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l. INTRODUCTION




A. Brief description, framework and aim of the project

The mutualistic feeding exchange between legunsn@lants and its respective
symbionts Rhizobia and Mycorrhiza diminish the sitritional dependency, for the plant
partner and limits the agrochemical adds enharagngulture sustainability in an ecological
way. Furthermore, the leguminous themselves acsdi@ntabout one third of the world’'s
primary crop production, human dietary protein, aegresent a major source for livestock

and raw material for industry.

It is well known that abiotic factors such as liglemperature and especially nutrient
availability can affect the occurrence and the cedficy of beneficial plant-microbe
interaction such as the Symbiotic Nitrogen Fixatf8MNF). Sessile organisms such as plants
must be able to perceive continuously the surroygdinvironment in order to respond
efficiently to different correlated abiotic and b signals. The plant control over this
plethora of biotic and abiotic factors, acting ke trhizosphera level, occurs through a
complicated network of signaling pathways. For epkanthe competence of leguminous
plants for the symbiotic interaction is determineyl the presence of combined Nitrogen
sources in the soil and in particular, the limdatbf these N sources is a prerequisite that has

to be satisfied.

The question of how legume plants sense the enwieotal N availability and how this
signal can interfere with the Nod factor-dependeamsduction pathway leading to nodule

organogenesis is a central objective of my PhDishes

The present PhD program is undertaken in the frafrtbe European Network Project
(INTEGRAL = Intensifying Training in Europe for Gemic Research Activity on Legumes)
dedicated to the study of the molecular and genbtisis of mutualistic symbioses
(interactions between plants and soil microbes) thi@vide legumes, such dsotus
japonicus with nutrients for growth. In the last fifteenargLotus japonicudecame as well
asMedicago truncatulaa very important model plant for the understagaihthe symbiotic

relationship between the legume plant family aradrtborresponding symbionts.

In our laboratory, we are focusing our attention tve pathway of transfer and

assimilation of ammonium, which represents alsofthal product of the SNF. For many



high eukaryotes this transfer occurs through twaennti@nsport systems: the LATS (low
affinity transport system) and the HATS (high atfntransport system) and the ammonium
transporters play a crucial role in the latter loyirey as gate regulators of the ammonium
fluxes. We have already characterized 3 high dajfiimmonium transporters ihotus
(D’Apuzzo et al., 2004). This preliminary characterization was bassdentially on the
elucidation of the patterns of expression and leowbal characteristics of the three
members of theLjAMT1 family: LJAMT1.l, LJAMT1.2 and LjAMT1.3 This first

characterization will be mostly reminded in theaoluctive chapter.

During my PhD program | further characterized &MT1 gene family by focusing my
attention on the effects of the environmental cbonds on the gene expression trying to
correlate these profiles with thetus growth phenotypes {2chapter). | thought opportune
to figure out how the ammonium transporters coddct to some parameters controlling

plant growth that are implemented in each of oyeexnents.

In the chapter ll-section D, | describe two str&gegwe chose for fishing AMT
interactants. In section D.2, we use a varianhefyteast two-hybrid system (RRRs: Reverse
RAS Recruitment system) that is suitable for hytiapc protein embedded into the plasma
membrane as it's the case of our full length AMTateins. The second strategy is based on
the use of the c-terminal part of the AMT transpstas bait to fish putative interactants
directly from plant crude extracts. The dis/advgetof both techniques are discussed in the

related section.



B. Legume Model Plant:Lotus japonicus

B.1. Generalities: Legumes and.otus

With 650 genera and over 18000 species grain leguane only second to grasses in
economic importance in world agriculture right afeereal crops. In 2004, more than 300
million metric tones of grain legumes were produoed190 million ha (FAO stat (2007);
http://www.faostat.fao.org). Three quarters of terld production of grain legumes is
soybean with 186 million metric tones, increase®b$% over the last 30 years, while the
others grain legumes yielded 57 million tones i@ 2@Qhttp://www.grainlegumes.com/). On
December 2004 a scientific legume community represeby almost 50 legume researchers
and Funding agency met in CATG conference (Crogg#ree Advanced through Genomics)
in Santa Fe (Ca, USA) to figure out a consensusrtefin legumes as model plant family
(http://catg.ucdavis.Edu/). During, this conferemoany aspects of the application of the
growing model plants with both cultivatédedicago truncatulgAlfalfa) and Glycine max
(Soybean) as well as the uncultivatestus japonicugbirdfoot trefoil) were mentioned as
potential references for the grain legume in adpica (Geptset al.,2005). The same year,
other scientific efforts were made by the publisatiof an organized LIS database (The
Legume Information System) giving the state of #re on grain legume genomics cross
comparison, in order to encourage the opporturatyenlarge the circle of the scientific
community on applied legume research projects (@eszt al., 2005). The scientific
progresses obtained over the last fifteen yeaitsoth model legumedvl truncatulaandL.
japonicusindicate a striking difference when compared tor#mults obtained in other grain
legumes such as soybean or chickpea. In the leguonld, Lotus japonicuss an excellent
model plant that gave to the legume research cortynoew tools, revealing new important
genes involved in the symbiotic and developmentyays (Nishimura Ret al. 2002; Sato
and Tabata, 2006).

B.1.1. Domestication and geographic distribution

Before to reach the status of model pldmitus as Medicagoare first of all plants that
became nowadays very important in the agricultie&l$. Both plants are considered as
important source of forage for the cattle but tbendstication of.otusspecies is more recent
compared toMedicago (Asuaga 1994). Different species are used to irgngastures in
association with other grasses (Papadopoulos attiake 1999). Among more than 180
inventoried Lotus species only 4 annual species were concerned byestecation:L.

corniculatus (birds foot trefoil), L. uliginosus Schkuh(greaterLotug, L Glaber Mill.



(narrow-leaf trefoil) and.. subbiflorusLagasca (hairy birdsfoot trefoil). However, omhlgtus
corniculatusis widely spreaded for sowing but these last sgeaie extensive sources of
new diversity necessary in the different breedirggpams (Diazt al.,2005).

Lotus japonicus(Regel) Larsen was discovered centuries ago atamicgent capital of
Japan Kyoto. Its natural habitat is East and ceAs&. However, the spreading of the genus
occurred only through sowing its domesticated ggeand the principal area of cultivation of
Lotus species is the Mediterranean basin (Europe andhNairica; Figure 1). In 1950,
Professor Isao Hirayoshi (Kyoto Uniin VandenBosh and Stacey (2003)) collectedus
plants growing in Gifu on a riverbank. Then Profill&m F Grant collected its progeny.
However, the first Researchers who establisbetiis japonicus (Gifu progeny B-129) as
model plant were Kurt Handberg and Jens Stougd®®@?2( Aarhus Univ., Dk.). Since then,
Lotus Gifu B-129 had a lab world wide distribution. Maonyher ecotype ofotus can be
found at: http://www.Shigen.nig.ac.jp/bebotusjaponicufop/top.js. The Ecotype
Miyakojima (MG-20) found on the island of the samame is also an extensively used
ecotype especially to get progeny after its cragsiith Gifu ecotype (Kawagushi, 2000).
The derived population is useful for the construttof genetic linkage map, map based
cloning and QTL identification. Finally MG-20 is éhecotype serving for thé&otus
sequencing genome program undertaken by the K&dNgaResearch Institute (http://www.
kazusa.or.jplotudindex.html.; Udvardet al., 2005)

Germany Austria

Argentina
600

Figure 1. Countries with more than 100 thousands hectares sownh atitkspecies. Under the country, the
sowing area in thousands of hectares is indicated.ofis japonicuhandbook (2005); Marquez ed.)



CLASS

Mononcotyledones
Dicotyledodones

ORDER

Magnoliidae
Cariophyllidae
Hamamelidae
Dilleniidae
Asteridae
Rosidae

SUBCLASS | | FAMILY SUBFAMILY | | GENIUS | | SPECIE
Rosales
Podotemales
Myrtales _
Fabales Leguminosae cesalpinoideae —

| Leguminosae Papillionideae corniculatus

Eleagnales Lotus glaber
Rutales Leguminosae Mimisoideae subbiflorus
Geraniales uliginosus
Polygonales japonicus
Sapidinales pedunculatus
Rhamnales rigidus
Celestrales scoparius
Santalales berthelotii ....
Rafflesiales —
Apiales
Cornales

Figure 2. Taxonomic classification dfotus japonicus




B.1.2. Taxonomy

The genusLotusis an Angiosperm, true dicotyledonous plant belogdb the large family of
Fabaceae also termed Leguminoseae or PapilionehtharSubfamily of the Faboideae (figure2). It
regroups both perennial and annual species. Theegpponicusas well as the agronomical ones are
included in the subgenusdento Lotus characterized by its non dental style, sectk@ntoLotus
composed with legumes terete and laterally compregsllow flowers (Arambariri, 1999). As shown
in figure 3, the morphology of theotus plant is quite similar within the same genus. Rdmve
erected or decumbent stems and pentafoliate leaithstwo of the leaflets at the petiole base
resembling stipules. Leaves are green to grey-gie#iorescences with eight flowers are umbel-like
cymes at the end of long axillary’s branches. Havevt is possible to differentiate the species
according to their belonging to both perennial andual life cycles (Key words Lotus japonicus
handbook, (2005)).

Figure 3. Botanical drawing of agriculturally important specand LjaponicugA) L. uliginosus, (B)
L. subbiflorus ; (C) L. glaber ; (D) L. corniculau
In Lotus japonicushandbook (2005); Marquez ed.



B.1.3. Biology and life cycle

On the contrary of many legume plantstus japonicuss a perennial, diploid, self-fertile plant,
that develops straight seed pods with two halves seeds are arranged along a simple linear axis.
After germinationLotus japonicusobserves a relatively slow growth. However, invgito chamber,
the life cycle from young axenic plantlets (3 weelis the mature plants producing seeds, is atdout
months, sometimes less. One week post germindtierseedlings are less than 5 cm long (shoot and
root). This fact makes easy is vitro high density culturing (figure 4). Moreovdrptus is quite
amenable tAAgrobacteriummediated transformation (Lombaet al., 2003). The flow chart of the
transformation procedure was recently shortenedo{Bavaet al., 2005). A program of DNA tagging
of Lotusjaponicuswas established in different labs to obtain inearimutant lines. The relative small
genome (450 mb) is another positive point to disdéferent pathways and to define a very shornter
sequencing program.

One important characteristic obtusjaponicusis its ability to form nodules. On the contrary of
M. truncatulathe nodules ok. japonicusare determinate nodules. The study and the chaizaiten
of the nodulation are prerequisites to understarctoss talk between thetushost and the different

strains that are able to enter in symbiosis with it

Figure 4. Lotus japonicus in vitrtnigh-density
culture.




B.2. Symbiosis

As most leguminous speciekptus japonicushas the potentiality to enter in symbiosis with
bacteria commonly called Rhizobia. Each partnerehdsect benefit from the other: Bacteria provide
Lotuswith the necessary amount of fixed atmospheriogén, while in returnkotusdownloads into
the infected cells the right amount of carbohydrgieesbrossest al., 2005) sneeded for Rhizobia
livestock and nitrogen fixation activity. The syratic program leads to the formation of novel root
derived organs named nodules (Szczyglowski and Ana@®3). Legume plants can form two kind of
nodules: indeterminate nodules (dg: truncatulg Peg and determinate nodules ((e§oybean
Lotus); Van Spronsen et a(2001)and in figure 5). The benefit role taken by theulegs from the
symbiosis, the neo-formed specialized organs arpoitant ecological issues for the good
management of the extensive cultivated areas. THast relying on such organs reduces the need for
expensive nitrogen fertilizers that is an import@aiture of sustainable agriculture.

Figure 5. (A) determinate nodule and (B) indeterminate nedypes



Two important milestones were reached in the undeding of the nodulation process by the
legume scientific community:

In one hand, the discovery of the bacterial elicttalled Nod factors (See § B.2.2; Denarié et al.,
1996; D’'Haeze and Holster, 2002) and their corradpa plant host receptors (see § B.2.4). On the
other hand, the unraveling of two key central ge(@sThe Harl receptor kinase-dependent signaling
(Penmetsa and Cook, 1997; Woperisal., 2000; Krusellet al., 2002; Nishimuraet al., 2002). L.
japonicus mutants carrying a mutation in the HAR1 gene failautoregulate nodule formation,
resulting in the formation of an excessive numbaranlules (hypernodulation phenotype; Wopeetis
al., 2000). (b) the NIN gene: Nodule inception) thatedes a master regulator protein triggering the
initiation of the infection threads and the onsktartical cell division (Shausset al., 1999). Both
are essential protagonist for the establishmernthefsymbiosis even though many other genes are
required (see § B.2.4).

Different approaches were used to unravel thesterce and to characterize their role:

Lotus geneticsMany techniques participated to find out new lasithe map based cloning, the high
throughput mutagenesis (Tilling; Perey al., (2003)) and genome tagging, genetic linkage map an

leguminous genome (macro-micro) synteny programs.

Lotus Functional GenomicsPrincipally, based on the EST (Expressed SequEageAsamiziet al.,
2000) database and thetus sequencing project that is under the supervisiothe Kazusa (Japan)
program. Moreover, a gene general expressionrpattewas established by the production of arrays
(macro, micro arrays and gene chips). Particulahnky ,affimetrix technology gives new insights oge th
symbiotic process from the expression genome skrgenf infected Lotus japonicusplants
(Colebatclet al.,2002)

Lotus Proteomics One important issue was achieved by the identifineof proteins present in the
peribacteroid membrane ahdtusnodules (Winkoop and Saalbach, 2003). Tools aadythe large
spectrum of expressed proteins (Two dimensional eg#ctrophoresis, Liquid and Gaz
chromatography) identify more than 94 known protesiching database and 24 ESTs where detected
in the PBM.



Lotus MetabolomicsMetabolite profiling using GC-MS showed to profdébanges in metabolites in
nodules compared to roots as well as to studylatidn of mutant, non N-non fixing plants and wild-

types nodules containing mutant rhizobia (Colebatchl.,2004)

B.2.1. Rhizobia:Mesorhizobiumloti

Rhizobia designate a collective name of the geR&iaobium, Sinorhizobium, Mesorhizobiand
Bradyrhizobium These prokaryotes colonize the rhizosphere wiieeg perform nitrogen fixing
symbiosis with leguminous plants. Both “fast grogii Mesorhizobium lotiand slow growing
Bradyrhizobium lotican nodulatd_otus japonicus HoweverB. Loti induces only infected non N-
fixing nodules. By contrastl. loti is able to form determinant-type globular nodudesl perform
nitrogen fixation on severdlotus species. Thé. loti genome is totally sequenced. The project was
initiated in February 2000 by the sequencing of gtrain MAF303099 and the complete nucleotide
sequence was achieved in December 2000 (Kaetkb, 2000). The genome ®fl. Loti consists of a
single chromosome (7,036,071 bp) and two plasnddsignated as pMLa (351,911 bp) and pMLb
(208,315 bp). The chromosome comprises 6,752 patgmbtein coding genes, two sets of rRNA
genes and 50 tRNA genes representing 47 tRNA spetie genome of plasmids pMLa and pMLb,
contains 320 and 209 potential protein-coding gerespectively.

To date, the commonly fast growing strains, felady to useare: R7A, NZP2235, JRL501 (Niwa
et al., 2001, Kawagushet al., 2002), MAF303099, and TONO (Kawaguchi, 2000). Mokthese
strains are equipped with GUS and GFP fusion repgenes to monitor the process of infection from
the beginning till the formation of the nodules.efd are also other species of rhizobia that camcind
nodulation onLotus japonicusas Rhizobium etlithat is thePhaseolussymbiotic partner but is also

able to nodulat&otus
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However, in this case nitrogen fixation is missbegause of the defects in the cortical cells irorasi
and nodules senesce rapidly (Bambal.,2001). The broad host range Rhizobium sp. NGR 2&4 h
also been reported to noduldtetus japonicusFor the understanding of the early legume-rhiaobi
interaction basic mechanisms, permitting a myriaidross possibility to nodulateotuswith different
rhizobia strains, the recent studies of Radudadial., (2007) were extremely important. The authors
used domain swap experiments on the plant hostfators-receptors of different legumes and the

M. loti Nod factor acetyl end groups rendering these addego each other.

B.2.2. Steps of nodule formation and development

The first plant organs involved in the nodulationgess are the root hairs. The root hairs of higher
plant represent an important extension of the sootace. This enlarged surface is able to sense and
uptake nutrient from a continuously fluctuatingzdgsphere environment. During the symbiosis the
structure of the root hairs contained in a fractidithe root at 0.5 cm far from the root tips (figlbA)
start a new morphogenesis process representingirdtemacroscopical event of the symbiotic
interaction (Szczyglowski and Amyot, 2003)

The first steps involve the mutual recognitionves#n bacteria and host plant. Bacteria are
attracted by root exudates (flavonoids, sugarsatitel compounds). These plant compounds are
generally synthesized when the plant is under di@tig. pathogen attacks) or abiotic stress (edj. |
of the oligo-mineral retention capacity of the dgphere). In particular, secreted plant flavonaidd
phenolic coumpounds are able to induce in rhizab@aNod genes (Downie, 1998) expression (figure
6B) and subsequently the synthesis of Nod factéis(br Lipochitin oligosaccharides). These secreted
molecules are tetramers and pentamers of the cgitbatie chitin, which are attached to a fatty
acid chain (Geurts and Bisseling 260#gure 6C). Nod factors can be purified and ingetex.
The initial response of root hairs to the NF pragtliby the compatible strain of rhizobia involves th
establishment ofle novopolar root hair tip growth and curling, which Isao the formation of typical
“shepherd’s crook” structures (Lhuissiet al., 2001). Only root hairs localized to the susceptible
zone (figure 6 A) of the root and at a particulavelopmental stage appear to be fully receptive to
NFs (Bhuvaneswaet al. 1981). The curled root hairs entrap the bacterchsmnve as a starting point
for the initiation of the infection process, whiokcurs through a local invagination of the plasma
membrane and establishment of a growing infectituctire, the infection thread (IT). The

intercellular progression of the IT through the trb@ir toward the underlying nodule primordium



occurs via a tip-growth-like mechanism and is gdidgy a specific arrangement of polarized
cytoplasm in the underlying cortical cells (van 8salet al. 1992; van Spronseat al., 2001). In
principle, the zone of attachment of the Bactesidhie root hair. However it happens that in a few
cases the mechanisms by which rhizobia colonizésrgary significantly among different legume
species and various root hair-independent mechan@nroot colonization by rhizobia, including
cortical intercellular invasion at lateral root bashave been described (Boogerd and van Rossum,
1997; Guinel and Geil, 2002, ).

Root nodule Infection thread
symbiosis symbiosis

Figure 7. Different steps of theymbiotic interaction. A, scanning confocal imageaof infection thread originatir
from a microcolony at the curled root hair tip apbceeding down into the base of the epidermal &&llloti
bacteria are tagged with GFP (green fluorescenug}tze rot tissue has been counterstained with propidiugdidi
(red fluorescence) (in Kara al., 2005) B, Schematic representation of the infecttmead formation steps: ni
infected root hair (1) infected root hair showitngzobia entrapment (2n/3), roaoaih curling (4) and spreading of t
infection thread from the root tip to the first toal cell layers (5). C, sometimes the invasionus by cracking th
root epidermal layers and then spreading of the DT'she cortical cell invasion occurs fitsbugh the destruction
the cell walls pectocellulose, followed by invadina of the cytoplasmic membrane encapsulating ltheteric
inside of structures termed symbiosomes E, intosgmabiosome bacteria do not divide anymore, difféage in
bacterads and fix the atmospheric nitrogen G, a maturdute full with symbiosome structures containingiae
bacteroids (black color indicates the leghemoglabithe lively bacteroids)



B.2.3. Other type of Symbiosis: the Mycorrhizal ineraction

By contrast to the bacterial symbiosis that isrretstd only to the Leguminous family, Arbuscular
Mycorrhizal symbiosis concerns both mono and dieatynous classes. The fungus, an obligate
biotroph belonging to the Glomeromycota (Shussteal.,2001) provides to the plant the necessary
nutrients among which the phosphrous seems toédenfin source of plant benefit (Smith and Read
1997). The process of invasion is quite differotn the rhizobia threads (figure 8). Many genes
which are involved in the early signals transdutpathways of the two processes are likely to ke th
same (See next 8. B.2.4.). Both cytological charages genetic partners were largely documented
(Bonfante, 1984, Sicilianet al., 2007) especially irMedicagoand Lotus However a big question
mark is still raised concerning the first step e€agnition between AM and the host plant. Indeed,
even though the Myc factors (sesquiterpene strofjoiee) were isolated (Akiyamet al., 2005), the

precise nature and number of plant host receptassnet elucidated yet.

