1, and NSP2 in M. truncatula wild-type roots under low (0.14 mM for 24 h) and

sufficient (2.8 mM) NH4NO3; growth conditions. Data are means = sD.

(B) Relative expression levels as detected by gRT-PCR of D27, NSP1, and NSP2 in M. truncatula wild-type roots under no (for 24 h) and sufficient
(0.2 mM Pi) phosphate growth conditions. Lowest expressed gene is set to 1. Data are means = sD.

(C) Levels of the SLs didehydro-orobanchol and orobanchol in M. truncatula wild-type root exudates as detected by MRM-LC-MS/MS under low
(0.14 mM for 7 d) and sufficient (2.8 mM) NH4NO3 growth conditions. Data are means = SE.

(D) Levels of the SLs didehydro-orobanchol and orobanchol in M. truncatula wild-type root exudates as detected by MRM-LC-MS/MS under no (for 7 d)

and sufficient (0.2 mM Pi) phosphate conditions. Data are means + SE.

(E) Relative expression levels as detected by qRT-PCR of Mt D27 in roots of M. truncatula wild-type (WT), nsp1, nsp2, and nsp1 nsp2 mutant plants
under no (for 24 h) and sufficient (0.2 mM Pi) phosphate growth conditions. Data are means * sbD.
(F) Analysis of the SLs didehydro-orobanchol and orobanchol in root exudates of phosphate-starved (0.14 mM for 7 d) M. truncatula wild-type, nsp1,

nsp2, and nsp1 nsp2 mutant plants (n = 3). Data are means * SE.

the absence of NSP1-NSP2 expression in rice and M. truncatula
resulted in markedly reduced SL biosynthesis in root tissue, we
tested whether these plant mutants also display a more branched
shoot phenotype. In rice, the amount of tillers was quantified at
different time points from 5 to 10 weeks after germination. The
nsp1 nsp2 RNAI lines had an increased number of tillers when
compared with the wild-type rice (Figure 5C). However, these
knockdown lines did not display obvious differences in plant
height, as reported for the rice d27 knockout mutant (Lin et al.,
2009). Therefore, although the increased tillering is in line with the
phenotype of the rice d27 knockout mutant, plant height seems

less critical because residual levels of D27 expression and SL
biosynthesis seem to be sufficient to support normal shoot
growth. Next, we studied shoot branching in the M. truncatula
nsp1 nsp2 double mutant and compared it with the wild type.
Wild-type M. truncatula formed three to four branches at the first
four knots and well-developed secondary branches during 10
weeks of plant growth. We did not find an increased amount of
branches in the nsp7 nsp2 double mutant. Therefore, we con-
clude that severe reduction in SL concentration in roots of the M.
truncatula nsp1 nsp2 mutant plants has no obvious effect on
shoot architecture.
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Figure 4. Expression Analysis of NSP1, NSP2, and D27 in Rice Determined by qRT-PCR.

(A) NSP1 and NSP2 expression in roots of wild-type rice (ZH11).

(B) Expression of NSP1 in roots of the rice nsp1 nsp2 double knockdown lines 907-2 and 907-15. WT, wild type.
(C) Expression of D27 in roots of the rice nsp7 nsp2 double knockdown lines 907-2 and 907-15. Data are means =+ SD.

M. truncatula nsp1 nsp2 Double Mutant Displays Reduced
Mycorrhizal Infection

Because NSP1 and NSP2 control biosynthesis of SLs, which are
important ex planta stimuli for branching of mycorrhizal hyphae,
it seems probable that these GRAS-type transcription factors
also have a function in the interaction of plants with arbuscular
mycorrhizae. Arecent study in M. truncatula indeed revealed that
the nsp2 mutant displays a ~40% reduction in mycorrhizal
colonization (Maillet et al., 2011). Our study revealed that the
nsp2 knockout mutant still produces orobanchol. We investi-
gated the mycorrhizal phenotype of the nsp 7 nsp2 double mutant
that does not produce detectable amounts of SLs. Mutant and
wild-type plants were grown under low phosphate conditions
and inoculated with Glomus intraradices. Six weeks after inoc-
ulation, the mycorrhizal status of the root systems was evalu-
ated. It was found that nsp7 nsp2 can be mycorrhized effectively
by G. intraradices. However, the fraction of the root system that
was mycorrhized was significantly lower in the mutant than in the
wild-type plants (40.1% versus 67.6%, respectively) (Figure 6).