Figure 8. Arbuscular mycorhiza invasioA, the appressarin is
first in contact to the first epidermal cell of theot that will be
subsequently destroyed (1) the progression of réwdtprocee
then in the extraellular space until the third layer of cells wh
the invagination and ramification process steithout destroying
the cells B, invagination of the cytoplasmic membrane with
destruction. The contact between thread remaincgtaplasmic
membrane is maintained, forming a micro region whautrient
exchange, mainly phosphorous and ammonium, take pl

Arbuscular mycorrhiza
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Figure 9. I. Model for early Nod factor induced response. A, Nod factors (NF) secreted by compatible rhiacére
postulated to bind to the LysM domains of LysM retoe kinases, triggering dimerization, auto-phosplation and
phosphorylation of downstream signalling componeBtsNod factor perception leads to a localizecticah influx,

causing a reorientation of polar tip growth in rdwatrs in the direction of Nod factor perception.[@MI1 and DMI2

initiate calcium spiking by way of a heterotrimei@-protein and phospholipid module. The putativa @hannels
CASTOR and POLLUX localize in the plastids of pead aonion epidermal cells, but the role of plastidssignal

transduction is unknown. DMI3 senses calcium cotraéipns and translates this into rhizobium-specENOD gene
expression by phosphorylating the NSP1 and NSR&dription factors. ENOD genes activate cell dossiwithin

cortical cells by a not yet identified mechanism.

A

region

.

Nodule primordium

Il. Model for the rhizobia root hair infection. A, pronounced root hair curling leads to the gumtrant of rhizobia within
the curling, creating a high, local concentratidrNod factors. The LYK3 LysM receptor kinase, pgban a omplex
with NFP, initiates infection thread growth. Badepenetrate the root hair and traverse plant-ddrimfection threads
towards the developing primordia. B, upon reachimg primordium, rhizobia are released into membizmend sacs
termed ‘symbiosomes’, a process that requires DM¥tilitional genes have been identified that arelireg for infection
threads to penetrate the epidermal layer (TablulYhe nature of these gene products is curremknown. C, proteins
required for Nod factor signalling are expressedhia pre-infection region of indeterminate nodukasggesting that the
continuous infection process in developed nodudegliires constant Nod factor perception. An analegsituation ma
exist in determinate nodules but bmiied to early developmental stages in which celistbn and infection are takin
place. M.truncatulaand L. japonicusgenes are indicated with japonicusgenes given in parentheses. E = epidermis; C =
Cortex.in MOLECULAR PLANT PATHOLOGY (2006) 7( 3) , 197-207© 2006 BLACKWELL PUBLISHING LTD



B.2.4. Symbiosis pathway

All the morphological changes that occur during thigobia infection are under the tight control

of a signaling pathway that restrict the extenswécessful infections at the root epidermis ancuteod

organogenesis at the root cortex (Nutman, 1952 Brasselet al.,2002). The microscopical analysis

of the early symbiotic steps leading to the roat daformation and IT formation were more recently

supported by electrophysiological and fluorescemtroscopy investigations that allowed defining

many different steps occurring within a few secobglshe addition of Nod factors and concerning its

perception and transduction. These include: a mangbdepolarization, an extra-cellular alkanization

and a calcium influx followed by a calcium spikimgthe perinuclear cytoplasmatic region of the root

hairs (Harriset al, 2003). These early events precede the root $w@lling and deformation

(branching followed by curling).

Recently, a detailed characterization of severakamts (table below) isolated by chemical

mutagenesis coupled to an optimized map positimhahing technique set up jointly ihotus

japonicusand inMedicagotruncatula, allowed the identification of different genes ifwed in the

early events described above (figure 9). The nmuyshaanotypes have been characterized on the basis

of the specific deficiencies detected in the terapoascade of early events induced by Nod factors.

Symbiotic phenotype

Mutant Putative function Non-symbotic phenotypes References
nfp(nfr5) LysM RLK Nod-, Inf-, Ccd—, myc+ Reduced responses to (Ben Amor et al., 2003;
root-knot nematode Madsen et al., 2003;
Weerasinghe et af., 2005)
(nfr1) LysM RLK Nod-, Inf-, Ccd—, myc+ Reduced responses to (Radutoiu et al,, 2003;
root-knot nematode Weerasinghe et al., 2005)
LYK3* LysM RLK Nod-, Inf- NR (Limpens et al., 2003)
dmil(pollux) lon channel Nod-, Inf-, Ccd—, myc—/+ NR (Ané et al., 2004;
Imaizumi-Anraku et al., 2005)
(castor) lon channel Nod-, Inf-, Ccd—, myc—/+ NR (Imaizumi-Anraku et al,, 2005)
dmi2(symrk) LRR-RLK Nod-, Inf-, Ccd—, myc—/+ Reduced responses to (Endre et al., 2002;
root-knot nematode Stracke et al., 2002;
Weerasinghe et al., 2005)
dmi3(sym30) CaCAMK Nod-, Inf-, Ced— NR (Léwy et al., 2004;
Mitra et al., 2004a)
nin TF Nod-, Inf-, Ccd NR (Schauser et al, 1999)
nspl TF Nod-, Inf-, Ccd—, myc+ NR (Smit et af., 2005)
nsp2 TF Nod-, Inf-, Ccd—, myc+ NR (Kalo et al., 2005)
(sym3) Unknown Nod-, Inf-, Ccd—, myc—/+ NR (Kistner et al., 2005)
(symé) Unknown Nod-—, Inf-, Ccd+, myc—/+ NR (Kistner et al., 2005)
(sym15) Unknown Nod-, Inf-, Ccd—, myc— NR (Kistner et al., 2005)
(sym24) Unknown Nod-, Inf-, Ccd—, myc—/+ NR (Kistner et al., 2005)
hel Unknown Nod-, Inf-, Ccd+, myc+ NR (Catoira et al., 2001)
nip Unknown Nod—/+, Inf~/+, Ccd+, myc+ polyphenolic accumulation, (Veereshlingam et al., 2004)
PR genes up-regulated,
abnormal lateral roots
pd! Unknown Nod-, Inf/+, Ccd— NR (Cohn et al., 2001)
lin Unknown Nod-, Inf-/+, Ccd—/+ NR (Kuppusamy et al., 2004)
(crinkle) Unknown Nod—/+, Inf~/+, Fix—, Ccd+ wavy trichomes, short (Tansengco et al,, 2003, 2004)
seedpods with aborted embryos,
pollen tube defects
(alb) Unknown Nod/+, Inf/+, Fix—, Myc+ defects in vascular bundle (Imaizumi-Anraku et al., 2000)
(Ljsym79) Unknown Nod—/+, Fix—, Myc+, small pods (Kawaguchi et al., 2002)
(lot1) Unknown Nod—/+, Inf~/+, Fix+, Myc+ trichome distortion, (Ooki et al., 2005)
dwarf phenotype
MESUNN(HAR 1 LRR-RLK Nod-++, Ced++, NTS+ Reduced root length, (Krusell et al., 2002;
(GmNARK) increased lateral root Searle et al,, 2003;
(Har1/GmNARK) Schnabel et al., 2005)
(astray) TF Nod+-+, NTS— Defects in responses to light (Nishimura et al., 2002a,b)
and gravity
(klavier) Unknown Nod-++, NTS+ Convex veins on leaf, (Oka-Kira et al., 2005)
delayed flowering,
dwarf, fasciated stems
(sent) Unknown Nod++, Fix—, NTS— NR (Suganuma et al., 2003)
sickle Unknown Nod-++, Inf++, NTS unknown Ethylene insensitive (Penmetsa and Cook, 1997)

Table. Mutants affected in the infection anc
nodule development.

IN MOLECULAR PLANT PATHOLOGY (2006)7(3),
197-2079 2006BLACKWELL PUBLISHING LTD

Abbreviations: Nod, nodule formation; It
infection process from root hair curling to
release of bacteria in cortical cells; C
cortical cell divisions; Myc, mycorrhizal
symbiosis; CCAMK, calcium- and calmodulin-
dependent protein kinase; Fix nitrogen
fixation; TF, transcription factor; LRR, leucil
rich-repeat; RLK, receptor likekinase;

NR, none reported; NTS, nitratelerant
symbiosis. The response intensity is indic:
as follows: ++, increased response; +, pres
of the response; —/+, reduced responsg; —
absence of the response. M. truncatula an
japonicus genes are indicated with L. japon
genes given in parentheses. E, epidermis
cortex.

*LYK3 identified by RNAi, mutant not ye
reported.



The Nod factors are detected through the presefhdsva LysM receptors like kinases NFR1/
MtLYK3-MtLYK4 and NFR5 (Madseat al.,2003; Radutuoet al.,2003) as well as MtNFP (Amet
al., 2003), hence acting at the top of the transdugpathway induced by Nod factors (figure 10).
Both receptors could form putative heterodimersiagras docking site for the Nod factors. However,
a Leucine Rich Repeat Kinase-Receptor (TOLL famdge figure 9) called SymRK y®biosis
Receptor-like_Knase) was previously identified, having, by cosittt® NFR1-NFR5, also a role in the
arbuscular mycorhization (AM) (Stracket al., 2002) and possibly involved in the bacteria
recognition. Recently, Yoshida and Parninske (2Q#af}ially uncovered the mechanistic activity of
SYMRK confirming that phosphorylation occurs at @rigse-threonin domain. The ortologue of
SymRK was also identified iMedicagotruncatulaand the closely-related crop spelisum sativum
and termedMI1 (Does not Mike_hfection). InLotus japonicuspther genic determinants involved in
the intracellular root hair transduction of the Nfattor signal have been recently identified as
CASTOR, POLLUX(MtDMI2 orthologue), NUP133 CCaMK MtDMI3), LjSym6/30/82 and
LjiSym24/73/85 (Kistneet al., 2005, Sandatt al. 2006). They are all involved in the early calcium
spiking signal, a part of the signaling pathway licgied in the establishment of both mycorrhizad an
bacterial endosymbioses (Catogtaal.,2000).

(a)
Mod factor » | NFP NSP1, NSP2 |— Nodulation
\ - Calcium [
/ DMIT, DMIZ | - > spiking — | DMI3 \
Mycorrhizal Mycorrhizal
fungi infection
(b)
Nod factor — | NFR1, NFR5 SYM35 [—> Nodulation
) A
Castor, Pollux, Symrk, Calcium SYM15 ]
< |  NUP133, SYM24 ™ spiking S NG
\ -
: ¥
M\,rc,;orrhlizal Mycorrhizal
ungi 5
s infection
Current Opinion in Plant Biclogy

Figure 10 A. Medicago truncatulanod factor-depentent pathwd. Lotus japonicusnod factordependen
pathway. Both pathways show also the potentialgiatiéon, at different levels, of the Arbuscular Mycorri:
signaling. In Current Opinion in Plant Biology 2006, 9:1-7



The very likely mechanism for the activation tfe calcium spiking is the production of a
heterotrimeric G-protein and a phospholipid mod(decondary messenger associated with the
nucleus) that can bind to and activate the putatddleium channels identified by t@ASTORand
POLLUX genes MtDMI1, Anéet al. 2004). The sub-cellular localization of these prateas well as
their electrophysiological features is controvdrsiadeed, the true amino acid sequence homology
betweenDMI1 and POLLUX is not maintained at the level of the sub-cellutaralization of these
proteins. WhileDMI1::GFP fusion localizes to the nuclear envelopeVintruncatularoots (Ane,
2007), thelotus japonicuCASTORandPOLLUXhomologs were reported to be localized in plastids
However, the plastidial localization of both proteihas been very recently corrected for a periaucle
location similar to that oMtDMI2 (Charpentier , 2007). This sub-cellular localiaatiraised the
question of their possible mechanistic role asigaicchannel. Recent Patch clamp investigations
(Charpentier, 2007) are indicating a possible dewdfinity of CASTORand POLLUX channels in
guiding either the fluxes of Ca2+ or K+ through theclear membrane.

Recently a nucleoporin NUP133 was identified Liatus as required for Nod-factor induced
calcium spiking playing a role in both symbioticdamycorrhiza pathways. (Kanamai al, 2006).
NUP133 is homologous to a eukaryotic component iimgnthe core of the nuclear pore complex,
although its exact function is currently unknowmeTNUP133 gene does not appear to be part of a
gene family in plants, yet apparent null mutantsvslonly defects in symbiosis signaling, indicating
that this nucleoporin has a specific function iis ignaling pathway. This protein is possibly rieed
to transport the secondary messenger that haget tar the interior of the nuclear membrane.

While, NFR1-NFR5/NFP, SYMRK/DMI1 CASTOR-POLLUX, DNland NUP133 mutants are
unable to elicit calcium spiking, CCaMK/DMI3 mutantetain this capability (Waist al., 2000).
CCaMK/DMI3 encodes a protein kinase harboring bedlcium and calmodulin binding domains,
suggesting that this protein may perceive Nod-factduced calcium spiking and translate it into a
physiological response by phosphorylating downstreeoteins (Lévyet al.,2004; Mitraet al.,2004).

The calcium concentration sensed by CCaMK/DMI3 eadily translated into specific gene
activation through the phosphorylation of the NSBAd NSP2 transcription factors(. Both

transcription factors belongs to the GRASS fgndhd where isolated ihotus
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Figure 11. Nod factor-dependent and putative nitra@ and ammonium signaling pathways inLotus japonicus
roots.
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type of response to Nod factor treatment. The dh$ihe indicates the putativeogition of the cellular signaling eve
The square dot lines indicate the putative nitdegpendent and ammoniudependent signaling pathways. We indice
a NSP2dependent expression ofIN in the cortical cells, although the reported experits cannodiscriminate
between the epidermal and cortibdN induction. (In Barbulovat al., 2007)



japonicus(Lj NSP1/2 Heckmanret al.,2006) andViedicago truncatuldSmit Pet al.,2005; Kalo
et al.,, 2005) A potential master regulator acting dowesn in this transduction pathway and
involved in the cortical root cell division activa is termed NIN (Shausset al. 1999).

The structure of NIN suggests it functions as adcaptional activator. Although the NIN
transcript was modestly up regulated 5 h afterufet®n, it was found to be strongly up-regulatdd 2
hrs after inoculation (about 20 fold) and afteramsient decline of the level of expression thekpsa
reached at about 10 days after inoculation suggesdi role in both early and late steps of the
interaction. This dual temporal pattern of expr@sss coupled to a dual localization of its expi@ss
In fact, NIN is expressed earlier in the root hainsl epidermal cells and later on in the cortiedlscof
the nodule primordium. Even though, the initial passes of root epidermal and cortical cells to
signaling from the Nod factors-producing bactegadff a cascade of signaling events that redtniet
extent of successful infections at the root epiderand nodule organogenesis in the root cortex
(Nutman, 1952; van Brusset al., 2002), multiple levels of regulation, includingcld and systemic
signaling events, have been implicated in this gsscand have been shown to involve the plant
hormone ethylene and Harl receptor kinase-depesdagraling (Penmetsa and Cook, 1997; Wopereis
et al., 2000; Krusellet al., 2002; Nishimuraet al., 2002).L. japonicusmutants carrying a mutation
in the Harl gene fail to autoregulate nodule foramtresulting in the formation of an excessive
number of nodules (hypernodulation phenotype; Weiget al., 2000).

Very recently, two independent studies (Tiricheteal.,2006 and Murragt al, 2006) working on
two contrasted mutants respectively SNF mutant riggmeous nodulating mutants) and Hit mutant
(Hyper infected mutant) identified two alleles dfetsame genéHK1 (Lotus Histidine kinase)
encoding for an AHK cytokinin receptor type. Bothirg of function §nf2 and loss of functionhtl)
alleles were positioned before the NIN and the HAJRfes in the Nod factors-dependent transduction
pathway. In 2007, Barbulovat al. demonstrated in an elegant study the negative teffefc both
ammonium and nitrate on the Nod factor-dependem Mduction and were able to position the
independent actions of the ammonium @Hand the nitrate (N in the symbiotic pathway dfotus

japonicus(figure 11). These results represent a preludeisoRhD thesis.



Figure 12 Evolution time scale of the symbionts and tleeiresponding hosts.



C. The nitrogen transport

The nitrogen is the first constituent of DNA (nigenous bases) and proteins (amino
acids), as well as an essential source of nutf@mall the living organisms. Nowadays,
Physicians and Chemists are able to easily defiealifferent combined nitrogen forms
that are available for the living stocks. By costrat is still up to date to uncover, the
complex evolutionary mechanisms that allowed liviogganisms adaptation and
therefore, to take benefit from different sourcésaxessible and inaccessible combined
nitrogen. Eukaryotes and prokaryotes mostly relyr@mbrane proteins that are carriers
of ion forms (NH'/NOs). Even the little number of organisms that lamk fransporters
appears to be either specialized to use specificgan forms, such as urea in the case of
Helicobacter pylorj or to grow in nitrogen-rich environments. It isetcase of the
pathogenic eukaryotic parasitetasmodium falciparunand Trypanosoma brucewhich
thrive in the blood of their obligate hosts (vonr&¥i, and Merrick, 2004)

“Agronomically speaking”, combined nitrogen is migiconstituted by the NENO3
complex. Indeed, the ammonium (NH represents one of the most essential mono-
charged ions in plant nutrition. It is mainly colewed to other ions but in soil it shows a
higher affinity for nitrate ion (Ng) (Woldendorp and Laanbroek, 1989) and it is
provided from two main soil fractions: organic andrganic. It is well established that
higher plants rely more on the inorganic fracti@tduse of it's abundance and direct
availability to the plant absorption machinery ca@rgal to the poor quantities of amino
acids delivered by the organic fraction and thehéigcosts in energy spent for their
scavenging directly from the soil, especially irs@hce of specialized organs (Helér
al., 1996). However, the higher plant family stayingtba edge (figure 12) of evolution
in viridiplant superfamily: The Leguminosaea, dexgdd an eterotrophic way for feeding
themselves as an outlet solution when soils arécidef in NH," by establishing a

mutualistic interaction (in preview 8 B.2.).