When quantifying the number of arbuscules within mycorrhized
root sections, we noted that such segments of the nsp1 nsp2
mutant contained more arbuscules when compared with the wild
type (91.4% versus 66.7%, respectively) (Figure 6). These data
suggest that absence of SLs affects the initial infection of G.
intraradices, whereas intracellular arbuscule formation is not
hampered.

DISCUSSION

Here, we show that the GRAS-type transcriptional regulators
NSP1 and NSP2 regulate SL biosynthesis in M. truncatula and
rice. These two species represent distinct phylogenetic lineages
that split ~150 million years ago (Moore et al., 2007; Smith et al.,
2010). Therefore, we conclude that the regulation of SL biosyn-
thesis by NSP1 and NSP2 is an ancestral function conserved
in higher plants. During evolution of legumes, these two tran-
scriptional regulators have been recruited to play an essential
role in rhizobium root nodule symbiosis. NSP1 and NSP2 are
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Figure 5. Tillering Phenotype and SL Concentrations in Root Exudates of Wild-Type Rice (ZH11) and Two Independent Rice nsp1 nsp2 Knockdown

Lines.

(A) Analysis of 2’-epi-5-deoxystrigol and orobanchol content in root exudates of phosphate-starved wild-type (WT) rice (ZH11) and nsp1 nsp2

knockdown lines 907-2 and 907-15 (n = 3).

(B) Germination of S. hermonthica seeds induced by root exudates of the wild type (ZH11) and nsp1 nsp2 knockdown lines 907-2 and 907-15 (n = 3).

Data are means * SE

(C) Quantification of tillering in rice. Tillers of wild-type rice (ZH11) and nsp1 nsp2 double knockdown lines (907-2 and 907-15) were quantified 5 to 10

weeks after planting (n = 15). Data are means =* SE.
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Figure 6. Mycorrhizal Colonization of M. truncatula Wild Type and nsp1
nsp2 Mtnsp1 Mtnsp2 Double Mutant. (P < 0.05).

Data are means = SE. a, presence of arbuscules in the mycorrhized root
segments; M, intensity of mycorrhization in total root system.

single-copy genes in legumes, which implies that single proteins
fulfill both functions in these species.

The absence of SL biosynthesis in nsp1 nsp2 mutant back-
grounds correlates with a reduced expression of several genes
that encode enzymes of the carotenoid and SL biosynthetic
pathways, including D27. The precise biochemical function of
the plastid-localized, iron-containing protein D27 remains to be
elucidated, but it was shown to be essential for SL biosynthesis in
rice (Lin et al., 2009; Wang and Li, 2011). Our study in M.
truncatula revealed that the transcriptional regulation of the SL
biosynthetic enzyme D27 is tightly regulated by the nutrient
status of the plant. Phosphate starvation in particular triggers a
dramatic upregulation of D27 transcription. Because NSP1 and
NSP2 expression is not affected or is only very mildly affected by
the nutrient status of the plant (Barbulova et al., 2007), we
conclude that the activity of both transcription factors is con-
trolled at the protein level, similar to their hypothesized symbiotic
functioning in rhizobium Nod factor-induced signaling in le-
gumes (Geurts et al., 2005).