These interactions rose up the level of the meshamomplexity in soil minerals-
uptake, host retrieving and final metabolism adsitioin since the plant is becoming able

to modulate its nutritional inputs in function dktenvironmental cues.
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C.1. Ammonium transporters: Phylogeny and distributon

In plant cells, ammonium is under the control afamplex network of regulation
where the ammonium transporters proteins seemay @lkey role in its transport to
ensure the right distribution of NHall over the nitrogen cell cycle (Glassal., 2002).
Depending on their capacity of iWHuptake (high or low), ammonium transporters are
classified into two groups respectively: LATS (loaffinity ammonium transporter
system) and HATS (high affinity transporter systdipwitt and Udvardi, 2000; figure
13 A). However, only the HATS members have beerelyidentified in nearly all the
organisms (figure 13 B). In plants, high affinitnaenonium transporters were genetically
as well as biochemically characterized in sevepac®es and subsequently classified in
AMT different families (for review, see Loque andrvWiren, 2004). Three distinct
classes are distinguishable (figure 14): the eukaryclass where AMT members of two
mainly studied plants are closely related, the argétic class with known three-
dimensional structure fromArchaeoglobus fulgidusand Escherichia coli structural
models and the specific class of human Rh glyceprstand non-glycosylated Rh
proteins. However, such a classification could wfmer)-estimate the distance between
AMT members because it doesn’t care about the nmesinaof ammonium transport that

could represent an important parameter for theuatian of similarity.
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Figure 14. Un-rooted sequence distance trafe selected AMT/Rh homologs based on a Clust
alignment. The tree contains two prokaryotic AMT#hwknown threedimensional structure frol
Archaeoglobus fulgiduandEscherichia coli(grey); all AMTs from the plan@rabidopsis thalianaand
three characterized members frobycopersicon esculentunftomato, green) and the human
glycoproteins and nogtycosylated Rh proteins. The preferential siteegpression is given next to t
sequence names. Only one plant memhA&kT2;]) is similar to the bacterial ammonium transporter.
Uwe Ludewiget al.,(2007)



C.2. Transcriptional regulation & phenotypical analysis of AMT mutants

It has been demonstrated that the molecular bdssmoonium transport and its
regulation by the nutritional status are strongdsrelated and thus link high-affinity
ammonium influx to AMT expression. In plant the first correlation of tA&T-
transcripts and proteins with ammonium influx wasd@ in the model system
Arabidopsis thalianaYet it has been demonstrated in this genetic dpackd that the
transcriptional regulation is the main responseiitoogen and carbon availability and
hence their respective metabolism (Gazzareiial., 1999; Loquéet al., 2006). In
Arabidopsis 4 out of the 6 identifiedAMT genes were up-regulated by nitrogen
deficiency, photosynthetic products such as sugiagsare diurnally regulated, albeit to a
different extent (Sohlenkampet al. 2002; Lejayet al. 2003). The studies of the
ammonium transporters under different concentratioh combined nitrogen source
(Mainly NH4NO3) showed thaAtAMT1.1lexpression and ammonium influx were down-
regulated after ammonium re-supply to N-starvechiglaand these effects negatively
correlated with glutamine levels, suggesting tHatagnine may be a feedback signal for
inhibition of ammonium influx after re-supply (Ratyvat al., 1999). The use of double
knockout alleles of th&tAMT1.1andAtAMT1.3reduced the ammonium influx by 70%
showing that both transporters acts in an additrag under N-deficiency, consistently
with their plasma membrane localization and expoess rhizodermal and cortical cells
of primary and lateral roots, including the rooirl@ne (Kaiseet al. 2002, Loquéet al.
2006. Mayer and Ludewig 2006). Despite the fact gn@monium influx under N-
deficiency was reduced up to 70% by the losa#MT1.1andAtAMT1.3 only a little
effect on growth was observed. This is also obsewken theAtAMT2.1member was
down-regulated by RNAIi (Sohlenkangt al., 2002) giving a strong support to the fact
that under most conditions, the residual amourdrmomonium is sufficient for growth.
Thus the involvement of other high affinity trangigos in ammonium influx, having
inner vascular localizatiolA(AMT1.9 as well as the presence of low affinity transpit
that were not yet well identified or characterizedy reflect the rescue of plant growth
under stressed condition of growth.
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C.1.2. Crystallographic structure and post-transcrptional regulation

The crystallographic structure of the ammoniumgyeorters was resolved in 2004 by
Khademiet al.,(2004) using as model titecoli amtB transporter. The three dimensional
molecular configuration of the AamtB high affintiyansporter shows three amt unities of
the same monomer (trimer structure; figure 15A)e@nonomer is formed by 1d-
helical trans-membranehelixes arranged in a two fold almost symmetriofiguration
(Khademiet al., 2004; Miercke and Stroud 2004; Andraglieal., 2005), an N-terminal
extra-cellular domain and an intracellular C-terahiend (figure 15B). The molecules of
ammonium are up-taken or released through a higitlyophobic non polar pore. This
pore shares two highly conserved Histidines (Hid)icw form a hydrogen bond.
However, the structure of the pore that is extemdiom the extra-cellular hole to the
inner cytoplasmic part shows a high diversity pattem amino acid composition upon
organisms. Recently mutational studies showedth®ateplacement of the first histidine
(H168) by aspartate (Asp) in tHec-amtB protein yielded a partially active Methyl-
ammonium (MeA) transportSimilar studies using mutation in single subunitstree
plantLeAMTL.1 showed that transport is inhibited by point atiohs in the cytoplasmic
carboxylic-tail (Ludewiget al., 2003). In this case, the residue responsible ®fgitod
close co-operativity (threonin 460) was revealedugh a large scale phospho-proteomic
study involving theAtAMT1.1 transporter (Loquet al.,2007). Therefore, the mutational
exchange of the threonin by a charged amino aetrthmics phosphorylation inhibited
NH, transport and abolish the formation of the trimdren expressed in oocytes or in
yeast. (figure 15C) Despite the absence of evideleseribing the reverse mechanism
(dephosphorilations), these mutational studies ergu favor of a post-translational
regulation of the AMT genes that it is possiblyated to the control of the omo-
trimerization process. Consistently, this mutatedTA behaves as dominant negative
when co-expressed with wild type AMTL1 either in sieand xenopus leavis oocytes
(Neuhauseet al.,2007). Moreover, the implication of tikgc-amtBcarboxylic tail in the
post-translational regulation of the AMT throughredi interactants was deeply
investigated irE.coli (Durand and Merrick, 2006) indicating that theaka activity of
the PM-bound AMT protein is quickly regulated byeraction with the Pll-homologue

GLNK protein. Thus the conserved linkage of thege genes is strongly suggestive of a



functional interaction between their products (Tlaset al.,2000) and it has been shown
that the gInK protein is indeed sequestered to rti@nbrane in an amtB-dependent
fashion (Couttset al., 2002; Javelleet al, 2004). This interaction constitutes a novel
signal transduction pathway which we believe igjulious in bacteria and archaea.
When external ammonium is limiting, amtRifigates the transport of ammonium
into the cell where it is converted to glutamine flutamine synthetase. As the
intracellular glutamine pool rises, the deuridytida of the GInK protein and its binding
to amtB is triggered which in turn inhibits ammamidransport. This process occurs at
external ammonium concentrations between 5 and 50uNs very rapid, occurring
within seconds, and is fully reversible. The intti@n provides a mechanism whereby
not only is the activity of amtB regulated in respe to the cellular demand for
ammonium but the cellular pool of gInK is also miaded rapidly in response changes in
the extracellular ammonium availability (Javedieal.,2004). Dynamic changes in the
subcellular localisation of proteins are emergirgy important factors in controlling

cellular physiology and this system offers an ative@ model to study one such
mechanism.

In plants, the possibility of a post-translationachanism of regulation of the AMT1
activity was first postulated iArabidopsis thalianan the basis of experiments showing
that **NH,4" influx declined more rapidly than rodétAMT1;1 transcript abundance after
shifting the plants from a N starvation to a N esseondition (Rawat et al. 1999). This
may be related to the need for a quick and efftdigmibition of the AMT activity in the
presence of high concentrations of ammonium wherT Alvbteins are still bound to the
plasmatic membrane (Loqué, &t.al.,2006, Mayer and Ludewig, 2006)
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C.1.3. Mechanism of ammonium transport

As it's reported in 8§ C.1., the ammonium is tggorsed either by high affinity or by
low affinity systems, each transport system beiglgtly related to the outside nutritional
cues and inside nutritional status of the cell ¢amtration, pH, Temp.). The mutational
studies as well as the biophysical features ofrdmesporters (last 8.) shed the light on the
mechanism by which the ammonium/ammonia is uptakeetrieved by the cells. Thus,
it is possible to determine the preferential forfriN@rogen compound transported for a
given transporter. For instande, coliamtB as well as human the RhAG transporter are
probably structured for the Nitransport (figure 16 A).

Moreover, thermodynamic features could guide trendport of the preferential
nitrogen form. There is for example a close co-apety betweenEcamtB and the
cytosolic GS to recruit a very low ammonium concatdns. GS has the key role in
nitrogen acquisition avoiding NHtoxicity in the cytoplasm; by contrast RhAG, that
shares the samdcc-amtB transport system, seems to recruit sNHirough a
thermodynamic antipodal mechanism that is diffefeotn theE. coli transport system
(figure 16A).

By contrast, electrophysiological studies on thedto LeAMTL1.1, indicates that this
transporter, transports the hHorm. The properties of LeAMT1;1 were examined by
expressing the protein Kenopus laevigocytes and using two-electrode voltage clamp
to study the transport mechanism. Micromolar cotregions of external ammonium,
induced voltage and concentration-dependent cuwithiatt remained constant over a pH
range of 5.5 to 8.5 (Ludewigt al., 2002). This is in agreement with NHbeing the
transported species because if s transported, the,Kshould increase by tenfold for
each unit increase in pH, considering that the pKthe two forms N/ NHsis 9.25
and hence that at physiological pH most of these mesent in the NA form. The
ammonia form NH is converted (protonation) to NH4+ before reachthg inner
cytoplasmic part of the transporter (figure 16BisT particularity is due to the
mechanistic way of transport that characterizes t@AMT1.1. Indeed, it was
demonstrated (Ludewigt al., 2002; Mayeret al., 2006) by monitoring the intracellular
pH (pHi) of voltage clamped oocytes with a fluorsic dye thateAMT1;1 strictly

selects for net NI transport, but excludes NH3 transport. Acidifioatiwas only



identified in voltage clamped, but not in unclampeadytes, probably for two reasons: (i)
NH," influx at normal resting potentials is small comgzhito the buffering capacity of
the cytosol. At the cytoplasmic near neutral pHyonll% of the inflowing NH4 is
deprotonated to form H+ and NH3. (i) The transpdrtNH,” depolarizes the cell,
diminishing the driving force for NH. These experiments as well as similar studies
made on AtAMTL1.1 in Arabidopsis background (Sheldeal.,2001, Woockt al.,2006;
Mayer and Ludewig 2006) strongly suggested thanheaesidual net NH3 transport is
unlikely in LeAMT1;1.

Thus, the question of which is the NHNH3 form to be transported by the AMT
protin is still controversial with contrasting datporting in the literature. However, the
predicted model that takes in account the condhssidrawn for both Ec-amtB and
LeAMT1;1 is that in the inner cytosolic region (figud7A and B), NH3 is transported
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Figure 17 Comparative model of the pore zone Emamt-B A) andLeAMT1.1 (B) The sde chains o
the pore lining residues in the structure (PDB cdd¢/G) of ECAmtB in comparison with the LeAMT1
homology modelare explicitly shown. Identical residues are shown salmon, divergent bi
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for a short constricted tract and meantime a pra@onducted in the same stechiometric
manner. This fact could explain the selectivity tbe AMT against alkali cations
(Ludewig et al., 2002) while the NH3 form (rapidly converted in NHeéould also be
retrieved from an estimated large loss in root simabt tissues (Nielsen and Schjoerring
1998). One relevant point explaining the affirofythe ammonium transporters to NH4+
lies into the high conservation of the residueshat recruitment site (figure 18). The
disruption of the aromatic site (phenylalanine oyptophan) by insertion of a
hydrophobic amino acid (Y133l) in LeAMT1.1 increashe affinity for NH* and Me
NH;" by 10-fold and lowered the maximal transport cépat®herefore, the recruitment
site favors the moderate binding of NH4+ suggestiray deeper sites are involved in
affinity recognition of the cation NH4+ form. Thimechanism provides a brief and
transient occupancy of the pore entrance and byrastnallows high rate occupancy of
the pore lumen. Then the transport of the NH4+ alf & the MeNH is related to the
electrophysiological potential created into theeinpart of the pore. Ludewigt al.,
(2007), estimated on the basis of the homology eetwpredicted models that it is
counter productive to limit the uptake rate to vieny concentrations even if no evidence

of a minor specificity that correlates to lowerimitfy was yet reported in literature.

C.2. Pathways and nitrogen fluxes in plant

The AMT genes could be considered as a part osaimdatory pathway monitored
by the nutritional demand and the variation in @avblitrogen metabolism ratio. The
first attributed role is the transport of the NHHowever, other different roles could

probably be assigned to the ammonium transporters.

C2.1. Ammonium assimilation

Once uptaken into the cell through the AMT, the amimm is immediately
integrated into the GS-GOGAT cycle. This assimalatis important to avoid toxic effect
of the ammonium on plant metabolism (ammonium is i@nvitro un-coupler of
photophosphorylation (Izawa and Good, 1972). In tB8-GOGAT pathway the

ammonium is assimilated directly by contrast torlieate ion that has to be reduced in
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Nitrite and then in N ions (figure 19A). The glutamine synthetase enzysniden in
charge to produce substantial amounts of glutarfim@ the NH', which requires an
equally substantial amounts ofi-ketoglutarate (obtained from glycolysis and
mithochodrial respiration of photosynthate) as @eca skeleton necessary for glutamate
formation through GOGAT. It is well establishedatliplants produce significant amounts
of ammonium endogenously from process such as msgwation, phenylpropanoid
biosynthesis and amino acid catabolism. The coatdin of the assimilation places the
GS-GOGAT in the center of a virtual sphere wheengporters are the border first
sentries regulating the combined nitrogen fluxufey 19B, C). Grain legumes &stus
japonicushave a double origin of nitrogen sources, from rib@ uptake and from the
nodule through atmospheric nitrogen fixation (fgu9C; Triplett, 2000, Gordoet al.,
2001).

Different combined N sources show some differenicetheir assimilation pathways.
NOjsis translocated during light period to the shoat jpa stored into the root vacuoles
when it is present in strong excess in the soik Tdng distance xylem sap transport is
followed by the downloading of the NO3- into thafl@poplasm to reach the mesophyll
cells, where N@is again absorbed and either reduced to NO2- cedtoto the vacuoles
(Crawford and Glass, 1998). By contrast, ;lHs mainly translocated already
incorporated under amid, amino acids or ureidem$orAlthough the process of transport
of the NH;" has been found to vary widely among higher pléBtdard 1957, Reinbothe
and Mothes, 1962; Patejs 1973; Peteal.,1979), recent studies showed that probably
ammonium could be even translocated as the cationit.

NH;" is the major form for nitrogen retrieval after woa@lable losses from
deamination or transamination processes. This ceiilter involve the AMT proteins
themselves (Loqué and von Wirén, 2004) as well tasroproteins responsible for its
efflux to the apoplastic compartment (locqetéal.,2005). This could be also in agreement
with the expression of the AMT in different orgdiie the petiole bases, the sink and
source leaves and roots (D’apuzzbal., 2004; this PhD) and the plasma membrane

protein location.
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In all the cases, transport and assimilation amhestrated by the C/N ratio
(Palencharet al., 2004; Gutierrezet al. 2007) where the pathway of GS-GOGAT is
tightly linked to the carbon metabolism/catabolig@lycolysis) through the PEP
carboxylase (figure 20). This enzyme serves to ggeehydrogen ions, which are
necessary to replace those extruded from root iteigchange for incoming ammonium
ions (Aznozis and Findenegg, 1986). The directeawe of the key role played by PEP
carboxylase is given by its anapleurotic actiont tbeomotes the replacement of
oxaloacetate in the TCA cycle (oxaloacetate leaetsdepleted due to the removal of an
a-ketoglutarate in the assimilation of ammonium tha GS-GOGAT cycle). Besides,
other strong supports to the interaction at diffiernghysiological levels of carbon and
nitrogen metabolism in plants are given by the phgres observed when growth
parameters are analyzed in different conditiom@alanced C/N ratio. Since long time,
it has been argued (Lindt and Feller, 1987) that tbot assimilation of ammonium
diverted carbon from root growth. Therefore, thelueed growth from culturing on
ammonium depends by re-allocation of phloem-derigaxbon to nitrogen assimilation
rather than root expansion growth (Levasal., 1989). This assumption was strongly
confirmed by the quick disappearing of the limittdrage carbohydrate reserves after
supplying seedling plants with ammonium. This datees the need for using proteins
and lipids as respiratory substrates and subsdguamapid catabolism of chloroplast
proteins and pigments in the photosynthetic tisg@Gs/al et al., 1982 and Mehrer and
Mohr 1989). All these considerations appear to heial in reconsidering the general
uptake of combined nitrogen sources and in pa#drdile study of the related transporters
in the framework of a C/N metabolism general pahkwever recent studies (Lopez-
Bucio, et al., 2003, Doerner, 2007) updating the local effeainaicro-mineral sources on
the root growth and architecture development ingist the specific role of the
phytohormones rather than that of the C/N ratio smgigests a potential signaling role
played by these minerals in coordinating the meisinas of sensing the local nutritional

status (see next § C.2.2.)



In S. cerevisiae

NEL,*

other
Permeases

g
m
e
<
m
9

PSS OO AW WraWalay
T W W W k A AV v V‘\ P A " A v v \
/ ?
catabolic / RASZ > i
MNEL+ adenylate \
cyclase STEZ0
STE11l
AN
STEY
protein
kinase A KSS1

> STE12/TEC1

Figure 21. A model for MEP2 control of pseudohyphal diffeiation. Ammonium starvation
sensed via MEP2 to produce a signal that activ&iés?2 and a signaling pathway that regul:
filamentous growth independently of the MAP cascdlteLorenz and Heitman, 1998)

In £ coll

NH,* < 5uM - »- NH,*> 50pM  (30mM)

et
O00OFEL) (Y
coog<hbod

/—K\/

NtrC regulated genes | NtrC regulated genes ‘

Figure 22 Model for function of AmtB and GInK ammonium trguust and their integration into E coli Ntr system. Wt
extracellular NH4+ concentrations are around 5uMeas, ammonium enters the cell via AmtB and isveaed by
glutamine synthetase (GS) to glutamine, which ifzat in metabolism. The intracellular gamine pool is low, an
urydylyltransferase (UTase) uridylylates both Glaid GInB. NtrB phosphorylates NtrC, and Nuwl€pendent ger
expression is activated. When extracellular NH4moemtration rises above 50uM, the metabolic denfiandlutamine is
exceeded, the intracellular glutamine rises, andylyltransferase deuridylylates GInK and GInB, GleEmplexes witt
AmtB, thereby inhibiting its transport activity. B interacts with NtrB and activates its phospbkatactivity leading t
dephosphorylation of NtrC and NtrC-dependent geqpeession ceases. At high extracellular NH4+ cotredions €.9.30
mM), ammonium enters the cell either, by an uniidiext low affinity transport system or by free diffion.

(In Javelleet al.,2004)



C2.2. Ammonium sensing

Evidence of the ammonium sensing has been establisinough the identification of
the Mep proteins in the yeaSt cerevisiaeln particular, the Mep2 protein is responsible
of the pseudohyphea formation in MNH depleted growth medium (figure 21) as
demonstrated by the phenotypical analysis ofiegp2mutant strain. In this case, Mep2
acts, independently by its ammonium uptaking furctias a possible sensor of the
external N conditions and it is crucial to link elitly this signal to a precise
developmental program such as pseudohyphea formatio

Recent data reported in literature suggest thatgénsing function can be related to
different plant transporters as in the case of fethaliana high affinity nitrate
transporter NTR2;1. A recessive mutation in thieeges responsible of the alteration of
Arabidopsis plants capacity to respond to specific nutritioméles such as nitrate
availability in the medium. However, this functieindependent by the NTR2;1 nitrate
uptake activity and can directly affect the arattiiee of the root system and in particular
the secondary root formation (Littét al 2005; Remanst al 2006).

An indirect signaling pathway that relies to thengeal nutritional status of the
organism can also mediate the linkage between Mitons and growth capacity. In this
case, the changes of specific metabolites condemtraan be perceived by metabolic
sensors that determine the right response to spedifritional cues.

This example is well represented by the gInK prote member of PIl family
proteins. that interacts withc-amtB in a nitrogen dependent fashion (Merrick 2G04,
see § C.1.2.). This year the crystal structurehef ¢complex amtB-ginK was resolved
(Conroyet al, 2007) indicating that othém vivo compounds are likely to be necessary to
produce a stable complex. The study finally gavelevant confirmation to the existence
of a new pathway monitored by the PIl multigenimily that physically links the GS-
GOGAT assimilatory pathway to the uptake activitglee AMT proteins (figure 22).
Despite these encouraging findings, only one hogueoof the PII multigenic family
was found inA. thaliana(Hsieh MH et al., 1998and one irL. japonicus(in sequence

databases)



Symbiosom

Figure 23. Infected cell showing the putative presence aba hffinity ammonium transporter on the symbiosameambrane and a putative aquaporine like transpfatditating NH3
transport from the symbiosome to the cytoplasnhefihvaded cell. The shut off of the amtB of thetbeoids once this is encapsulated into the synohiesis also shown. Double se
arrow indicate possibility of NH4+ retrieve intaetsymbiosome by an unknown mechanism/transporter?




C2.3. Transport to the plant cells of the nitrogerfixation product (NH ,/NH3)

Once the effective nodules are formed and the syticbinteraction is established, a myriad of
nitrogen skeleton based compounds, are synthe$iyetthe encapsulated bacteroids inside of the
symbiosome structures (Udvardi and Day, 1995). Tinansfer to the plant host cells that implies, as
counterpart, an inverted flux of carbohydrates,dset cross 2 layers of different phospholipidic
membranes, spatially separated by the symbiosort@plegm: the bacteroid membrane and the
peribacteroid membrane. The mechanism by whichethmsmpounds are transported is not yet
completely resolved and remains for most of thesasclear. Nevertheless, it was demonstrated that
inside of the symbiosome Rhizobia does not expteesamtB gene and thus the bacterial amtB

transporter do not participate to the release ®NHI3 (Tatéet al.,1998).

Both nitrogen forms NH3 and NH4 are present in©flehe symbiosom and the plant-derived
peri-bacteroid membrane seems highly permeablédm t(Niemietz, and Tyerman, 2000). As it is
shown in figure 23, the release of NH3 may alsofdmlitated by NOD26, an aquaporin (water
channel) homolog, present at high concentratiothenmembrane. The role of the aquaporin could be
consistent with the capacity shown by the TIP2 g@arat (aquaporin tonoplast intrinsic proteins/sub-
family 2) to transport N for its vacuolar storage in the root cells (Logeé al., 2003). The
peculiarity of this aquaporin lies in its high slarity to the RhGA protein in terms of NH3 pH-
dependent transport mechanism. However, the phgicatyanalysis of an interfereld. japonicus
AMT2.1transgenic line did not confirm such a role. lmstan analogous vacuolar accumulation of
C14::Me NH;" could depend on a V-ATPase (Woeidal.,2006).