We showed that M. truncatula produces two different SLs
(orobanchol and didehydro-orobanchol), similar to its close
relative red clover (Trifolium pratense) (Yokota et al., 1998; Xie
et al.,, 2010). Intriguingly, M. truncatula SL biosynthesis is
differentially regulated by NSP1 and NSP2. In the nsp7 mutant
background, no detectable amounts of SLs are produced, but
the nsp2 mutant specifically secretes orobanchol in concen-
trations higher than those found in the wild-type plants (Figure
7). This shows that in M. truncatula, the markedly decreased
expression level of D27 in an nsp2 mutant background is still
sufficient to control orobanchol biosynthesis. Because the
precise biochemical pathway of different SLs has not yet
been elucidated, the finding that the M. truncatula nsp2 mutant
accumulates orobanchol rather than didehydro-orobanchol, as
found in the wild-type M. truncatula plants, may provide a tool
to identify key enzymes in the biosynthesis of different SLs. It is
assumed that 5-deoxystrigol is the first genuine SL and that all
other SLs are derived from it (Matusova et al., 2005; Rani et al.,
2008). Subsequently, didehydro-orobanchol is derived from

orobanchol in a three-step process: a homoallylic hydroxylation
of orobanchol to hydroxyorobanchol, an oxidation or dehydra-
tion to oxo-orobanchol, and a migration of the methyl group
leading to didehydro-orobanchol (Matusova et al., 2005;
Beveridge and Kyozuka, 2010; Xie et al., 2010). The enzymes
involved in these steps might be under the transcriptional
regulation of NSP2 (Figure 7). A preliminary analysis of M.
truncatula genes that are differentially downregulated in nsp2
mutant roots but not in the wild type or the nsp7 mutant
revealed a subset of such genes (see Supplemental Table 2
online) that included several candidates that encode enzymes
that could be involved in this process. Functional analysis of
these genes could provide access to key enzymes in SL
conversion.

Besides D27, two different carotenoid cleavage dioxygenase
(CCD) enzymes are essential for SL biosynthesis, specifically
CCD7 and CCD8. However, the precise relation between both
CCDs and D27 remains to be elucidated (Xie et al., 2010). M.
truncatula homologs of both CCD genes are represented on the
gene chip (CCD7/Medtr7g045370.1/probe ID Mtr.32038.1.S1_at
and CCD8/Medtr3g109610.1/Mtr.1606.1.S1_at). Interestingly,
the absence of functional NSP1 or NSP2 does not affect the
expression of these M. truncatula CCD7 and CCD8 homologous
genes. Assuming that both CCD genes are also essential for SL
biosynthesis in M. truncatula, this suggests that key enzymes
essential for this biosynthetic pathway are controlled by different
transcriptional networks.

In legumes, NSP1 and NSP2 are key components in the
rhizobium Nod factor-induced signaling pathway, and a knock-
out mutation in either of these genes impairs gene induction by
Nod factors, including ENOD11 in M. truncatula (Catoira et al.,
2000; Oldroyd and Long, 2003; Mitra et al., 2004a). ENOD11 is a
direct target of NSP1 because this transcription factor binds to
the conserved cis-regulatory binding element AATTT (Hirsch
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Figure 7. Model for SL Biosynthesis and Structure of the Two Main SLs
in M. truncatula.

didehydro-orobanchol

(A) Schematic representation of the SL biosynthesis pathway in M.
truncatula controlled by the GRAS-type transcription factors NSP1 and
NSP2. Orobanchol is synthesized in a multistep process from carotenoid
substrates and requires D27, which is under transcriptional control of
NSP1-NSP2. In this step, NSP2 is partly redundant. The conversion of
orobanchol in didehydro-orobanchol requires unknown enzyme X, which
is under direct or indirect control of NSP2. WT, wild type.

(B) Structural formula of orobanchol.

(C) Putative structure formula of didehydro-orobanchol.



et al.,, 2009). This motif is named the nodulation-responsive
element (NRE), and NSP1 binds to this element in an NSP2-
dependent manner. ENOD11 has two NREs in in the —500-bp
promoter region. Interestingly, NRE-like motifs are abundantly
present in putative promoter regions of rice and M. truncatula
D27 (see Supplemental Figures 3A and 3B online). In the M.
truncatula D27 promoter, nine NRE-like motifs can be found in
~1000 regions: seven times in the forward orientation and two
times in the reverse orientation, respectively (see Supplemental
Figure 3A online). This raises the question of whether NSP1 also
can bind directly to the D27 promoter. Preliminary studies using
in vitro electrophoretic mobility shift assays suggest that this is
the case (see Supplemental Figures 3C to 3E online), indicating
that M. truncatula D27 indeed could be a direct target of NSP1.
However, such studies need to be confirmed by complementary
approaches.