C.2. Lotus japonicusammonium transporters

The Lotus japonicusammonium transporters were isolated by our tean20@4. We readily
analyzed different characteristics of the three laisdl ammonium transporters termed
LJAMT1.1;1.2;1.3 They belong to the high affinity transporter famis it's shown in the
phylogenetic dedrogram (figure 24), far away frdra second family termed AMT2 that is closer to
the prokaryotic ammonium transporters (Udvardi Bioavitt, 2000).
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C2.1. Molecular and biochemical features

The thred_otus japonicufAMT1 genesijAMT1.1,LJAMT1.2 andLjAMT1.3 share a high level of
nucleotidic as well as amino acidic identity (figul#5A) where the maximum conservation is observed
in the hydrophobic part while the maximum divergens reached in the N terminal and C-terminal
part (figure 25B). The hydrophobic domain spansiielixes. The N-terminal is predicted to be out
whereas the C-terminal tail is intra-cytoplasma#ic signal peptide with a weak cleavage site is
predicted forLJAMT1.1 (between residues 23-24), while a strong ae@redicted forl]JAMT1.2
(between residues 27-28) and\MT1.3 (between residues 26-27). The cleavageisipeeceded by a
putative N-glycosylated site (NAT). The affinityrfthe methylammonium @ MeNH;") is highest
for LLAMT1.1 (0.16 mM; Vmax= 6.52.25 nmol min-1 mg-1 protein) followed hyAMT1.3 (0.47
mM; Vmax= 242 nmol min-1 mg-1 protein) angAMT1.2 (1.72 mM; Vmax= 730.5 nmol min-1
mg-1 protein). The affinity for N is highest than for MeNH as competition uptake rate
experiments gave the following Ki: 1.7 uM fefAMT1.1, 3 uM for LJAMT1.2 and 15 uM for
LJAMT1.3. The promoter region described in D’Apuzoal. (2004) spans fragments of respectively
496 bp, 593 bp and 689 bp fo)AMTL.1, LJAMT1.2 andLjAMT1.3, respectively. The main motives
that were reported are: TGACTT motifs that bourel TIGAL related protein in tobacco (Fromm et al.,
1991); GAT(A/T)A motifs identified in promoter remi of genes responsible for N metabolism
(Howitt and Udvardi, 2000)

C2.1. Functional characteristics

Real time experiments indicated a relative abunelaidranscripts in different organs as follows:
LJAMT1.1 > LjJAMT1.2 > LjAMT1.3 in leaves, roots and nodules. The spatiallizatéon of the
LJAMT1 genes expression in the different plant organs dedsrmined by promotegusA fusions.
Thus the visualization of the GUS activity (bluaising) indicated the very likely localization dfet
proteins in different plant organsLjpAMT1.1:gusA shows GUS activity in leaves, in peripherical
zone of root cap and columella cells, root epideymericycle, root hairs, and in the nodule central
zone as well as the nodule attachment and vasduadles zones. The GUS activity of the
pLJAMT1.2::gusA was observed in the root epidermal cells (sligll the cortical cell layer) and in
the outer cortex of the nodule while the GUS blteensng of the pjAMT1.3:.gusA construct was
detected only in the region of the root vasculdindgr consistently with the low level of trangari
detected.



Despite a huge amount of collected data, only @ddievidence through physiological or genetic
studies were obtained to understand the transmnigitiregulation of theAMTs in response to the
dark/light cycle (Von Wirenet al., 2000) or to sucrose availability (Lejast al, 2003) in plant
kingdom. These investigations have to be updated ieguminous background as that Laftus

japonicusto help to unravel the role of th$AMT1 genes in the framework of the symbiosis.



ll. Results
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Figurel. Expression ofLjAMT1.1and1.2in roots ofLotussteady state hydroponics’ cultures grown in 10pNLNO; (A), ImM NH;NOs (B) and 10 mM NENO;
(C). The light/dark cycle is indicated in the figar(7H-24H = light; 24H-7H = dark).

Comparative representation of thé\MT1.1(D) andLjAMT1.2(E) root expression data obtained according tantedia composition and time points indicated in ACE .




A. Steady state experiments
A.1l. Analysis of the LJAMT1 transcriptional regulation during the
light/dark cycle

To have more insights on the pattern of regulatibthe LJAMT1 transcripts and to investigate the
relationship between the N regime of growth andlidjet/dark cycle a detailed analysis was carried
out on the following experimental system: L. japmus seedlings were incubated during 5 weeks in
three steady state conditions of growth:

- B5 liquid medium supplemented with 10uM MHO3
- B5 liquid medium supplemented with 1mM DH¥D3
- B5 liquid medium supplemented with 10mM h¥O3

Two replicated samples of steady state hydropounitui@s were grown in the conditions listed
above (8 seedlings/Magenta). Different time powése taken all over night & day cycle at: 2 a.m., 5
a.m., 7 am., 10 a.m., 13 p.m., 16 p.m., 19 p.@.p.2n. and 24 p.m. Once the RNA was extracted
from root and shoot parts, gene expression wastifjednby semi-quantitative as well as by Real-
Time RT-PCR, and normalizing against tletus ubiquitingene.

The pattern of expression of the ammonium transp®rivas analyzed only for members
LJAMT1.1 and 1.2 because th&jAMT1.3 shows a very weak level of expression detectedRésl
Time RT-PCR. The pattern of expression in rootugssf LJAMT1.1 and 1.2 members showed a
progressive increasing during the light period egiteg from 7 am in the morning till a spike around
13 p.m. Thereafter, in the afternoon a progresdiveinishing in intensity till the complete knock
down of the expression around 19 p.m. could bealede(figure 1A, B, C). Only a low, basic
expression was detected during dark period (24 glhr8am). This pattern of LjAMT1;1 and 1;2
expression was observed in all the threesNiB; concentrations (figure 1A, B, C). The highest
expression level was detected in 1 mM /NI; while a lower expression was observed in 10 mM as
well as 10uM NHNO; steady state conditions for badtpAMT1.1 andLjAMT1.2 (figure 1.D and E).
Interestingly the level of expressionlgAMT1.1in ImM NH;NO; is 2-3 fold less intense than that of
LJAMT1.2all over the light/dark cycle. These patterngxbression are conserved on shoot organ for
the three NENO3 concentrations (data not shown). The root expess LiGLN1 in the same steady
state conditions appeared to follow the same patteith a 6 fold higher level than that of the AMT

genes (data not shown).



A.1.1. Effect of the sucrose addition on thejJAMTL1 transcriptional
regulation & plant growth phenotypes.

In order to test whether the observed patterhjdMT1.1and 1.2 expression (in § A.1Wasobeying

to a circadian rhythm or not; the effect of the iidd of a carbon source was investigated. Theaarb
regulation described was followed by adding 1% sser(29 mM) to the B5 derivative medium (see
Materials and Methods) supplemented with 10mM4N&;, and the expression @jAMT1.1 and
LJAMT1.2 was analyzed at 7 a.m. (corresponding to the dnthieodark period) and 13 p.m. The
inhibition of the expression of tigAMT1.1as well ad jJAMT1.2at the end of the dark period (7 a.m.)
was lifted by the addition of 1% sucrose (figure)2A&he pattern oL jJAMT1.2in root in the dark
seems to be more induced by the addition of suctiose that ofLJAMT1.1 Surprisingly a slight
inhibition in the pattern of expression was obsdria both genes at 13 pm when sucrose was added.
By contrast, the pattern of expression of I&LN1 (coding for the cytoplasmatic glutamine
synthetase) is always enhanced when 1% sucrosidéxido the medium during either dark or light
period. Accordingly, the high concentration of ssg (29mM) strongly affected the growth
phenotype (Figure 2B and C) by increasing the fldsmass in both shoots and roots organ of plants
grown in 20mM NHNOs;.

48 sucrose (1%) on gel

in N metabolism.

regulation in  root

LjGLN1 (coding for

Famwio Tamwith 13pmw/fo 13 pmwith
sucrose sucrose sucrose sucrose

(white dotted bars).

Roolt W/O Shoot W/O Roolt With Shoot With h . B
Sucrose  sSUGrose 1% 1% snown In panel bB.
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Figure 2. Effect of the
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A. Diurnal transcriptionz
LJAMT1.2, LjAMT1.2 and
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B. 5 weeks wildtype plants
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medium supplemented wi
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1% (29 mM) sucrose (rigt
plants). C. Fresh root (blac
bars) and shoot weig
(dashed bars) of the plar



> LjAMT 1 5 region
CTGCATCGTAGAGCAAT ATGAGATAGTCTATCGTCTC TG TCAAMAT GO CACAT GAG GOGL AGCAAG GG TOCGUATCAATG
CCTOGGOGTCTAMGGT TG TOCUGGAT AGGAAGGAAGTT TG GAACT GO CCTCCAACAAAC CTCC T TGCAATGAGG TAGAGT
TEGAGTGACAGATAAT T TCTTGCAGARGT TCGAGG GUAAGAAAAAGAGAMGGAAGAGGAT GTCGTCTATAC TGCAAAGT
TETCACAATGGAACGAT ATOCACAT T TGGAAGT ATACTTGOCATCTODCAT TGTAGGCCACOCAAGCAAG T TCTCACTA
CCATOGAG GGAACG TGGAAT AGGT TOGAT T TCAGCOGCAAT TAATOGAG AATATACCGOCTCAATGAG GO GCTTAT TOGA
ATTTCTAGCAACCATCAAT TG TGAGATC T TTGTAATACCCAAATCTT TOGUAAGAACATGCT TG TAAMGGATAGAGGAAT
CGCTAGGAAGDCAT TACCATAT GTTGAGAT TAAACTCATTACCAAT TCTOCAAGABCCACCTC TTOCAAMAL TCTATTGA
TITTCATAATGGTAGAGTAAGCATAGG T TGGACGATGAGCGT T TT TTCGUATAGAAATGTGAT T TAACAAGCCTATAR
CAGAACAAGAAATGAT TCCGAGATAGAGGAAAT TCTCGAGTAAT T TTCBGOCACG TAGGGAGTGT TAAAAGGT T TAAAAT
CACCAARTCCAAGACCATCATCAATCTTATAACGACTAAAG TICTICAATTTAGTCTAG TG TAGGOCACAAC GG GAMGCA
TTCOCGOCCTAGAT TTGATAAGAACCOCTACOCATGACT TCTCAGCACT T TCCATOCTTAAGT TOGT TOGAGACTCTTTG
CTTAACAAMT TATAAAT G TG GAGAGCGAT AMAAAAACAAAAGTAT TCTACAT TTGOGGTGCAGACGTADGTTTTAGAG
TAACABARAAAAANTC TAGATGTCAAAGT T TGAARAGTCT TCTGTTCTCTICTCCAGTCTAAMGCAAG TCAG TG T TGAT
PARRAGTTAGAAGTTTGGTGT TCOCACTCTCCCTCT TTCTC IATATATCGT TTIGTGTAGGAACCAARACGUGOAT TGAA
CTGAATCCACAAATCAT TACACCCTCOCTCT TGAG TOC TRACTC TG TICTCT TTOCAAGTOCACTACCOCAAMADGATG

THaddAD T-Tvd
¥R DY ~\ ‘\

> LJAMTY.2 T region
AAAAATGATIGEATCG TAATAAAT ACAT COGATGACCCAT TTGT TTAATCCAACTAACAT TTTTACCAT TGAAT TAGGT

TGAGOGATTTIATTGGET TAATOCGACC TATATACAACCT TAATGGOTAGAT GT TGOCAGCGCAAMAAIT ATGTATAT TGG
AGAGAGGATCCAAAT TCTGTAT TTTGTGCCACACACTGGEAT TCADGTATGAGGAT TGTTTATTTATTGGTGTACATGAG
TASTAAAGTGAGGTCATCTAGT GLGACATGTGGTCTAAGAGGAGCAAACTATAGT TGGAACCTCAAATCATATAGGUAAC
AACAATOGTATGOCCTTATAGGTAGT TTATT TAATTTGACGATTCTTTCTGOGGT TOCGAATACCACGAAAAT TAAATTA
GCTGAGAT TCAAAGAGATAAACATATAAGCAAGTGGTCCTTAC TC TCTAGCTABC TACAATGT TATAAAAATGGGTGATA
TCOCTICCAGTIOCACCOCAACCACA TICCTICAATOCAC TCT GAMCCAGT AGT ACTGT TATTAGT T TCTGTCTGGAGAC
TCACAAGT CACAACAIC TCCCCGAGACAGACAMCAT G
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Figure 3 A. 5’ regulatory regions (RE) of LJAMT1;1 and LjANL;2. .All the RE are mentioned the anne> B. Schematic representatiof the predicted regulato
elements present on thejAMT1.1 promoter region from the ATG (+1) till -1198bp.. @nalysis of thepAMT1;JpromgusA fusions activity of the 1198 promot
region(Yellow +Red portion). and 250bp (only Yellgpartion) are fused to GUS cassette (C). An intébige staining of the 1198bp-prayusA fusion (1) is observe
when compared to the weak spreading of the the @2p8tbmgusA fusion. (2). D. Relative magnification of (1) toand (2) bottom, showing the staining in leaaes
root vascular tissue.



A.1.2.In silico analysis of the promoter regions

In order to associate the pattern of transcriptioegulation described in A.1 and
A.1.1 to the features of the 5’ regulatory regidrthe investigated genes, we carried
out a detailedn silico analysis (softberry software) of theAMT1.1and1.2 promoter
regions to screen for the presence of regulatogynehts. Thein silico screening
revealed a series of motifs that were not previodsiscribed (D’Apuzzet al., 2004;
figure 3A). The 5 regulatory sequenceslgAMT1.1 andLjAMT1.2 were markedly
imprinted by regulatory elements, binding putafigetors affected by light availability
(in annex). In particular, the presence of three prga®GT-1 transcriptional factor
binding sites, were found in thgAMT1.2 promoter region whereas the DET1 binding
sites and an AT rich region was found in t)AMT1.1regulatory 5’ sequence. Other
binding sites responsible for C/N metabolism (DORhY the biotic/a-biotic stresses
(PAL1; ROM1-2) are also present in thAMT1.1sequence. Interestingly, the density
of the regulatory elements is higheljAMT1.2sequence than in thgAMT1.1.

A.1.3. Deletion analysis of thMT1.1 promoter activity

On the basis of the in silico analysis, two diff#rédragments of thejAMT1.1
promoter region (-250 bp and -1198 bp counting ftbm+1 ATG) were used to drive
the GUS cassette in transgehmuslines.LJAMT1.1prom.:gudA lines were grown for
2 weeks on solid B5 medium supplemented with 10mM4MNO3; without carbon
source and harvested for GUS staining at 13 pm. fited lines carrying both
constructs (figure 3B) were analyzed for the blagning released by the GUS activity.
The lines having the 1198 bp promoter region shoamdhtense blue staining in the
shoot organ where it was revealed in leaves med$lopdlis and vascular zones of the
leaves, while in the root organ the intense blaenstg decreased from the vascular
tissue to cortical cells whilst the root hairs agueel weakly blue stained (figure 3 C (1)
and D (1)). By contrast the lines carrying the tated promoter (215 bp) showed a
very weak spreading of the blue staining in thesmestissues (figure 3C (2) and 3D
(2)). In particular the staining in the leaves (fig 3D (2)) was restricted only to the

veins. In roots the expression was observed indlseular tissue and in the root hairs.
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Figure 4. Pattern of expression of thfAMT1.1gene in root tissue during the time course (nusbmglicate the
hours) after shifting the plants from 10 mM (ROu8I) to 10uM NH4NQO3 (6h, 24h, 48h and 72h/red) ¢ants. The
RO is taken at 10 a.m. in the morning and the fins¢ point in N starvation is taken 6 hours a{iR6=16 pm)




B. Shift from high to low ammonium concentration

B.1. One marker gene for an array global overview
As a prerequisite to have a general overview of ietabolic quick adaptation to the

Nitrogen starvation which also represents #iee qua noncondition for initiating the
symbiotic program inLotus plants, theLJAMT1 variation in expression was used as an
indicator of theLotusnutritional status. Only the evaluation of the egsion ol JAMT1.1was
used since it is th&jAMT1 family member with the highest level of expressianthe N
starvation conditions represented by the 10 uM;WB% regime in the steady state condition
tested (see figure 1A). Besides, it is known thattranscription of several plant AMT1 genes
is induced in roots, after shifting the plants irNastarvation and in the case bbtus the
LJAMT1.1 showed the highest level of induction (D’Apuzzcaét2004). However, in order
to test the range of time needed to indhed JAMTL1.1expression, after shifting the
plants from a N excess to a N starvation conditibmyas necessary to set up a time course
experiment withLotus hydroponic cultures taking in account the resoltghe time course
experiment shown in figure 1 (this chapter). Thpregsion of th&jAMT1.1in root tissue was
checked at different time points after the shifdo (¥ OH) from 10mM NHNO; to 10uM
NH4NO;3; conditions and in particular at 6 hours, 24 hpd& hours and 72 hours after the
shift. To have a more significant picture of theétgan of LJAMT1.1induction after the shift, it
was taken into consideration the previous datace&anng the diurnal pattern ¢jAMTL1.1
regulation in steady state conditions (see § Aldideed, it was important to avoid a confusion
between the peak of expression revealed at 13 ptOM as well as 10mM N O3 steady
state growth condition (see figurelA and C in seA.$) with that due to the shift in N
starvation conditions (red group of time pointdigure 4). For this reason, the TO time point
was harvested at the beginning of the light peabdl0 am and the second time point at 16 pm
to compare two points with a similar low levellgAMT1.1 expression (respectively ROh and
R6h) and to ensure thajAMT1.1is obeying to the shift induction rather than e steady
state diurnal pattern of regulation. Besides, mb@a sources were added to the media to avoid
any additional external nutritional cue that courterfere with the expression after the shift
(see 8§ A.1.1).

As it is shown in figure 4, the expression of tH)AMT1.1 showed a progressive increase
after the shift in N starvation conditions with @afi of about 5 fold induction at 48 hours after
the shift. This peak is transient and it rapidlcmrdases at 72 hours after the shift. Thus, the
RNA samples of the two contrasted time points TOld &a48H were subsequently exploited

for a full transcriptomic analysis based on anyaagpproach.
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Figure 5 A.. Pie representing the different classes accortdirige gene annotation clustering. Eech group dedu
either the up regulated TCs and/or the down regdlabes.

B. Ratio T48H/TOH obtained by Real time RT-PCR (hbaes) and combimatrix technology (red bars). The
analyzed TC encodes are LJAMT1.1, the downregdigtetative Deoxycyclate desaminase indicated. Urde
bars . The Blue bars indicate the Real time rat#8(T0) of each gene compared to the ratio obtalned
combimatrix gene chip fluorescence (red bars)



B.1.2. Shift gene chip results

A total of 12469 TC of Lotus japonicus recovered from TIGR data base
(http://compbio.dfci.harvard.edu/tgifo to plant entry and thelnotus entry) were used to design

synthesized oligos on the surface of the combimatyip, serving to be hybridized to RNA samples of
the TO and T48 points from the shift experimento(tviological replicas) (see Materials and Methods).
After the SAM analysis (FDR < 5%), the resultstod array showed a total of 39 TCs having from 1.8
to 3 folds induction 48hrs after the shift on 10 akid 48 TCs having from 0.5 to 0.25 folds down
regulation. These TCs were classified upon theipeetive annotations retrieved from tiger database
(figure 5A). The majority of the TC belongs to geamively involved in C/N metabolism (37%). A
big portion shares no hits or missing function (26®hile the rest concerns mainly genes involved in
protein turnover, transcription and replicationgrgl transduction, transport system and cell
organization as well as plant defense. Interestjngl this last portion 3 TCs belonging to putative
nodulin gene s were identified:C8247 similar to the early nodulin 36A (Q02918), part(2b%);
TC16612 similar to the nodulin putative protein (Q8LEI9partial (39%);TC12598 similar to the
nodulin putative protein (Q8LEI9), partial (7%)These TC were 0,5 fold down regulated before the
shift at T48 time point compared to their expres8 hour after the shift.

B.1.3. Methodology for increasing the TC number

The poor number of up and down regulated TCs raisedjuestion of the FDR stringency that
was applied upon the fluorescence. MoreovelLjdd1T1.1 gene was not mentioned in this list whilst
it was asserted to be induced (in 8 B1). In ordausrtderstand this discrepancy in expression between
combimatrix and Real Time analysis of thdMT1.1, we decided to verify, by Real time RT-PCR,
the level of down- and up -regulation of two gettest were identified as significantly regulated on
the basis of the combimatrix analysis. On one hdhid, analysis confirmed the down- and up-
regulation of the two chosen genes, the putativexidgiclate desaminase and the putative
Cytochrome P450, respectively validating the conatim results. On the other hand, this analysis
revealed that the number of fold of up and dowrul&gn identified by combimatrix was clearly
over-estimated when compared with Real Time regfigare 5 B). Thus, the stringency of the FDR

could underestimate the potentialities of the smatiation in expression in which oWfAMT1.1is

" Tentative consensus sequence is created by assgrESiTs (expressed sequence tags) into virtuastripts. TCs contain
information on the source library and abundasfdeSTs and in many cases represent full lengtistnapt.



included too. To recover the potential lost infotimia, a new filtering was applied on the data reéeh

by the combimatrix analysis for the expression leetavTOh and T48h around ratio 1 (no variation in

expression). The calculation was based on thetfdesula:

alb

S [Pn(T48/T0)]

Nk POP

S
Ny

= 3.29 (value T test far classes P=0.01 (Student T-99.9% CI)

Implementation:

Find “n” giving the ratio Ppthat determine a T-test observed value 3
3.29 (highly significant).

Where R = number of the Brratios and S the Standard deviation of
the n spots

Remark:

This operation is performed twice with:

Xa = All the ratio spot > ratio 1 (up-regulated TC)
and

xp= All the Log (ratio) < ratiol (down-regulated TC)

This because the number “b” of down regulated T€<is to “a” of the
down regulated and thus to stay in a gap of acbkpiaTest at the
P=0.01
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Figure 6 Scatter plot reporting the whole data set of TC2169; T48h vs. TOh) is comparedBa scatter plot of the data after FDR 0.5 and thed
addition of the data set after T test.

D. Cluster SPLOM indiating the 7 clusters (Kmeans, 20 iteration). Tluster that has the lowest variation in expresgiatio T48h/TOh) is n° 1 whil
that of the highest variation is n° 3. The blackille arrow indicates the position of a chosen T@enthe colored doull arrow indicate its pattern
expression an up regulation (red) or a down @ of the selected TCs.



This re-analysis of the whole data based on the stistical method approach allows
looking inside to the small differences. A parameeirtest (P=0.01) was used “to magnify” the
small variations in expression.

In figure 6, is reported a comparison between tater plot reporting all the 12469 TCs
(T48H against TOH; plot A) with that after the angl FDR data filtering (plot B) and with
that obtained with the additional data of the Tt (ot C). By this statistical modification, it
was possible to enrich the first list with 6501 nggulated and 2187 down regulated TCs and
therefore only 4781 TCs were considered as beisg faositive spots.

This massive increasing in statistically accept€s Taised the subsequent question of their
direct clustering (grouping) around ratio 1. UsigyStat software (web Demo version
available for free) the values of the TC at OH wel@ted against those of the TC at 48h after
shift ( Cluster SPLOMn figure 6 D). During the plotting a clustering wastablished by the
use of the K means algorithm (20 iterations, K=gugs (clusters) chosen according to the first
classification) and applied to a Pearson corralafr the definition of the limits of each
group. The plotting of the ratio against R48h oaiagt ROh magnifies the difference of the
small variation for TC that is clustering very tilyharound 1 (plotting R48/R0).
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Figure 7. A.Rhizobia killing curve. The R7A rhizobia strain wstseaken on TYR or B5 mediusupplemented with 10ml

NH4NO; and 0.2% sucrosavé approximate the sucrose concentration to tharsugpncentrations released by L. esculer

root root exudates described in Lugtenbetal., 1999). 1, 2 and 3indicate the results of bacteria streaking in abseof

cefotaxime or in the presencef mg/L, 100mg/L, respectively. 50 mg/L is the miainconcentration required to kill bacte

on TYR medium as well as B5 mediuMagnification shows the bacteria growth on B5 madiB Time course addition ¢

cefotaxime (50 mg/L) to test the effects ooduole formation (number of nodules per plant, onaaarage of 20 nodulate

plants). The cefotaxime has a decreasing effe@4#t 48H, 72H, 96H, 120H post inoculatiatmereas at 144H p.i. the pla

present the same number of nodules than controkated with cef. . The same time points were scoi@dthe shoot length
(C), root length(D), shoot fresh weightE) androot fresh weigh{F) phenotypes



C. Re-acquisition of the nodulation potentialities

As it was reported in the previous paragraphs,divation is a crucial condition for the
occurrence of the symbiotic interaction. Thus,order to ensure the identification of the
putative genetic determinants @B.) that could affect the competence of legumentsldor
symbiotic interaction in the presence of N excas\iljitory conditions) and N starvation
(permissive conditions), we implemented the shifay experimental schemén(8B.) with
new parameters to link the phenotype due to a géieshift to that specifically correlated to
the symbiotic program. Therefore, a new specifipegknental scheme had to be set up. In
particular, the objective of this new experimemtasign wanted to discriminate between plants
grown in the presence 1M NH4NO; that are able to interact with Rhizobium and plants
grown on 10 mM NHENO; that are not competent for symbiosis, reproducthey previous
array experiment, but in this case to investighéeprecise timing after shifting the plantlets in
permissive condition (N starvation), necessary g¢eacquire the right normal nodulation

phenotype.

C.1. Prerequisite

In order to draw the right experimental design smdinambiguously investigate the plant
capacities for entering the symbiotic pathway afgjeowth in N/excess and N starvation
conditions it is necessary to evaluate the plamhpsience at the time of the inoculation
avoiding any possible nodule formation due to tlentainment of bacteria in the rhizosphere.
A series of checking were set up. Firstly, the eatibn of the right minimal amount of
antibiotic cefotaxime that needed to kill bactefihis was tested on both bacterial rich medium
and plant agar plates. Notably, a minimal concéintmaof 50mg/L cefotaxime was sufficient to
get rid of rhizobia in both kinds of media (figuréd). Secondly, it was crucial to investigate
the right timing of cefotaxime supply. This hasb® properly temporally applied, to avoid the
negative effect of the antibiotic, that could affélse normal process of nodulation. In this
order, we determined through a curve of nodule &fom as well as other phenotypic
parameters (figure 7B,C,D,E and F), that the cafota supplement could be added to the
plant growth media 144hrs (6 days) after the firgction. In fact, as it is shown in figure 7B
the addition of cefotaxime at the concentratiod@fng/l) 6 d.p.i. doesn’t affect the nodulation
capacity ofLotusseedlings.



d Rhizobia Cefotaxim
|

jﬁ =i} m | i

A\ 7dpi

OH ‘

I%IlIIllﬂﬂ[IIEI...I.................

m’”n’g"mmn--iasallrlllooooooooooooooo

48 hps
prl-..,LuliInnnuuo‘ooooooooooooooooo
12 hps

iJ,iagl-!moor.oooooooo---on

Y aliEEEEEEE®eeccecccccccce

1“"”a$ﬁissinnm.opooooonoooo

gdpsl':!rllIﬂiﬂllll..‘,......tﬂﬂ
—— nv&nnniiii:uqoooooo.
mpsn%aaanuaguiuoorooo
S EEEEEEEEEEC GO OO

Figure 8. Experimental design for the P1 pool treatment.

Each dotted line representsat of 10 wt plantlets with their respective reg on independent Petri dishes. Green dottec
indicates the germination procedure that takeheatninimum 5 days (seeds sterilization, vernalimatind sowing on plai
agar). The blue square dotted line representsrtbation time (1 week) on B5+10 mM D¥O; for each set and the
respective replicas. Red round dotted line inddhe length of the incubation time of the plastieh B5 + 10 uM NENOs;,
after the shift. The orange arrows indedhe time of the rhizobia inoculation event fockeaet of plants. Notice that t
infection series are chronologically distributedhwa 24h interval from TO till T22 days post shifhe orange dotted lines shi
the incubation time necessary from eatfiected set to complete a successful infectiorlecy The pale yellow arrow indicat
the time of the cefotaxim addition to the B5+10 INW;NO; at 7 days post infection (see prerequisite.) Plade yellow dotter
line indicates the last step of the experiment wh#ants are kept on 10 uM NNO; and scored for nodulation as well as
shoot and root weights (at 34 dpi). Note thathie P2 experiment is identical, except that only dhe week incubation ¢
B5+10 mM NHNO; (blue dotted lines) is replacéy 10 puM NH4NOs.




C.2. Experimental design for testing the re-acquion of the
nodulation potentialities

The seedlings were incubated into two differentdibons of growth that were
indicated as two diffrent Pools (P1 and P2 in feg8):

- Shifted Pool 1 (P1) seedlings were first incubated for 1 week on Bidswmledium

supplemented with 10mM NNIO3; before to shift them on B5 solid medium
supplemented with 10uM NMNOs. In this pool the young seedlings were infectethwi
Mesorhizobium lotstrain R7A, according to the data shown in fig8ret 9 different
time points: TO (at the moment of the shift); T1ddy post shift T2 (2 dps), T3 (3
dps), T4 (4 dps), T5 (5 dps), T6 (6 dps, T9 (9 dp%l (11 dps), T13 (13 dps) and T22
(21 dps).

The data obtained for each time point corresporsgédlings incubated on the same
Petri dish and its respective replicated samplée Whole experiment was repeated
twice only for time points TO, T6, T9, T11 and T13

- Control Pool 2 (P2) All the steps described for the P1 pool are maieth except

that this time, the seedlings were incubated far flist week, on B5 medium
supplemented with 10uM NMNOs. In this case the seedlings are infected on theesa
medium (figure 8) and therefore no shift was amplien this case, the adequate
terminology used to characterize the correspondinges of the P1 plants is
“transferred”_instead of shifted. In fact, to avoid any possHnt&fact due to a different
manipulation of the P1 and P2 plants, the lattereweoved to new Petri dishes as for
the shifted conditions. However it was also retdidps (days post shift) for P2 to avoid

multiple terms that designates the same moment.

For each pool, a phenotyping analysis was achieted dpi (for each infected
seedling set). It consisted of the measuremenh@fréot and shoots lengths and the
counting of the nodule number. Nodule primordia érbumps) were scored under
microscope (ZEISS SV11,; 1,0X) but only subsequeiattyned, small, young or mature

nodules were taken into account for the quantiggpivenotyping results (see § C3).
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Figure 9.
A. Nodule number per plant (average of 20 plantscpaditions) at TO (panel 1), T6 dps (panel 2)Jp8 (panel 3) and T13 dps (panel 4).

B. Shoot length (cm) (average of 20 plants per itimms) at TO (panel 1), T6 dps (panel 2), T9 dpangl 3) and T13 dps (panel 4).
C. Primary root length (cm) per plant (average ®@pfants per conditions) at TO (panel 1), T6 d@anéb 2), T9 dps (panel 3) and T13 dps (panel 4).

D. Fresh weight (mg) of shoots (panel 1) and (pahel 2).




By contrast, the very early events that precedaileotbrmation (range from Odpi to 7dpi)
where further investigated by optical microscopyexploiting fluorescent strains and lacZ
strains (TO; in 8 C6 and C5).To ensure the normadgiiession of the infection process, the
Nin gene expression was evaluated by semi-quanétdReal Time 24 hours after the

different infection time point events on independsest of plants (data not shown).

C.3. Comparative phenotyping of P1 and P2 pools

Seven days post inoculation, started the observatialifferent parameters such as: nodule
number, shoot length and root length for each efritentioned time points and this was
carried out till 32 dpi (Figure 9). The averagesbbot and root biomass was surveyed only at
the end of the experiment (at 34 dpi). The avedgedule number was significantly higher
(2 folds) in the control (P2 plants) compared ® shifted plantlets (P1 plants) at time points
TO (Figure 9A, panel 1) and T6 (Figure 9A, panebBjl the same pattern was observed at
T2, T3, T4 and T5 (data not shown). By contras,ribdule number of the shifted (P1 pool)
plantlets infected at T9, T11 and T13 days after ghift from 10mM NHNO; to 10uM
NH4NOs, showed an inversion in the nodulation pattermait increased number of nodules
in the P1 shifted plantlets when compared withRBecontrol plants (figure 9A, panels 3 and
4). Thus, 9 days on 1M NH4NOQOs is a range of time sufficient, for plants pre-ibated for
one week on N/excess conditions, to re-acquirentitilation competence. As expected, the
effect of cefotaxime imposes an early plateau & kimetic of nodule formation (not more
than 4 nodules in average for P1 and P2) in allcthveditions ensuring that the number of
nodules scored are only the results of the printaigction cycle performed at the different
time points and hence reflect the plant competatcthose times. The different growth
conditions utilized do not affect significantly tisboot and primary root elongation rates in
P1 and P2 plants in all the time points analyzegufe 9B and C panels 1, 2, 3, 4).

The results shown in Figure 9D indicate, as expgkdiéferent amount of shoot biomass for
P1 and P2 plantlets at 34 dpi. In particular, testi shoot weight is increased in both P1 and
P2 plantlets at T9 and T13 days post shift comp#reatie TO plants (Figure 9D, panel 1),.
The same pattern is not observed for root biomBggi(e 9D, panel 2). The P1 plantlets
show a slight increase (about 15%) in both shoot ramot biomass when compared to P2

plantlets (Figure 9D, panels 1 and 2).
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Figure 10 Phenotypical observations of P1 angl&2ts.

A, P1 plantlets; B, P2 plantlets.




Interestingly, looking roughly, at the 34 dpi plats phenotypes , P1 plants show a
re-growth of root hairs on the newly formed segmaitroots (Figure 10A) while the
P2 plants root apparatus was entirely covered bisrbairs (Figure 10B). Besides, the
root system in the P1 plants showed more branchimd) secondary root formation
(Figure 10A) than that of the P2 plants which pn¢se general only 2-3 very long
secondary roots (Figure 10B). Stress signals duanthocyanin accumulation were
present for both P1 and P2 plants at the levehefhypocotyl and often extending in
the shoot area till the second internode. Theskerdiices in root phenotypes were

observed for all the time points.

Figure 11 Lac Z activity P1
and P2 TO plants at 6 dpi.
Left panels, Blue staining
confined to the sites of nodu
primordia formation in th
inoculated area. Right pan
spreading of the blue stainil
on the whole surface of ti
inoculated area. No nodu
primordia are detected.




Figure 1z. Red fluorescence analysi A, TO-P1 plants at 5 dpi. No root hi
deformation isobserved, a weak signal emitted by the rhizobidrairs on the roa
surface is detected

B, TO-P2 plants at 5 dpi. Root hair colonization and odeftion after rhizobi
infection. C, root hair curling indicating rhizobia entrapmeefdre the initiatiorof the
infection thread. Arrows indicate (from top to lmwit ) the curling and hook sha
structure under white light , fluorescent red eioissand superposing of white vs 1
emissions .(D) In TO-P1 plants the same a strustooglldn’t be find at 5dpn the zone




C.4. Optical microscopy investigation

In order to analyze the effects of the shift on daly steps of th&hizobium
infection, an optical microscopy investigation veasried out on both P1 and P2 plants
after inoculation with rhizobia strains expressiRgD fluorescent proteins or LacZ
markers (See Material and Method). The microscadpgiss indicate that, for the TO
plants, the spreading of the LacZ strain on the sowface at 6 d.p.i. is larger in P1
compared with P2 plants (Figure 11). In particular,6 dpi the blue staining was
restricted only to the root nodule primordia sitesthe P2 plants (figure 11). This
phenomenon was confirmed by the RED fluorescentlysisa carried out after
inoculation with aRhizobiumstrain equipped with a constitutive RFP constritte
results shown in Figure 12 indicate for the P1-Teh{s at 4 dpi the spreading of the red
emission on the whole surface of the inoculatedsrbot not on the root hairs (Figure
12 A and D). By contrast, the root hairs of the TRRplants at 12 dpi were already

colonized by the strain showing root hair deformatas well as curling structures

(Figure 12 B and C).
-
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Figure 12. Cluster analysis showing
regulatory tendencies of TCs express
from the TO through T6, T9 and T13
plants. The Time point TO is not repori
since it was considered as the comr
denominator of the ber time point:
(respectively T6, T9 and T13). Groups
tendencies are delimited and numberec
both FDR 5% and FDR 10%. Although 1
numbering indicates similarity betwe
both FDR panels (e.g. the conserved gr
4), it is not appropriate to considérat all
the TCs are strictly the same since w
the stringency of the FDR decreases fro
to 10 % the number of TC to be cluste
increases and the groups too. The g
color indicates ratio (Lgg=0)=1 which
means no variation in expression; bli
color means ratio= 0.26 for FDR 5% &
0.36 for FDR 10% (median of the do
regulated values); red color means rai
1.72 for FDR 5% and 1.12 for the FIL
10% . The groups sharing 2 stars are ti
where there is the maximum of contr
between the time pois. The group
sharing 1 star are those with less cont
Groups without stars show a very we
contrast.



C.5. Combimatrix analysis
C.5.1. Genetic tendencies

Root RNA samples were extracted for each of the fpwints before the Rhizobium
inoculation, as described in the previous paragr@hC.3). On the basis of the re-
acquisition of competence results interpretatitwe, tnore significant time points that
were picked up for the combimatrix gene chip analysere TO, T6, T9 and T13 from
the shifted P1 plants whereas only TO was utilizeth the P2 plants. A first statistical
analysis for microarray (SAM) was performed by camipg the profile of expression
of the P1 plants at the selected time points. ¢arsallows to obtain a general tendency
in the transcriptomic background of these plan& tould give us a genetic interface
of the nodulation phenotyping reported in 8.C.4. tms specific SAM, the
normalization that was used to get a general tendgrof differential regulation upon
the four time points TO, T6, T9 and T13 was obtdibg reporting the intensity of a
selected TC (Logcentered values for the selected TC) at a givere point to the
median of the intensity of that TC at all the rekttime points. For instance, if the
intensity of expression of a TC at time point TOX$and respectively “y” at T6, “z” at
T9 and “w” at T13, the obtained values for this Wdll be: x/(x+y+z+w) at TO time
point, y/(x+y+z+w) at T6, z/(xty+z+w) at T9 and w#Hy+z+w) at T13. Then, two
different FDR were fixed out to select the sigrafit TC ratios for each time point: one
at 5% and the other at 10%. Subsequently, tworeifitelists of significantly regulated
TCs (upon the 12469 TCs spotted on chip) were edirout. The FDR 10% enriched
the list of the FDR 5% by lowering the stringencly tbe selected TCs filter but
remaining in a reasonable frame of TC value sigaiice.

Thereafter, to find out the groups of tendenaéagh of those values was grouped
by a vertical hierarchical clustering, linking ttéferent time points to the first TO time
point (T6/TO; T9/TO; T13/T0O). In the mean time ttemdencies were sorted out by an
horizontal hierarchical clustering that clearlyalisminated blocks of TCs allowing the
identification of different groups of Tcs. A growgere down regulated in TO and then
progressively up regulated at T13 avide versa(numbered groups in figure 12). In
particular, the clustering showed groups with hagimtrasted conditions between TO,
T6, T9 and T13 time points (groups with numbergisiga2 stars in figure 12) in either

cases of down and up regulatory directions.



observed score

expected score

Figure 13 SAM plot indicating the ratio TO(P1)/TO(P2) in &2 base. AFDR 6%, a very little
fraction of TCs were regulated as it was the caghe previews combimatrix experiments. Thus (
156 up regulated (red spots) TCs and 200 down aggplilones (green spots) upon the 12468top-

spottedTCs.



By contrast other groups showed a weak but prolyeesggulation between time points
(numbered groups sharing 1 star) while only theigré seems to concern a set of TCs with a
very weak fluctuations in expression at all theetipoints. Ambiguous tendencies, reflecting
parabolic or hyperbolic regulatory tendencies upore points €.g9.0 fold change at TO; 1
fold change at T6, 1.5 at T9) but retained aftex #DR filtering were not anymore
considered when correlated to the expected phygtdbcues given by the phenotyping and
the experimental growth conditions. These data W treated in a second lecture of the
panel.

Besides, the clustering of the data selected &R 10% filtering showed as expected a
major number of groups compared with those relea$ted selection with FDR5% (group 6
for example). The observed tendency was that tisetfiat were moving up or down in the
diagram in both senses TO0 to T13 amxkversaconcerned mainly TCs putatively involved in
protein turnover of C and N metabolisms but alseoived in biotic and abiotic stresses
(classification under progress; see Discussion@sect

C.5.2. Genetic modulation of P1 pool compared to Ribol

In order to assess the discrepancy in nodule nubrdtgreen P1 and P2 at the transcriptomic
level and hence to reflect the nodule inhibitorydition of 20mM NHNO;3 pre-incubation
week, in a corresponding picture of genetic deteamis; the transcriptoma of the two TO
times, respectively at the moment of the shift (&19 transfer (P2), were compared. In this
case the experiment was matnovoand extemporary from the one related to the tecxyen
The phenotyping showed also in this new experinaeciear two fold change of the nodule
number in P2 plantlets compared to P1, ensuringedibility of the experimental design. In
this specific case a given TC value “X” is giventhg ratio TO(P1)/TO(P2) that provides an
estimation of fold changes between P1 and P2 @imatio was performed in § B. to
evaluate TO compared to T48). If the ratio givgmsitive outcome this means that the TC is
up-regulated in P1 and therefore down-regulateBaAnFor instance if “x” = 3 the TC is 3
fold up-regulated in P1 compared to P2. FixingkBdR to 6% it was possible to retrieve 156
up regulated TCs and 200 down regulated ones €id®) Interestingly, two contrasted
categories of nodulins were fountihe first categoryincludes TCs that are induced in P1

and respectively, repressed in P2:

1) TC8260, similar to Q94ES8 a nodule extensin (Fragineartial (79%) with a 9.18

fold induction



2) TC8247, similar to Q02918, an early nodulin 36Artiad (25%) with 2.22 fold
change.