The finding that M. truncatula D27 expression is under (direct
or indirect) control of NSP1/NSP2 leads to a puzzling difference
in regulation when compared with functioning of both GRAS-
type transcription factors in the Nod factor signaling pathway. In
the latter case, NSP1 needs to be activated upon Nod factor
signaling. By contrast, none of the components of this signaling
pathway, not even the kinase CCaMK directly active upstream of
NSP1 and NSP2, are required for D27 expression. The finding
that both NSPs can function independent of CCaMKiis in line with
the fact that some plant species that cannot establish a mycor-
rhizal symbiosis (e.g., Arabidopsis) have lost many of the com-
ponents in the common symbiotic signaling pathway, including
CCaMK, but have maintained NSP1 and NSP2 orthologous
genes (Kalé et al., 2005; Smit et al., 2005; Zhu et al., 2006). The
recruitment of a conserved transcription factor into the signaling
pathway triggered by rhizobium Nod factors, as occurred in
legumes, is therefore intriguing. It suggests that in the event of
Nod factor signaling, the NSP-controlled transcriptional regula-
tion is activated in a different manner. It remains to be elucidated
how this difference is created at a molecular level. We hypoth-
esize that this is achieved by modification of the NSP1 and NSP2
protein complexes upon CCaMK activity. This might be a direct
modification or may involve a different component that affects
the binding affinity of the transcription factor complex. However,
the occurrence of NRE-like cis regulatory elements in the M.
truncatula D27 promoter region suggests that both mechanisms
could have parts in common.

SLs are stimuli for mycorrhizal hyphae, and SL biosynthesis
knockout mutants in tomato (ort1) and pea (Pisum sativum; ccd8)
display a reduction in mycorrhizal root colonization (Gomez-
Roldan et al., 2008; Koltai et al., 2010). The M. truncatula nsp1
nsp2 double mutant has a similar reduction in mycorrhizal root
infection (Figure 6). We also investigated arbuscule formation
and showed that the nsp7 nsp2 mutant efficiently forms well-
developed arbuscules. This finding suggests that SLs are not
essential for arbuscule formation. Therefore, we hypothesize that
SLs stimulate root colonization exclusively ex planta, in line with
this are the mycorrhizae symbiotic phenotypes of nsp mutants
that can be fully explained by the role of both transcription factors
in SL biosynthesis.

Plant mutants affected in SL biosynthesis or signaling are
known for a distinctive shoot branching phenotype. However, in
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M. truncatula nsp1 and nsp2, we did not observe such pheno-
type. This is in contrast with rice nsp knockdown lines. This
suggests that M. truncatula is possibly not ideal for detecting
shoot branching phenotypes, likely because it does not display
strong apical dominance. Because shoot architecture can be
influenced by environmental conditions, a more detailed study
on bud outgrowth, stem length, and/or polar auxin transport may
reveal weaker phenotypes in SL biosynthesis mutants in M.
truncatula. Additionally, the D27 dependent shoot architecture in
rice may be enhanced by the expression profile of the corre-
sponding gene. Inrice, D27 is transcribed in shoot bases, culms,
panicles, and axillary buds (Lin et al., 2009), whereas in M.
truncatula, D27 is expressed exclusively in roots (see Supple-
mental Figure 4 online) (Benedito et al., 2008).

During the past decade, genes encoding enzymes essential
for SL biosynthesis have been elucidated. To our knowledge, we
have identified the first two transcription factors, NSP1 and
NSP2, which are key regulators of SL biosynthesis. SL biosyn-
thesis is highly regulated by environmental and other conditions.
Therefore, NSP1 and NSP2 will be important tools in future
studies on the molecular mechanisms by which environmental
sensing is translated into regulation of SL biosynthesis.