The second categorg repressed in P1 and respectively, induced in P2
1) TC13120, weakly similar to Q8LRB6, a nodulindilprotein, partial (22%) with a 0.23
fold
repression
2) TC8310, similar to Q9SPM8, a Nod factor bindilegtin-nucleotide phosphohydrolase,
complete (100%) with a 0.23 fold repression
3) TC13386, similar to AAS55542, a Ca2+ and calnlioddependent protein kinase
(Fragment), partial (24%) with a 0.36 fold repressi
4) TC16117, homologue to 080673, a CPDK-relatedtepmo (Calcium/calmodulin-
dependent protein kinase CaMK3), partial (6%) veith.39 fold repression. Excitingy all
these TCs confirmed this behavior in the tendeng@eement (8. C4.1.).In particular, the
ones included in the category # 1 (up regulatelliyy showed a progressive decrease in their
expression from TO till T13 in the tendency expennn By contrast, those included in the
category # 2 (down-regulated in P1) they showedogrpssive increase in their expression

from TO to T13. Only the calmodulin like TC(s) shedvambiguous pattern.

C.6. Additional support: The Split root system derved shift/cef experiment
The split experiment basically reproduces the arpantal design of the shift/cefotaxim for
the TO plants. In addition we addressed the questether the effects of different
combined N sources on both, plant growth and sytithioteraction can be discriminated.
The root split plants were obtained as indicatethenMaterials and Methods section. In this
experimental design, one side of the root systeaou50% of the whole root apparatus) is
maintained on 10mM ammonium nitrate, or 10 mM p&itas nitrate, or 10 mM ammonium
succinate (AS) while the other side is maintainedtufted at the time of the inoculation on a
concentration of 10uM of the same combined nitrogemrces: NENO3;, KNO; and
NH;,OOC(CH,),COONH,. Only one side of the split root system (the @mewing on
10uM) is then inoculated.

The roots pre-incubated either in 10 mM ammoniuitrate, potassium nitrate, or
ammonium succinate and shifted at the TO opM.@oncentrations show in all the cases a
reduced number of nodules compared with the plaatsng both sides of the root system

maintained in N starvation conditions (1\).
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Figure 14

A. Average of nodule number (per root side) in sglitblants where half
root system was shifted in 10uM at the time ofittiection (TO) versus split
plants where both sides where maintained in a 16pidentration regime.
B. Average of the shoot length in split-shifted aptitsinshifted plants.

C. Average of the primary root length (both infecte! non infected root) in
split-shifted and split-unshifted plants.

D. Root phenotypes in high concentration of combingdgen sources (here

in 210mM NH4NO3).Shoot phenotype appeared unstressed and bushy whil¢

the root phenotype showed root hair re-growth.
E. Root phenotypes in low concentration of combindcbgen sources (here in

174

10uM NH4NO3)Shootphenotype appeared stressed (anthocyanin prodcti
and chlorotic while the root phenotype showed h@ot growth all over the
root system. Nodules are visible on the infected.ro

o



However the number of nodules at 15 dpi, accorttinipe media composition was
highest in roots pre-incubated on Kpfor both control and shifted split plants (figure
14A). The pre-incubation on 10 mM AS and MNHD3; completely inhibit nodule
formation (figure 14A). Contrasting, the split plann all the 10uM concentration
conditions showed stress symptoms starting at ypedotyls and extending to almost
the whole shoot as indicated by chlorotic symptdfigure 14E). The reduction in
shoot length was significant in 10uM KNOfollowed by 10uM AS and 10uM
NH4NO; (figure 14B).The smaller shoots detected in the presence of 18N®;
indicating a starving nutritional status is alsmsistent with the higher nodulation
capacity reported in Figure 14A. By contrast, theat part of the plants with the split
roots growing into 2 different concentrations (10akid 10mM), appeared healthy in
the green part developing larger leaves and losgent organs with no significant

differences between the different N sources (figi4B).

The analysis of the primary root length shown gufe 14C indicates an interesting
phenotype for plants grown in the presence of ASlaurce. In fact, only the pre-
incubation in the presence of AS at high conceiotnat(10mM) inhibits significantly
primary root elongation (compare root length offtelsi and non shifted plants) (figure
14).

The phenotype of the root apparatus revealed @srsfor a different experimental
system in figure 2) a re-growth of the root hairstbe surface of the roots that have
been incubated on 10mM of all the combined nitrogearces (figure 14D). On the
contrary, this root hair re-growth phenotype wafuded on the whole root apparatus
of the split plants incubated in the 10uM concerdre in both infected and uninfected
roots (figure 14E). A marked increase in the numbkisecondary roots was also
noticed in the presence of 10uM of all combinedogién sources as compared to the

root apparatus incubated on 10mM concentrations.
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Figure 15. C-termAMTs protein purification. A. C-termAMT1;1 purification. TO, before IPTG induction (1mM);
pellet after centrifugation of the clear lysate; supernatant of the 3 hours post induction sample. B. Expression of
the C-term1.2 leads to its precipitation into the inclusion bodies pellet, while C-term1:3 was weakly induced.

Putative Myosin heavy chain (0. sativa japonica cultivar Group)
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Mw 171,94
Conserved hypothetical protein (Onion yellows phytoplasma OY-M)
Pr 1.0e+000

Cov % 44
Mw 48.81 mmd> | Yeast RRRS

Pr 1.0e-000
Cov % 45
Mw 28.45

Pr 1.0e-000
Cov % 61
Mw 24.18

Figure 16. Tripsin mass blasting. Among the four putativieiactants only the RPS6 was tested in yeast
Reverse trasncripton



D. LJAMT1 interactants
D.1. In vitro fishing

A part of my thesis was focused on the fishing ofgible interactants of the
LJAMT1 cytoplamic C-terminal tails. The C-terminal tail§ the three LJAMTL1
members were subcloned into the pET22 (b+) expresgctor fused to a 6-Histidine
tag. Only the AMT1.1 C-terminal end was sub-clomedwo different conformations
(C-term and N-term fusions) as described in Makeriand Methods. The over
expression of the three AMT1 C-terms into the Bl&dpression strain gave three
different patterns (Figure 15A, B). Th¢AMT1.2 C-term precipitated entirely into the
inclusion bodies while the LjAMT1.3 showed a vergak signal in the soluble fraction
(Figure 15B). Only the LJAMT1.1 C-term, when sulpweéd in both conformations,
showed a reasonable over expression in the sdligdgon (Figure 13A) and therefore
used for than vitro fishing as binding bait to a Nickel-column. Theloading of the
LJAMT1.1 C-term (His-tag at the end of the C-termith crude extracts into the Ni-
column gave a total of 4 putative interactants (Fegl6). A Trypsin digestion was
performed on the extracted bands and an analysieeahass of the digested fragments
was carried out. The data were blasted againstss fireger print data base (program),
and IDs were assigned to each of the 4 putativerantants. The first interactants
matched a putative myosin heavy chaih ativg with a partial coverage of 34%;
however a low significance was assigned by thenso#é (P 8.3e-0.01).

The second ID identified a conserved hypotheticatgn (phytoplasma) with a
partial coverage of 44% and a high significancel(®e-000). The third ID was a
ribosomal protein Segment 4 (Chloroplastic locaiorain Arabidopsis thalianawith a
high coverage of 66% and a high significance (-D@0). Finally, the fourth ID was a
ribosomal protein Segment 6 (RP3G&paragus officinaliswith a partial coverage of
45% and a high significance (P 1.0 e-000).

D.2.In vivo conformation

Upon the 4 putative AMT1.1 C-term interactants otilg RPS6 was retained for
assessing its interaction with the LJAMT1 protein. fact, this was the only ID-
predicted protein that was found in its full lengikrsion in the Lotus sequence

database (tiger database).



The interaction between the whole LJAMT1;1 and RRB6teins was analysed in
the S. cerevisiaeheterologous systenthat is exploited for fishing specifically
membrane-bound protein interactants (Cdc 25 stsar; material and method). As a
prerequisite to the protein interaction it was seey to test whether the LJAMT1.1
construct (pMet450::AMT1.1) used for the doublensf@rmation of the Cdc25 strain
produced a functional protein and this was asseligdcomplementing theZ(
Mep1l,2,3) yeast on 1mM NSO, restrictive ammonium source of feeding (figure 16).
Then the co-transformation of the Cdc25 strain gighre pRAS::RSP6 prey and the
pMet450:: LJAMT1.1 procedure was followed as désed in Material and Method,;
Unfortunately the rescue of the growth capacityhef co-transformed Cdc25 strain on
the restrictive galactose medium (see procedurBlaterials and Methods) was not

obtained hence indicating the lack of proteinsrat&on.

Figure 16. LjAMT1.1 full sequence complementing theMep1,2,3 yeast strain on minin
Ynb medium supplemented with 1mM BB0O, as sole N source. The untransformi&d
Mep1,2,3 yeast strain is unable to grow on sugtirdmal medium (left side of the Petri dish)



I1l. Discussion




A. Prologue

At the beginning of this PhD thesis the objectiveexe clearly drawn out in the Dr Chiurazzi
Laboratory. The starting point of the project cameel the further characterization of a family of
Lotus japonicusammonium transporters previously isolated in #ie (See introductive chapter) and
published by D’Apuzzoet al. (2004). In this case the “further characterizdtiomeans that the
molecular and physiological analysis of thitusgene family, will be considered as a tool to uetav
the general mechanisms governing the plant respnsi@ferent abiotic signals and to link these
features to the specific potential of legume pldatstart a symbiotic interaction with soil bacteof
the genus rhizobia.

Thus, it appeared necessary to “dig” deeper irrdkes attributed to thAMT1 multigenic family
by D’Apuzzoet al.(2004) on the basis of the:

1) investigation of the biochemical features of thegk family members;

2) analysis of a very little range of physiologicaldtuating conditions of plant growth and
study of their effects on the transcriptional regiins;

3) analysis of the spatial localization of the AMTIngs expression.

Two kinds of newly unexplored tracks were followedncerning the regulation of these
transporters in regards to the direct environmestaatitions ofLotusgrowth and especially in regards
to the peculiarity of theLotus genetic background that offers the possibility inwestigate the
modulation of the AMT features in a symbiotic crotdk context involving the bacterial
endosymbiont partner. Therefore, in order to urtdecs the contribution of each abiotic factor, the
research scheme that concerned this PhD thesisoliewed the effects of different conditions of
growth on the AMT gene expressions, by settinghgdnes that allowed correlating separately the
effects of different abiotic factors to the regidatof the AMT gene expressions. These conditions
will be then exploited for the precise investigatiof the symbiotic pathway modulations. In other
words, the activity status of tMT1 genes could be the key reflector of the physi@algadaptation
that allows the plant to enter and assume a sastigirsymbiotic program.

Since now few years, the terminology of N Sensos appended to theMT genes (Lorenz and
Heitman, 1998; Yakunin and Hallenbec002; Javelleet al., 2003) and in prokaryotes, their N
dependent post-translational regulation by diratéractants was irrefutably demonstrated (Merrick
and Durand 2006). As consequence, this project diitnehave also a parallel study that would
determine whether the plant eukarydti®&MTs could have such a regulation. In this instance, th
project showed through multiple experimental designclear possible role of the AMTs as first



sentries, indicators of the N/C status but it diok provide any strong evidence allowing the
assignation of this kind of hazardous denominats@msors).

B. Corpus diatribae

B.1. Uniformity of the experimental designs ensuredata reproducibility

To reach these kinds of conclusions, we determanstep by step methodology. First of all, we
characterized the pattern of expression of {j#feMT1.1 and 1.2 genes to investigate their behavior
under different combined N sources before drawiragencomplex experimental designs. Thus, we
showed that plantlets grown under three steadg statditions of NENO; (10uM, 1mM and 10mM)
expressedjAMT1.1andLjAMT1.2in a specific way with a pick of expression aftendurs of light
(13pm) and a rapid decrease, maintained in daikgéiigure 1A, B, Cin chapter Results). The same
pattern of expression was observed in shoot (dattahlown). This kind of regulation is, for the firs
time, reported in root plants contemporarily footbyAMT members at three distinct concentrations
of NHsNOs. A similar pattern of diurnal regulation was regeor for theOsAMT1;3gene with an
increased amount of transcript during the lightiggerand a peak around 14 p.m. followed by a
decrease toward the end of the day, and these etamgresponded with diurnal changes dH,"
influx (Kumaret al.,2003). Von Wireret al.,(2000) showed also a similar (but not completelyadq
regulation in the shoot part only foeAMT1.2and the authors briefly mentioned the strong esgpoa
level of LeAMT1.1and1.2in roots observed under another kind of experialeshé¢sign involving N
starvation followed by N re-supply. Besides the regpion ofLjAMT1.1 and LJAMT1.2 in roots
showed clearly an absolute higher expression in 1MIN)NOs; compared to 10uM and 10mM
NH4NO3; concentrations. This latter result could suggéstt tat the transcriptional level, 1mM
concentration represents the ideal range in wiiiehhigh affinity members are needed in steady state
conditions and actively transcribed in roots. Aattltoncentration the expressionlgAMT1.2 was
significantly higher than that &jAMT1.1by contrast to the equal level of transcript alauno® shared
by bothLJAMT1.1and1.2in the other conditions. Lejast al.,(2003) reported a diurnal regulation for
the threeArabidopsis thalianammonium transporte&tAMT1.1, AtAMT1.2and AtAMT1.3showing
the highest expression AIAMT1.1followed byAtAMT1.2andAtAMT1.3 Interestingly, the only data
concerning the expression analysis in steady staelitions published by D’Apuzzet al. (2004)
confirmed the highest level &fAMT1.2 transcript whileLjAMT1.1 was the more induced after shift
in N starvation conditions.  Thud,otus plant could utilize differentially its repertoiref high
affinity ammonium transporters, soon after a chaoigdl conditions and in a steady state situation.

However, the changes in the steady state expresdigenes belonging to the same phylogenetic



group render the concept of the experimental desijra high importance for the adequate
reproducibility of the results. Besides, in D’apazt al.,2004 the authors used anvitro condition
that adds to the B5 medium, a carbon sources (Sedr#) and hence, another variable in the study of
regulation of genes tightly regulated by the C/Ntabelism (Guttierezt al., 2007). In our steady
state conditions only the light period was diffarsom that used by Lejagt al.,since we inverted the
durations 16H light/8H dark instead of 8H light/tlark. Surprisingly, this slight increase of the
duration of light period showed that prolonged figieriod did not significantly affect thigAMT1
pattern of expression as it was demonstrated iayLej al, and raised the question of the possible
circadicity of the testedjAMT1.1and1.2 pattern of expression.

Subsequently, in order to investigate the glob&datfof the N/C ratio on the expression of the
LJAMT1 genes, we first investigated separately the CMNualfects. As preliminary observation, we
noticed that the addition of high quantity of stsEd1% = 29mM) to hydroponlootuscultures grown
in presence of 10 mM N4 O3 as sole N source, produced a fresh biomass examariof the wild-
type Lotus japonicuseedlings after 5 weeks growth in Magenta comptreéde ones grown without
sucrose (figure 2B, dn Results chapter). As a matter of result we shotlhatla sucrose-dependent
effect was also revealed on thiAMT expression antjAMT1.1 as well asl.2 was induced in dark
period after addition of 1% sucrose. This indicatedt both genes did not obey to an internal
circadian clock (figure 2Ajn Results chapter), confirming that theAMT1.1 and 1.2 transporters
react as their homologuestAMT1.1 1.2 and 1.3 to the carbohydrates sources, being probably
strongly regulated by photosynthates such as giucise effect of sucrose on the profileLpAMT1
expression is in agreement with most of the datarted in literature on the photosynthetic depehden
regulation of channels and transporters in rootsri(Kt al., 1985; Ruffyet al., 1989; Rienset al.,
1994; Mitoet al., 1996, Lejay etl., 2003) and the network derivative model from lasgeeening of
C/N metabolism (Pricet al.,2004, Guttiereet al.,2007).

Noteworthy, our data indicate an inhibitory effedtsucrose on the peak &fAMT1. and 1.2
expression observed during the light period at 13. ffigure 2A;in Results chapter). Moreover, this
inhibition seems to be specific to the ammoniumngporters since the addition of sucrose
continuously increases the expression of LJ@LN1 gene (figure 2A;in Results chapter), in
agreement with the studies of Wameg al., (2003) and Priceet al., (2004). This could be a
consequence of the specificity of the gene promgions that could interact with different factors
for the integration of both C and N signaling.

Once again, the detailed set up of our experimeatdgaigns reveal the importance of each of the
tested abiotic factors and how for example, thatesidof synthetic sucrose into the medium could

affect the normal photosynthesis-dependent regulaif some genes involved in the N/C metabolism,



by imposing a possible negative feedback on thgiression. Thus, some of the analysis of the global
profile of expression reported in literature cobk biased by the experimental conditions used €Pric
et al.,2004).
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Figure 1. Scheme of the role played by the Dof transcritpferctor in the control of the expression of key
enzymes (PEP carboxylase and ICDH) whose actioruisal for linking carbon with nitrogen metabolism



The results shown in figure 1 and id Results chapter) pushed us to makeimasilico
analysis of both jJAMT1.1andLjAMT1.2promoter regions to screen (softberry software}tier
presence of specific regulatory elements (figure BAn Results chapter). The most relevant
point of this analysis was the finding of a higdensity of motifs on the 5’ regulatotyAMT1.2
region than that oLJAMT1.1 In particular, it is intriguing the presence ¢irde specific
regulatory sequences that could bind the GT trgptsum factors, known to belong to a
multigenic family of master regulators (light resgoveness Transcription Factors) controlling
the expression of genes involved in photosynth@siglemeieret al., 1988; Gilmartinet al,
1992; Deheslet al, 1989; Ayadiet al, 2004). Interestingly, these regulatory sequecoetd be
also found in the promoters of some light-independgenes. The pathogen defense-related
tobacco PR-1a gene, contains GT elements in thaqisy region (Buchedt al.,1999)while the
GT protein themselves are encoded by pathogeredetggnes (Rong Wangéal, 2004) sharing
common defense regulatory elements in their promssgquences (Eulgest al, 1999; Rushton
et al, 2002). By contrast even though th&MT1.1 promoter region does not present specific
GT binding boxes, it contains other binding mosifeh as the ones for the DET1 transcriptional
factor that is thought to be a signal transductomponent linking the perception of light to a
switch in developmental programs (Bridetyal.,2003); regulatory motifs found in the promoter
regions of photosynthetic genes (rbcS3C; rbcSE)DF1 binding box that is tightly related to
the nitrogen assimilation in plants under N deficye (Yanagisawat al, 2004). Presumably,
this latter transcription factor is one of the fantkental regulators of the C/N metabolic
imbalance in plants as it acts on key enzymes ptesdhe bottleneck separating both C and N
pathways (mentioned in the Introduction chapteyure 1 ). Finally, other regulatory sequences
found in the 5’LJAMT1.2 promoter region belong to Tfs binding domains, nhyainvolved in
drought resistance, salt tolerance and proteirag&(Alfin, SEF) as well as plant development
(RE in Agamous gene).

Because most of tha silico regulatory motifs that we found contained mismagctvith the
consensus sequence (in general not more than @)inaorder to experimentally evaluate the
physiological roles of such motifs, we decided &ket advantage of twhotus japonicus
transformed lines, carrying two different constsjcharing contrasted length of th&MT1.1
promoter region fused to thgusA reporter gene. The preliminary results demonstrahe
importance of the region upstream of a 250 bp fegnicounting from the (+1) ATG codon
triplet) for enhancing the GUS activity (figure. 30 in Results chapter). Interestingly, the 250



bp region contains only twim silico revealed motifs; the GARE 1 that binds an unkndwn
and the CAB that binds the DET1 TF. Since the arpamnt were performed with thieotus
transgenic lines grown in the presence of 10mMNIBk as sole N source and the plants were
analysed at 13 pm (at the pick of expression ofANE 1.1 gene) it is possible that these two
regulatory elements bind TF(s) that is sufficieat énsure the basal transcription level of
LJAMT1.1 and probably the upstream sequence binds otherirédved in enhancing the
expression of this gene in response to differemtafactors.