METHODS

Plant Materials, Growth Conditions, and Transformation

Medicago truncatula was grown in a growth chamber at 20°C and 16-h-
day/8-h-night regime. Jemalong A17, nsp1-1 (B85) (Catoira et al., 2000;
Smit et al., 2005), and nsp2-2 (0 to 4) (Oldroyd and Long, 2003; Kalo et al.,
2005) were used as the wild type, nsp1, and nsp2, respectively. The nsp1
nsp2 double mutant was obtained by pollinating nsp7-1 plants with
nsp2-2 pollen. nsp1 nsp2 homozygote plants were selected by PCR-
based genotyping of F2 individuals.

M. truncatula plants used for gene expression analysis were grown
vertically on F&hraeus medium plates without nitrate (Fahraeus, 1957).
RNA was isolated from the Nod factor-susceptible zone of 7-d-old roots
samples snap-frozen in liquid N,. Total RNA was extracted using the E.Z.
N.A. Plant RNA Kit (Omega Bio-Tek), combined with Qiagen RNase-Free
DNase Set for on-column DNase treatment.

Agrobacterium rhizogenes-based root transformation of M. truncatula
was conducted according to Limpens et al. (2004). Plants with transgenic
roots were selected based on DsRED1 fluorescence.

Mycorrhization studies were conducted with fine sand and calcined
clay mixtures, which contain spores of Glomus intraradices. Six weeks
after transplantation, the whole-root systems were harvested and eval-
uated according to Trouvelot et al. (1986).

Rice (Oryza sativa subsp japonica cv Zhonghua 11) was used as the
wild-type rice. Rice plants were grown in a greenhouse at 28°C in a 16-h-
day/8-h-night regime. For tillering assays, rice plants were grown on fine
sand with one-half-strength full-nutrient Hoagland solution (Hoagland
and Arnon, 1950) and watered once a week. Rice transformations were
conducted using Agrobacterium tumefaciens strain AGL1 according to
Toki et al. (2006) and subsequent hygromycin B selection.

Constructs and Plasmids

For complementation of the M. truncatula nsp1 mutant, we used the pMt-
NSP1:Mt-NSP1 construct as generated by Smit et al. (2005).

Based on the principle that the RNAi functions through an ~20-
nucleotide fragment, a chimeric RNAi construct was made by fusing two
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fragments from Os NSP1 (295 bp) and Os NSP2 (488 bp) in a single hairpin.
First, fragments of OsNSP1 and Os NSP2 were PCR amplified from rice
genomic DNA with primer pairs Os NSP1-F/OsNSP-mr and Os NSP-mf/Os
NSP2-R, respectively (see Supplemental Table 3 online). Subsequently,
both fragments were fused by overlap PCR with primer pair Os NSP1-F and
Os NSP2-R (see Supplemental Table 3 online). This chimeric fragment then
was subcloned into pENTRL1L2, resulting in pENTRL1L2_OsNSP1-2i.
Then, this construct was recombined into pHGWIWG2 (1l)-RR-R1R2 to get
the binary construct pHGWIWG?2 (Il)-RR-OsNSP1+2i.