B.2. Unraveling the quick variations in expressiorand magnifying the small ones
As previously discussed, the steady state expetsm@bove) did not represent “a finality”
per seand the objective of this first characterizatioaswmore specific. Indeed the steady state
allowed us to draw the right conditions to desiga tshifting conditions experiment” and even
more, the subsequent experimental scheme servinga#form for the evaluation of genes
involved in the N signaling pathways that are pdmeéic to the occurring of the nodulation

organogenesis ihotus japonicus.Thus, the precise determination of the timing \ehére
expression of th&jAMT1 genes was knocked down or, respectively, up-regdldefined the
ideal moment for shifting the plantlets from 10mMHMNO; to 10 uM NHNO; for a global
transcriptomic analysis of the profile of gene egsion. As expected, thAMT1.1expression
showed a 5 fold transient induction at 48h podit stith a rapid decrease after 72 hours (figure
4 ; in Results chapter; D’Apuzzet al., 2004). This data is in agreement with data preshou
reported forAtAMT1.1showing a 5 fold induction, 72h post shift in Mustation (Gazzarinet

al., 1999), as well as fdteAMT1.1that showed a strong but not transient inductialays post
shift (dps). Again it is important herein to briefbtress out the differences between our
experimental design and the one described in thob&cations. Indeed, in our case we used 10
mM NH4NO; concentration (instead of 1mM) with an incubattone of 4 weeks instead of 5
weeks [ esculentuinor 2 weeks A.thaliang and finally we transferred the plantlets in 10uM
(instead of N-free medium). The duration of the-jpubation treatment and the concentrations
of NH4NO; are crucial in determining the quickness of thanplresponse after shift in N
starvation conditions probably because the tisbawe different level of saturation at different
NH," concentrations, with a consequent different rafeNo depletion after reaching a
physiological equilibrium in regard to the presenééNH," in the external medium. This latter

point is just another example of how complicated lba the analysis of expression of metabolic



genes involved in the N/C metabolism. As alreadgvimusly stressed out, the experimental
conditions must be fixed in a way that the possierlapping between different regulatory
signals (diurnal cycle, N and photosyntate avdikgbipresence of external source of sucrose,
length of the treatment) can be evaluated. For @i@nthe interpretation of some results shown
in different papers are biased by the lack of imfation about the diurnal timing of the time
course experiments analysing either RNA expressidiH," influx (Gazzariniet al.,1999; Von
Wiren et al., 2000, Loqué and Von Wiren, 2004). An exceptiomeigresented by the analysis
reported by Guttiereet al., (2007) where the authors discriminated the effettthe different
signals. The microarray analysis we performed hymaring the expression profile at the TO
and T48 of the experiment shown in figure 4 revéaegoor number of significantly regulated
TCs (87 TCs) at FDR 5% (figure 5; in Results chgptempared to the number obtained in
Guttierezet al. This is a kind of expected result since the dataeled in that publication (5314
MRNA out of 14462 spotted. thalianaaffymetrix chips) concerned an analysis of var@anc
(AOV) analysis that integrates different combinatiaf three C independent, N independent, C
x N interaction conditions (additive or exclusiv&his number of mRNA has been obtained in
that work after normalizing all the ratios C/N thla¢ author tested (different sucrose and nitrate
combinations) against ratio C=0/N=0 and then irggg them in the AOV (below) to find out

the valid significance:

Y =+ 0O sucrose™ @ nitrate™ O sucrose X nitratet €
Where Y is the response (expression of the germresepted by its normalized signal), p is
the global mean and coefficient corresponds to the effect betweendifferent treatments is
the qualitative variable explaining the differeactors whilee is the residual variance. These
entire variables follow a Normal distribution.

In our case this formula could be reduced to alsifagtor AOV
Y= U+ nitrateiHanog + €
And hence for ust pitrate (NHaNO3)IEPresented by 2 N-contrasted (10mM NIs at TO

and 10uM NHNOs at T48 dps) conditions are reflected by the foitaywatio:
T48h dps=(C=0/N=10uM)
TOh=( C=0/N=10 mM)

We demonstrated that if we use a T-test where wgpaoe the ratio of all the TCs to ratio 1,

which means no variation in expression between d#8 TO (in this case we consider that the

distribution of the ratios is following a Noal distribution around 1), and we select fad t



A Up-regulated and down-regulated genes upon time shift
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Figure 2 Observed tendenciesA. Time course (shift from 10mM NfMO; to 1QuM NH4NOs) of the pattert
of expression of two genes: the P450 cytochromeaomaygenase (red bars) and a putative deoxycy
deaminase (blue bars) that are respectively upl@iB) and down regulated (0.5 fold). The drawn cadve
indicates the tendency followed by a marker gerh i3 AMT after the shift.

B. Cluster Parallel Coordinates Plots (right squameder the assigned group numbers) indicating foh exd
the 7 groups/clusters (see results) that the ra#8/T0 is not informative for the sithavariations in
expression. The plotting of the ratio against thectute values of each TC at TO and respectiveB; alows
discriminating in each group, which TC is signifitig moving. Cluster Profile Plots indicate theatic
variation in each oftte 7 groups. Groups 4 and 7 are showing the higtiestiute variation respectively in”
and T48 but only the group 7 shows the highesttiari in ratio.



highly significant data at the value of P (0.013.29, we could integrate more data (6501 up regdlat
and 2187 down regulated genes out of 12469; figune Results chapter). Consequently, we reached
more or less the data obtained of Guttiezeal., by testing the shift effect, looking only to 1 fac
(NH4NO3 variation). In other words, the metabolism of Chduld be investigated without
implementing artificial addition of sucrose or hetuse of huge experimental combination of C/N to
represent the total C and N-dependent variatigdhenprofile of gene expression. It is very likehat
plants adapt their metabolism as quick as the rdlpictuations in the environment appear, by
minimizing the disturbance at the genetic leveleeke different rates of regulation can be observed
for different genes (figure 2A). Therefore, the gin background probably defines a reduced battery
of key genes that are in charge to maintain a nloptmgsiological status, while most of the genes are
reacting with small variation in expression. Sitioe combimatrix technique is not a quantitative,too
we chose the statistical methodology described alfese also § B1.3. in Result chapter) to magnify
these small differences in expression (figure ZBjpreliminary analysis of the results obtainedhe t
Lotusbackground permitted the identification, amongslgmificantly regulated Tcs, of some putative
nodulin genesTC8247; TC16612; TC12598 )that should not exist in the non leguminous plant

backgrounds (or at least having other functions).

B.3. Linking the plant N adaptation to the symbioss: A leguminous paradigm

In order to_linkgenes, appearing to be regulated by the shiftitondo the nodulation pathway,
we undertook the same kind of shift experimentoltov the nodulation phenotype. The set up of the
experimental design (figure &) Results chapter) is peculiar and to date it wasdescribed in
literature this kind of interplay between bacteiiaflection, antibiotic use for the avoidance of “n”
rounds of infection on the root infection zones #mel successful emergence of root nodules after the
rhizobia first infections (figure 7A and B) Result chapter). In this regards, the methodobkdtpwed
us to define a strict discrimination of the nodulatphenotype between plantlets incubated in 10mM
NH4NO; (Pool P1) compared to the plantlets that were ywaaintained in 10uM NiNO3 (Pool
P2). Thus, we demonstrated that the pre-incubatiodOmM lowered the potentiality ofotus
japonicusseedlings to produce nodules of nearly a half feldle the pattern of nodulation of these
plantlets were rescued only 9 dps (figure i®;Results chapter). In this way, we were able to
determine the fraction of time (between 6dps angph®) that allowed this kind of inversion and hence

the moment where plants



Current Opinicn in Plant Siclogy

Figure 3. Responses of thArabidopsisroot systems to different nutrient supplies. Thetrsystens were grown il
nutrient-rich media with or without a high concextion of P, N and S.

P and S deficiency can dramatically alter primand lateral root growth, modifying the overall ramtchitecture
Contrasting N availability may alter lateral rotwregation



show a rescue of their nodulation potentialitieterathe pre-incubation in the inhibitory conditions
represented by 10mM NNO; concentration. During the phenotyping we followal$o other
parameters such as the shoot and root length antbiss as well as some traits that are key indgator
of the physiological adaptation of the plantletshieir direct environment (figure 9 B, C, »; Results
chapter). In particular, at 34 days post inoculgtibie fresh shoot biomass was increased in both P1
and P2 plantlets (figure 9 D, paneliti;Results chapter) probably as consequence of tfigahion
that supports the plant growth and makes this ieddent by the external N sources. By contrast, in
roots, the growth patterns are not conserved @®@D; in Results panel 2) and this is probably wue
the typical plant response observed in N stressgliions, when plants allocate most of the energetic
sources to the roots to increase their subsoiasarflooking for additional N sources. The discnepa
observed between P1 and P2 shoot and roots phesotyguld suggest that the latter is related to a N-
dependent effect that acts locally on the roots gl not mediated by the nutritional status of th
plant.

In general, the P1 plantlets are slightly heawanttheir corresponding controls in P2 pools. This
fact could represent a consequence of the pre-atimurbon 10 mM NENOs. The latter result could
be important for application in sustainable agtied because plant legumes would maintain the same
nodulation capacity and hence their bio-fertiliziagtions by increasing at the same time their
biomass.

Optical microscopy observations of the P1 and P@sgpshowed that the plantlets of the P1 pool
showed a marked phenotype in the root apparatB4 dpi with a patch of root hairs re-growth near
the root tips and an increase in the secondary favatation while the P2 pool showed a marked
chlorosis symptoms and an anthocyanin productiothénshoot part (figure 10A and By Results
chapter). These latter results are consistent witht is reported in literature, since Amabidopsisit
was demonstrated that high nitrate (> 10 mM) reduegeral root elongation throughout the root
system whereas, exposure to local patches of thmapr root to high nitrate induces a local
stimulation of lateral root elongation (Zhang andrds 1998). However, in the corresponding
literature, the patch of root hairs re-growth waainty attributed to a depletion of phosphorous and
not to the progressive depletion of MMD; or other minerals such as iron (Muller and Schmid
2004; Bucicet al.,2003, see figure 3).

In order to assess a complete panel of the N itdmbieffect on the pathway of nodulation we
decided to look also at early events of the root mdection (between O dpi and 7 dpi). For this
purpose we used two strains that gave us two congigary results. On one hand, the infection of the
TO- P1 plants, withM. loti lacZ strain showed, at 6dpi, the uniform spreadinghef bacteria on the

surface of the roots and the root hairs indicatimganarchical bacteria cell division (figure ihl



Result chapter). On the contrary, this phenotypsotsmaintained for the TO-P2 plantlets that clearl
showed the initiation of the nodule primordia ekaet the level of infection drop spotted at 50 mm
from the root tip (figure 11in Results chapter). The RFP fluorescent rhizoberstyave even a more
precise picture of what could occurs at the le¥ehe inoculation spotted point in the root symimot
competent region (figure 12n Results chapter). In this case the TO-P1 plan8etsed at 4 dpi
showed bacteria overgrowth on both root hairs awt surface without any detection of initial
infection signs (figure 12n Results chapter), while the TO-P2 plantlets, ia #ame conditions,
showed active root hair deformations and curlimgcitire with bacteria entrapment pockets (figure
12C in Results chapter). These results are consisteht thwt known pleiotropic effects of the high
concentration of Nif on the rhizobia behavior (Patriarefal., 2002), confirming that the successful
infections could occur only in N starvation conalits. However, it's the first time that this N
inhibitory effect is qualitatively and subsequerglyantitatively (nodule phenotyping at 7dpi) asedss
in Lotus japonicus

Once we had the confirmation of the reproducibibfyour nodulation phenotyping experiments
(the shift/cef nodulation phenotyping experimenswepeated for 3 times), the development of a new
array that assessed the most contrasted time puoiatsnecessary for more than one reason. Firstly,
the array based shift experiment design (figure ®esults chapter) was not supported by such an
analysis that directly links nodule formation toetlprogressive suppression of the N inhibitory
condition. Secondly the previous array has the aive to assess the genetic background.attis
japonicusin a physiological situation (48h after shift) tltuld mimic the one that renders the plant
competent to initiate the symbiotic dialogue wilte tbacterial host. As it is shown in figure 9A (
Result chapter), till 6 days post shift, the P1np&ts nodulate one fold less than the P2 plants.
Besides, looking with more attention to the graphthe figure 10A, we could see that the slopehef t
nodulation curves at early time (between 0 dpi Bredmoment of the first screening at 7 dpi; figure
10A,; in Results chapter) becomes more vertical for tharke|s O dps till 13 dps, especially for the P1
pool. Hence these phenotyping issues argued irr fafva possible dual effect due to the timing of
incubation and to the features of the growth mealiathe nodulation kinetic. Finally, the plant gtbw
conditions are quite different since in the shét/experiment we were obliged to infect plant grown
on solid B5 media and therefore we do not expecesearily, similar induction pattern of the AMT
genes as in the shift experiment performed withréyydnic cultures.



B.4. Two independent chip experiments for assessitige nodulation competence

The results of the combimatrix gene chip aimingagsess the re-acquisition of the nodulation
capacity by suppression of the N inhibition, revibel genetic tendencies of the P1 pools for the TO,
T6, T9 and T13 time points (figure 1#) Results chapter). Both fixed FDR 5% and FDR 10%
determined cluster of genes that are progressieeligy contrast rapidly, up or down regulated while
others showed very weak fluctuation, or ambiguowdtepn of regulation. Even though the
classification of the TCs inside of each of thelsisters is under progress, the most relevant pieisit
in the qualitative confirmation that this secondagrgave in relation to the shift combimatrix array
and especially to the third array that we deciadedevelop.

Indeed, this third combimatrix gene array concegrilve evaluation of the phenotypic discrepancies in
nodule number observed between P1 and P2 was nmdatadhe TO plants. Surprisingly, the results
of this array, not only represent a good tool fae tonfirmation of the genetic tendencies of mést o
the clusters, but it definitively shed the light genes that are of a high importance in the sytngbio
pathway and hence could explain our phenotypicabdriy between P1 and P2. The first gene that is
salient in this picture is termed Nod factor birgliectin-nucleotide phosphohydrolase TC8310 that
was down regulated in P1 plants (0.23 at FDR 6%)0Ag the TCs identifying nodulins, that were
found up or down regulated, only this one sharedraplete matching between its sequence and the
TIGR database sequence. Interestingly, this TC dessribed as having a dual role in binding Nod
factors ofBradirhizobia hosted by the lupinuB. biflorus specie expressing the homologous lectin
(Db-LNP), and having a N-dependent induced expoesaihen the growth media was depleted from
nitrate and ammonium (Eltzest al., 1999, Kalsi and Eltzer, 2000). Besides, in thoapeps an
increased catalytic activity in hydrolyzing phosphbydride bounds of nucleoside of di- and tri-
phosphate in the presence of carbohydrates wasnshéle also identified a CPDK-related protein
(Calcium/calmodulin-dependent protein kinase CaMK816117) among the down regulated TCs.
CCaMK is required very early during the symbiosisdeciphering the information that is encoded in
the calcium spiking (Oldroyd and Downie, 2006hdis been recently reported that a small deletion in
the auto-inhibitory domain of the CCaMK protein,ngeates a constitutively active form of this
calcium-activated kinase, resulting in spontanenodule morphogenesis and induction of ENOD
genes, in the absence of Nod factoModoti (Tirichine et al.,2006, Gleasoet al.,2006).

A Consistent support to this combination of indeget combimatrix experiments and consequent
overlapping results was given by the split expenimeghere we reproduced for split plantlets the TO
condition (figure 13n Results chapter). We showed that in different ’iomed sources (NANOs,
KNO3; and Ammonium Succinate) the number of nodulesestat 15 dpi and shared by the infected

roots was significantly higher in the split plantdere both infected and non infected roots were



incubated on a 10 pM concentration of D3, or KNO; or AS, while this number was quite
reduced on the infected roots of the split planteme the non infected root was maintained on high
concentration (10mM) of a N combined source (figlg#\; in Results chapter). Besides, we showed
that the strongest reduction (total inhibition)nmidule formation was observed in the presence of AS
followed by NHNO; and KNQ that is consistent with the data recently publisiy our team
(Barbulovaet al. 2007)showing the more severe steady state inhibitogoefsf the NH* on the Nod
factors-dependent nodulation pathway compared thghNQ;™ effect (figure 13Ain Results chapter).
Unfortunately, we did not test yet at the time aftivg the manuscript, the local or systemic effefct
these combined N sources, on the nodulation phpadiy infecting the shifted split root sides aetat
time point as we performed for the shift/cef expemt (e.g infection after 1dps,..., 6 dps, 9 dps,, 13
dps).

10mM 10mM 10mMm 10um 10mM 10puM

Figure 4. Split root diagrams.
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However, additional outputs can be obtained by dkperiment shown in figure 4. The shoot
length reduction was gradually marked from 10uM KNten 10uM AS till 20uM NENO; (figure
13B; in Results chapter), consistently with data reportingt in the presence of low, identical

concentration of nitrate and ammonium, the lagehe preferential nutrient form



because it can be immediately assimilated (Gaazzarial., 1999).The root hairs patch re-growth
was observed in 10mM rather than in10uMNIB; condition (figure 13D, Ein Results chapter) and
this was in discordance with what we observed a@nrtiot surface of seedlings monitored in the
shift/cef experiment (figure 10n Results chapter) arguing in favor of a probablecsj role of the
NH," depletion that could monitor from the 10uM MM¥D; side the root hair patch formation in
10mM NH4NOs. Nevertheless, an independent fdepletion (or other nutrients such as Phosphorous
or Iron) in the 10mM inducing the patch formatiautd not be excluded.

In all the cases, the experiments that we drawndewmonstrated that the N/excess inhibitory
condition could have different targets on 1) rhizolmfections behavior, 2) root hair cell signaling
eliciting the expression of the lectin Nod factarding, 3) lectin transfer to the root hair surface

C. Epilogue

In conclusion, we propose a model that integrétgsre 5) the one published by Barbulcetaal.,
2007. In that paper ammonium and nitrate effecttherNod factors-dependent transduction pathway
were discriminated and positioned in different padh the cascade of events induced early during
symbiotic interaction (see introduction). In pautar, high ammonium concentration was
demonstrated to act earlier and to inhibit rootr ltlformation. The root hair deformation can be
uncoupled by the other early events induced by fdotbrs, because concentration of these eliciting
factors needed to induce this event, is much higtear the one necessary for initiating calciumuxfl
and calcium spiking. Downie and Oldroyd (2005) megd that a local accumulation of rhizobia is
needed for synthesizing the amount of Nod factexseasary for inducing root hair deformation and
that this is specifically correlated with the rhiz infection process and the infection thread
formation. Our array data suggest a possible mtdeacuechanism supporting this hypothesis. The
Nod factors binding lectin could have a role foe taccumulation of the Nod factors. At high
concentration of ammonium the down regulation ef 8B lectin would avoid this action inhibiting
root hair deformation and the infection event (fgyus). The lectin could bind Nod factor
independently by the NFR1 and NFR5 receptors rgcatentified (Radutoiuet al., 2005). We also
suppose a role for the AMT proteins as sentrieeegulating the processn(figure 5). They could
directly sense the N/C ratio, controlling the sigma pathway leading to the down-regulation of the
NFB lectin or, their action could be dependent lmgaster regulator having the sensing role.
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Figure 5. A Model for the N dependency of the Nod factor synibtic signaling. This derives from the one described by Barbuletval., (2007). The Nod Factor Bindir
lectin (violet rhombus) expression is inhibited by highraomium concentration. In the presented model NFBlis éndependently by NFR1 and NFR5 Nod factor rears)
orange rhomboids). The extra and/or intracellulancentrations of ammonium could precisely dritae inhibitory pathway (blue color). We also reqmeted the possib
imbalance of the C/N ratio in low combined N sosrtieat leads to the reduction of the C metabolimated with a possible feed back on the N metabadligmeaching the
homeostasis O%. And hence in the case of the leguminous plantspndition of N increasing, where the N/C pookishanced, is induced a change in the plant ranst
status that is sensed by a master regulator (MR)timsduced to the symbiotic machinery. Irsthiodel we represent the transporters as key sgnirithis physiologic:
mechanism (hexagons = N@ansporters; semi hexagons = Nkransporters) that could work under N deficienmd(color, permissive pathway) or N excess (bluerg
inhibitory pathway). S circle = symbiotic fractiofithe genetic background. N and C circles Nitroged




V. Materials and Methods




A. Common protocols and tools
A.1l. Seeds sterilization and germination

Before germinationLotus japonicusseeds were sterilized with 2.5% Sodium hypochdorit
supplemented with 0.05% Triton-X100. Seeds werdlgshacked into this solution for 20 min. Then
they were washed with sterile;® under laminar horizontal flow and stored up sidevn at 4C in
sterile water in dark for 24H. Thereafter, they everansferred on plant agar (1%) Petri dishes amd p
again at 4C in dark for 24C. The day after theiRkshes were transferred in growth chamber at 23 C
for one more 24H covered with aluminum paper tontaan dark, necessary for germination. Finally
roots of germinated seedlings were adjusted andP#tei were positioned vertically in growth
chambers at 23 C under 16 h photoperiod and ligbhsity of 246 pESm™.