Affymetrix GeneChip Oligoarray Hybridization, Scanning, and
Quality Control

Total RNA (5 pg) was labeled using the Affymetrix One-Cycle Target
Labeling Assay kit (Affymetrix). Labeled RNA samples were hybridized on
Affymetrix M. truncatula Genome arrays (product 900735) and washed,
stained, and scanned on an Affymetrix GeneChip 3000 7G scanner. The
detailed protocols that we used for array handling can be found in the
Genechip Expression Analysis Technical Manual, section 2, chapter 2
(Affymetrix; product 701028, revision 5). Packages from the Bioconductor
project (Gentleman et al., 2004) were used to analyze the array data.
Various advanced quality metrics, diagnostic plots, pseudoimages, and
classification methods were used to determine the quality of the arrays
before statistical analysis (Heber and Sick, 2006, Brettschneider et al.
2008). In brief, the library “affy” was used to determine for each array the
average background signal, percentage present calls, scale factor, and
RNA degradation plots essentially as described by Alvord et al. (2007).
All arrays passed the guidelines recommended by Affymetrix, as
described in the Affymetrix Microarray Suite Users Guide, Version
5.0. In addition, the library “AffyPLM” was used to fit probe-level linear
models that provide parameter estimates for probes and arrays on a
probe-by-probe basis (Bolstad et al., 2005). Two-dimensional pseu-
doimages of the arrays based on probe-level quantities, namely the
weights and residuals computed by fitPLM, were inspected for stains,
scratches, and other artifacts. Even if present, all artifacts covered less
than 5% of the area of the array. Moreover, numerical quality was
assessed based on two distributions computed at the probe set level,
the normalized unscaled SE, and relative log expression (RLE). No
outlier arrays were observed for all these quality control parameters;
that is, all arrays were reasonably centered around the median normal-
ized unscaled Se of 1, and boxplots for RLE had a small spread and were
centered at an RLE of 0. Array data have been submitted to the National
Center for Biotechnology Information Gene Expression Omnibus under
accession number GSE26548.

Expression estimates were obtained by GeneChip Robust Multiarray
Averaging analysis, using the empirical Bayes approach to adjust for
background (Wu et al.,, 2004) in the Bioconductor library “gcrma.”
Differentially expressed probe sets were identified using linear models,
applying moderated t statistics that implemented empirical Bayes regu-
larization of SE values (library “limma”). The moderated Student’s t test
statistic has the same interpretation as an ordinary Student’s t test
statistic, except that the SE values have been moderated across genes
(i-e., shrunk to a common value) using a Bayesian model (Smyth, 2004).
To adjust for both the degree of independence of variance relative to the
degree of identity and the relationship between variance and signal
intensity, the moderated t statistic was extended by a Bayesian hierar-
chical model to define an intensity-based moderated t statistic (Sartor
etal., 2006). Intensity-based moderated t statistics improve the efficiency
of the Empirical Bayes moderated t statistics and thereby achieve greater
power while correctly estimating the true proportion of false positives. P
values were corrected for multiple testing using a false discovery rate
method proposed by Storey and Tibshirani (2003). Probe sets that
satisfied the criterion of false discovery rate < 5% (q value < 0.05) were
considered to be significantly regulated.

qRT-PCR Analysis

Total RNA (1 ng) was reverse transcribed into cDNA using the iScript cDNA
synthesis kit (Bio-Rad) following the supplier’s manual. Real-time PCR was
set up in a 20-pL reaction system using the Eurogentec gPCR Core kit and
the iQ5 Real-time PCR detecting system according to the manuals supplied
by the manufacturers. Gene-specific primers were designed with Primer-3-
Plus software (Untergasser et al., 2007) and are listed in Supplemental
Table 3 online. For M. truncatula, ubiquitin (UBQ) and polypyrimidine tract
binding protein were used as internal control, whereas for rice, UBQ was
used (Lin et al., 2009).

Phylogenetic Analysis

Maximum-likelihood phylogenetic analysis was performed on rice D27
homologous proteins of M. truncatula, soybean (Glycine max), poplar
(Populus trichocarpa), cassava (Manihot esculenta), wild strawberry (Fraga-
ria vesca), maize (Zea mays), and rice . Protein sequences were aligned using
Geneious Pro software package 5.4.6 (Biomatters) by applying Blosum62
matrix, a gap open penalty of 12, and a gap extension penalty of 3.
Phylogenetic trees were reconstructed by maximum likelihood and 1000
bootstrap repetitions to evaluate statistical support of the branches. Rice
0Os08g0114100 was used as an outgroup because it is the closest paralog of
rice D27.

Characterization and Quantification of SLs

For SL analysis, 15 1-week-old M. truncatula plants were transplanted (16 h
of light, 23°C, 60% relative humidity) into an X-stream 20 aeroponic system
(Nutriculture) operating with 5 L of modified one-half-strength Hoagland
solution (Hoagland and Arnon, 1950; Lopez-Raez et al., 2008). Four weeks
after transplanting, phosphate starvation was introduced by replacing the
nutrient solution with one-half-strength Hoagland solution without phos-
phate. Twenty-four hours before exudate collection, the nutrient solution
was refreshed to remove all accumulated SLs. For SL analysis inrice, plants
were grown as previously described by Jamil et al. (2010).

M. truncatula exudates were purified and concentrated as previously
described by Lopez-Réez et al. (2010) with some modifications. Five liters
of root exudate was loaded onto a preequilibrated C18 column (Grace Pure
C18-Fast 5000 mg/20 mL) per sample. Subsequently, columns were
washed with 50 mL of deionized water and 50 mL of 30% acetone/water.
SLs were eluted with 50 mL of 60% acetone/water. Rice exudates were
purified and concentrated as previously described by Jamil et al. (2010). All
exudates were collected within 3 h and stored at —20°C before further use.
SLs were extracted from M. truncatula root material as previously described
for tomato (Solanum lycopersicum) by Lopez-Raez et al. (2010).

Analysis of SLs was performed by comparing retention times and
mass transitions with those of available SL standards (sorgolactone,
strigol, 2’-epistrigol, orobanchol, 2’-epiorobanchol, 5-deoxystrigol,
2'-epi-5-deoxystrigol, solanacol, and orobanchyl acetate, sorgomol,
7-oxoorobanchol, 7-oxoorobanchyl acetate) using ultra-performance
LC coupled to MS/MS, as previously described by Kohlen et al. (2011).
Didehydro-orobanchol MS/MS fragmentation spectra of M. truncatula
and tomato root exudates were obtained as previously described
Lépez-Réez et al. (2008).

Root exudates obtained from different rice lines were assessed for
germination stimulatory activity by germination bioassays with Striga
hermonthica as previously described by Jamil et al. (2010).

Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assay experiments were performed mainly
as described previously (Kaufmann et al., 2005). The coding sequence of
M. truncatula NSP1 was PCR amplified from a pool of cDNA using the



following primers with Ncol (forward) and Clal (reverse) restriction
sites (see Supplemental Table 3 online). The amplified fragment was
cloned into the pSPUTK, an in vitro transcription/translation vector (Stra-
tagene). The protein was produced by in vitro transcription/translation with
the TNT SP6 High-Yield Wheat Germ Protein Expression System following
the manufacturer’s instructions (Promega). Promoter fragments of M.
truncatula D27 and ENOD11 were PCR amplified from M. truncatula
genomic DNA and cloned via TA-cloning into the pGEM-T vector (see
Supplemental Table 3 online). Biotin-labeled pGEM-T-specific primers,
directly flanking the cloning site, were used for generation of the DNA
probes by PCR. The Mt NSP1 protein (2 pL of the in vitro reaction) was
incubated with 40 fmol of biotin-labeled DNA probes in binding solution
(1mMEDTA, pH 8.0, 0.25 mg/mL BSA, 7 mM HEPES, pH 7.3,0.7 mM DTT,
60 pg/mL salmon sperm DNA, 1.3 mM spermidine, 2.5% 3-[(3-Cholami-
dopropyl)dimethylammonio]-1-propanesulfonate, and 8% glycerol) for 1 h
on ice. DNA-protein complexes were analyzed on a 5% native PAGE
(87.5:1 acrylamide:bisacrylamide). After electrophoresis, the gel was blot-
ted to Amersham Hybond-N+ membrane, and the signal was detected
using the chemiluminescent nucleic acid detection module (Pierce Chem-
ical Co.) in a Genius:BOX gel documentation system (Westburg).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under the following accession numbers: M. truncatula nsp1
and nsp2 microarray data, GSE26548; and M. truncatula D27, JN629088.
The following genes were used in gRT-PCR experiments: M. truncatula
UBQ, BT053109; M. truncatula polypyrimidine tract binding protein,
CT963079; M. truncatula NSP1, AJ972478; M. truncatula NSP2,
AJ832138; rice NSP1, AC135559; rice NSP2, AC135206; rice D27,
FJ641055; and rice UBQ, AC103891.
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