A.2. RNA extraction

The Lotus japonicusRNA extraction was carried out using a home madsoppol (Modified
Kistner and Matamoros (2005) protocol). Twenty3th mg of plant tissue were separated into two
parts (shoot from root) in different 2mL eppendaafed maintained briefly in liquid/solid nitrogen.
Then, samples has been either stored at -80C oediately squeezed by tissuelyzer (5-8 min at 30
Htz) into 550 uL of pre-warmed (65 C) RNA extractibuffer (CTAB 2%; PVP 2% (MW 360,000);
Tris-HCI 100 mM; EDTA 25 mM ; NaCl 2M; to be autasked) supplemented with DEPC 0,01% and
-Mercaptoethanol 2%. After a quick spin into micentrifuge, 550uL of Phenol-chloroform-
isoamyl-alcohol were added. The samples were vedend centrifuged (13,000 rpm) in cold room
during 10min. The supernatant was carefully recedeand the last operation was repeated a second
time. The second supernatant was recovered argféregd into new eppendorfs containiiy (~ 450
ML) isopropanol. After a very brief vortexing, glentmixing of the RNA extract was performed at
room temperature time to time during 10 min. A ficantrifugation in cold room is performed (13000
rpm) to precipitate the RNA. The pellet was, subsadly, washed with 100-200 puL Ethanol 15%
without breaking it and re-centrifuged 5 min at mspeed. The samples were dried by vacuum

manifold or safely under office light for 15 mirelRets are dissolved in
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Figure 1. RNA quality checking by Bioanalyzer. All the reagi@re provided in Lab on chip by the Agile
Tech. company. Arrownidicates the wells hosting the sample. Then the ishinserted into the bioanalyz
compartment. The software (Agilent 2100) providguciure of the RNAs sample gel running as weliha=
fluorescent spectral profile and so giving visuadication ontheir respective qualities. On the right of
gel a degraded sample showing bad fluorescentrapgebfile while, on the left, thaleal spectral profili
showing a major pick for the 28S (second pick stgrform the left side of the picture) bandhgoared tc
the 18S ribosomal RNA form.All the RNA forms revealed in the gel are aligneghiast an RN/
progressive degradation spectrum database (Eu@argot Procaryotic RNA database) that allc
comparing the samples and evaluating the leveegfatiation.



Rnasefree water (could be DEPC water) in a volume tlldws its total dissolution. Samples are
stored for a short period in -20 C or at -80 Clémg period.

A.3. RNA gquantification and integrity checking

The RNA was quantified by NanoDrop spectrophotom@i®-1000). Just a single drop of 1.5 pL
taken directly from the samples was loaded on dloeptacle laser cell to provide an information on
the concentrationn@/pL) as well as the absorbance ratio 260/230 &@d2B0 that must be around
2.0. In the array experiment (see in result chag#el..6.) the absorbance was also checked afh)b0
to verify the correct incorporation of the labelif@y5 fluorophores). For the array experiments
guantification was checked by a bench spectrophetem(quartz cuvettes) diluting 35 times the
sample into TrisHcl-EDTA (1X, pH 8).

The RNA integrity check was performed by an elgatiaresis running of 308g RNA sample on
agarose 2% Ethidium bromide pre-stained gel. OmyRNA samples used for the combimatrix array

gene chip experiments were subjected to an injegnieck by bioanalyzer as follow (figure 1):

Fill the compartments of the gel chip with stemtater (300 pl) and then clean them by vortexing the
chip during 10 s;

Inject 9 ul of the pre-stained gel (bioanalyzetdithe G (black circle) well using the specificiage;
Inject in the two G wells 9 ul each as well aslthdder in its designed well;

Load the marker into the same well in which youdigast before your RNA samples (12 sample

wells/chip). This marker is necessary to align yaiWA bands with the ladder;

- Vortex 1 min and analyze (software) the chip (3@ noin);

- The bioanalyzer software produces different filelpeg (bitmap) files in which it reports the pretwf

the gel, the RNA picks and /.xIs (figure) thathe numerical decoding of the bitmap pick files (fig

1) and in which it especially identify the integrihumber of your RNA samples according to the
chosen integrity number of database. This datalsasecollection of RNA samples from different

organisms (Eucryotes, prokaryotes...) that a diffeaip and progressively degraded by Rnase

treatments. A coefficient of 7 is given for theatl®@NA profile.



A.4. cDNA synthesis

In the semi quantitative and/or Real time experimeDNAs were synthesized by the support of
the QuantiTect Reverse Transcription (Quiagen Kie-0.5ug of RNA was generally used/sample
extracted. In this case thHenase treatment is included at the beginning of the cDByxthesis
procedure while only for the array experiments RI¢A samples were treated wibnase(ambion
kit) before to initiate the cDNA synthesis (see 8 A).

A.5. Semi-quantitative & Real time PCR transcript analysis

RNA was extracted quality checked and quantifieddescribed previously. Semi quantitative
PCRs is performed taking as internal standard Ljubiquitin gene (housekeeping gene). Gene
amplifications were carried in 25 pl final volumé @25 mM dNTP, 2,5 mM MgCI2 (Euroclone),
Buffer 1x (Euroclone), Taq 0,2 U (Euroclone).

The PCR program used for the amplification wasftiewing: 94° C for 4 min. 25 cycles of
94°C/45 sec., 57°C (for LLAMTL1;1, 1;2, 1;3 and Lj©@Sr 61° C (for Ljubiquitin), 72° C/40 sec.

The set of primers used for each gene are:

LjUBI F-1 5 TTCACCTTGTGGCTCCGTCTTC 3

LjUBI R-1 5" AACAACAGCACACACAGACAATCC 3’

LJAMT1;1 F 5 AGCG CCTATGATTCAGGCAACZ

LJAMT1;1 R5 TACTCCTCCTTGGCGAATAGC 3

LJAMT1;2 F 5 AAAGCCTACGGTAACAACGGCZ

LJAMT1;2 R5’ATTAACAACCCGTACGGCCTC 3

LiGS1 F 5TGC CAAGGTTTTCGACCATC 3

LjiGS1 R5’CCTACTGAAGGGCCACTTG 3

Notice Primer pairs for the P450 cytochrome as well as the putative Deoxycyclate desaminase
are not shown (Confidential)

All the PCR products were run on 1.5% agarose lget@phoresis and Typhoon scanning gels was
performed.

Once the semi quantitative PCR gave us the expeetadt for our RNA biological replicas and
their respective cDNA, a Real Time qPCR was per&atnon the samples to have a statistical
reproducibility of the technical procedure of oA amplification. The real time allows 3 technical
amplification of the same cDNA sample. Besides,Rieal time provides a more accurate assessment
of the real quantities of your transcript than thaen by a typhoon gel scanning of the incorpatate

fluorescent molecules of Ethidum bromide in tha$@ipt band.



The Real time transcript quantification is basedhee following tools and components:

- Use sets of primers that amplify only short produs®-100 bp (see Primers sets for real time)
generally the

- The Real Time PCR is performed in Engine OpticdM2 Research, Boston).

- The Real time reaction is performed the Syber gmdan to quantify the fluorescence and the
internal housekeeping 18S Ribosomal RNA Primer-Getiper with ratio 1:9.

- The reaction program used is 13 min at 95 C deataur, 35 cycle X [95 C/20 min ; Tm 60 C/15
min; 72 C 15]

Thus, the real time procedure provides from eaclylsi template a clean amplicon. The reaction
follows an exponential increment of the amplicoat ihcorporates during each amplification cycle a
fluorophore. The fluorescence is immediately qdieatiby a laser cell whilst the software Opticon
Monitor Analysis version 2.01 (MJ Resaerch) gimsehich cycle the curve of its respective amplicon.
A melting curve could be determined indicating d@solute expression of your transcript before the
saturation (melting of all the curves). The ampétion reaction is achieved once the sigmoid sladipe
the curves is lost indicating the depleting of ttemplate (saturation point). The numerical
guantification is determined by the calculationtieé CT value of your gene which is the absolute
value reached at the cycle having the highest memt of amplification before saturation. The
expression of your amplicon is determined relayived the expression of the control amplicon
(housekeeping gene).

The calculation is: 2°7, with ACT = Ct geneCt housekeeping
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I1.C. First Strand cDMNA Synthesis
I. Mix RNA and T7 Olipo{dT) Prmer, and bring the volume to [2 @l
2. Incubate 10 min at 70°C, then place on ice
3. Add & pl of Reverse Transcription Master Mix and place at 42°C
4. Incubate for 2 hy at 42°C

11.D. Second Strand cDMNA Synthesis
1. Add 80 pi Second Strand Master Mix to each sample
2. Incubate 2 hr at 16°C E]

11.E. eDNA FPurification
2. Equilibrate one cDINA Fiter Cartndpe for each sample
3. Add 250 i of cDNA Binding Buffer to each cDNA sample
4. Apply mixture to an equilibrated cDNA Filter Cartridge
5. Wash the cDNA Filter Cartnidpe with 500 ul cDNA Wash Buffer
&, Elute cDNA with 2 x @ ul Nuclease-free Water
7. Bring samples 1o 14 pl with NMuclease- free Water If necessary

ILF. In¥itre Transcription to Synthesize aRNA
I. Assemble the 40 pl transcription reaction components at reom temp
2. Incubate the reaction for &—I4 hrat 37°C
2. (Optional) Add 2 pl DMNase I, mix, and incubate 30 min at 37°C ﬂ

11.G. aRNA FPurification
I. Add 58 pi Muclease-free Water 1o each aRNA sample

2. Add 350 gl of aRMNA Binding Buffer

3. Add 250 pi of [00% ethanol

4. Pass sample threugh an aRNA Filter Cartridpe(s)

5. Wash with 650 pl aRNA Wash Buffer

&, Elute aRMNA with 2 x 50 pl 50°C Nudeasefres Water E]

IV.A. Concentrate the Amino Allyl aRNA
1. Determine the aRNA concentration
2 Vacuum dry 520 yg aRNA

1¥.C. aRNA:Dye Coupling Reaction
1. Add @ wl Coupling Buffer 1o the aRNA
2 Add I | pl prepared dye to the aRNA and mix well
3. Incubate 30 min at room temp in the dark
4 Add 4.5 yl 4M Hydroxylamine, mix, and ihcubate |5 min in the dark

IV.D. Dye Labeled aRNA Purification

Figure 2. Flow chart of the CDNA synthesis procedure fa& @ombimatrix technology




A.6. Amplification of the RNA samples for the Combmatrix
1 pg of a quality checked RNA sample was amplifisdollow {n figure 2):

1. First strand cDNA synthesiss primed with the T7 Oligo(dT) Primer to synthesicDNA with

a T7 promoter sequence by reverse transcription.

2. Second strand cDNA synthest®nverts the single-stranded cDNA with the T7 poten primer
into double-stranded DNA (dsDNA) template for tremystion.

3. cDNA purification removes RNA, primers, enzymes, and salts frond#igNA that inhibit in

vitro transcription.

4. In vitro transcription with aaUTP generates multiple copies of aminol aftpdified aRNA

from the double-stranded cDNA templates; it isdhaplification step.

5. aRNA purification removes unincorporated NTPs, salts, enzymes, raordanic phosphate to
improve the stability of the aRNA and facilitate NHester coupling or subsequent enzymatic

manipulations.

6. Dye coupling reactiortakes place between the amino allyl modified Ug$tdues on the aRNA

and amine reactive dyes.

7. Labeled aRNA purificationremoves free dye and exchanges the buffer withlddge-free
Water.



Semiconductor Addressable Porous 12469 TCs

microelectrodes Reaction Layer
B Hybridization and Imaging of CustomArray™ 90K
Workflow

Target Preparation:
RNA or DNA (user chooses Kit): 1-3 days

Biotin or Fluorochrome Labeling

Semiconductor l

5 Pre-hybridization 40 min (10-15 min
- '}, C) e RNA Fragmentation (RNA targets only LS
Y
4 — 16 hours

| Hybridization (10 min hands on)

Hybridization Washing 30 min

v !

Biotin-labeled Targets: 60 min

Fluorochrome-

Post-hybridization Blocking,| (20 min
Labeling, and Washing hands on)

' '

Final Washing 15 min

labeled Targets

Imaging 10 min

Figure 3. A. TC synthesis. 12469 available TCs (Tentative consessgsences) were retrieved form thetus japonicus
Tiger database (free web access). Ti@s sequences are synthesized on a semicondutpy that addresses through

electrodes the nucleotides in the desirable TCesgzpiorder. The firstsucleotides are attached on a Porous Reaction |
(PRL) and then the synthesis continue forming tuairflask. B. Flowchart of the combimatrix procedufeonsider that w

do not use the Biotin labeling for our samples)e Tised Dye was the Cy5. The hybridization are peréd on the chip that

enclosed into the hybridization cap (small picture)



A.7. Combimatrix chip for transcript analysis:

The purified labeled aRNA is quantified by spechrofmmeter (RNA is quantified abgonmWhile
the incorporated Cy5 is quantifiedX&konm. Usually, 1-5 pg labeled RNA are used per hykaton.
In our case we used 4ug. The hybridization proadonsists of putting the hybridization mix (see
reagent solution) containing your labeled RNA saariplcontact to the semi conductor on which the
TCs were synthesized (figure 3A).

Different steps are necessary to achieve the gob{o figure 3 B):

- Start the pre-hybridization procedure:
During this step the surface of the semi condubtdiridization CustomArray™ 90K chamber was
filled with a pre-hybridization solution (see reagéor array hybridization). Then put in a preheate
(65 C) incubator on an adapted rotisserie supputdting at 3 rpm during 30 min. This pre-
hybridization is recommended to block non-spedfitding of target on the TCs.

- RNA fragmentation procedure:
During the pre-hybridization, the labeled RNA saegphre fragment using an RNA fragmentation
solution. Generally 2-8 pg RNA (4 ug labeled RNAtims experiment) could be mixed to this
solution that is incubated at 95 C for 20 min tipéacced on ice. The fragmentation solution produces
50 to 200-base fragments. this works best to maerhinding specificity and detection sensitivity.

- Hybridization:
All the fragmentation solution containing the difat RNA labeled fragments is mixed to the
hybridization solution and denatured at 95 C durBignin. Then, the mix is filled into the
hybridization chamber at the place of the pre-tdibation solution. The CustomArray™ 90K is then
put at the desired hybridization temperature (abkej rotating (3rpm) during 16h.

- Hybridization washing:
This step is very important to eliminate the exaddtuorescence and the hybridization mix thatldou
interfere with the real hybridization signal duritigg scanning.
Different washing steps are required from the nsishgent washing to the less stringent one (as
described in table below):
first a washing step with the 6X SSPET wash sotugiceheated at 50 C and let rotate in the rotisseri
65 C for 5 min. Then 6 washing (with one 1 min ggpetween washings; put the CustomArray™
90K in dark) using the 3X SSPET, followed with 3shiang with 0.5X SSPET and finally a washing
with 1X PBST solution and let stay the CustomAfa@OK in PBS (1X) in dark before the chip
imaging. Otherwise it can be stored in PBS (1>)9asired for up to 1 month.



Step

Solution

For 10 ml

6X SSPET Wash

GX SSPE, 0.05% Tween-20

3 ml 20X SSPE
50 wl 10% Tween-20
6.95 ml Huclease-free water

IX SSPET Wash

3X S5PE, 0.05% Tween-20

1.5 ml 20X SSPE
50wl 10% Tween-20,

8.45 mil Hucl free water

0.5X SSPET Wash

0.5X SSPE, 0.05% Tween-20

250 pl 20X SSPE
50 pl 10% Tween-20

9.7 ml Nucl free water

PBST Wash

2X PBS, 0.1% Tween-20

2 ml 10X PBS,
100 W 10% Tween-20,

7.9 ml Nuclease-free water

\4 PBS Wash

2X PBS

2ml 10X PBS,

& ml Nuclease-free water

- Imaging of CustomArray™ 90K:

At the end of the washing The CustomArray™ 90K nhestscanned wet using the Imaging Solution
supplied. First the PBS wash solution must be eedpiiom the hybridization chamber and then the
clip and the cap must be carefully removed fromaimstomArray™ 90K. The imaging solution has to
cover all the surface 1¢nof the semiconductor and covered (without bubbleigh an appropriate
coverslip. The coverslips provided with the Customa&™ have been specifically designed to retain

the Imaging Solution without contacting the micragrsurface. Do not use a standard coverslip with

CustomArray™ 90K.

The customarray is inserted into the scanner (sgasy 4000 XL) and scanning is set up with
scanarray express software for imaging with a PMAo{o-multiplier tube) value around 60-65 as

well as the laser intensity (633). This was madédee, more or less, the same intensity on all the

scanned CustomArray™ 90K gene chips.

Note the chip could be used for no more of 3 tiadésr stripping the first hybridization

(Stripping protocol not shown in this manuscript).

A.8. Strains
A.8.1. Bacteria

DHab5: cells for heat shock either electro-competent fangation
F ®80lacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17 (rK-mK+) plsogE44h- thi-1



Top 10 F* cells for heat shock either electro-competentsficimation has this genotype: F’[ldcl
Tn10(Tet?)] mcrA A(mrr-hscRMS-mcrBC) ®80lacZAM15 AlacX74 recAl araD139 A(ara-leu)7697
galu galK rpsL (StY) endAl nupG.

BI21 (DE3). IPTG inducible cells for in vitro Recombinant pewt production has this genotype: F-
ompT hsdSB (rB- mB-) gal dcm (DE3)

Rhizobia W-type strain The symbiosis island of M. Loti strain R7A is &lfl reisolate of strain
ICMP3153 also known as NZP2238 and culture colbectf these strains may differ by the presence
or absence of a plasmid. Strain R7A lacks plasrfidigrviset al., 1982, Sullivaret al., 1995). The

R7A strain is rifampicin resistant an display a Nde) Fix- phenotype in the infected roots.

Rhizobia Lac Z strain another derivative of the M. Loti wild type stralbis known as NZP2235. It
carries a hemA::LacZ reporter gene allowing theaiization of the infection thread formation during

the root hairs rhizobium process.

Rhizobia GFP and CFP strainsModified R7A strains expressing enhanced greemwes as red
(cyanine) fluorescence. The plasmids carrying tfePGind CFP cassettes are respectively the
pMP2464 and pMP4516. These strains were used éatdde root/root hair rhizobia colonization and
the IT formations by confocal microscopy (Zeis dmica instruments). These strains are described in
Struumaret al.,(2000). Both plasmids carry the Rifampicin andtgamcin resistance.

A.8.2. Yeast

The yeast strain cdc25-2 used for the Reverse RasuRment system is able to grow at the
permissive temperature of 24 C but unable to gro®6aC because of mutation in the monomeric G
protein: Ras guanyl nucleotide exchange factor.cAematic diagram describing the bases of the
method is shown in figure reported in § B.2.3.

The cdc25-2 genotype is mating type “a”: ura3 tgi2 ade2 his3 rasl::URA3
The yeast straimMepl, 2, 3 (31019b) is unable to grow on media Wegs than 5mM ammonium
source (generally NH4SO4 is used) because of de tmputation in the membrane permease
ammonium transporter genes Mepl, 2 and 3 abortiaguiptake of the NH4+. This strain is used to
evaluate the functionality of the construct cargythe full length ammonium transporters sequence of
Lotus japonicus. This ultimate complementation vafiothe growth of the yeast strain in limiting
NH4+ media.



TheAMepl, 2, 3 genotype is mating type “a”: ura3, Meépep2A leu2 Mepd::KanMx2
The control strain to verify the succeeding of ¢cbenplementation is the wild-ty@1278 mating type

“ an

A.9. Vectors
A.9.1. Gateway

pCR 2.1 vector from TA cloning kit (Invitrogen) issed for most of the cloning programs needing a
the sequence checking of the insert before to beckined into the vector of interest. This vector
contains: (1) Lac promoter allowing bacterial essien of the Lacg fragment for a
complementation (blue white screening) (2) ladagment encoding the first 146 amino acidgof
galactosidase. Complementation Tmans with Q fragments active galactosidase for blue-white
screening. (3) Double resistance: kanamycin andi@imp (4) pUC origin allowing replication,
maintenance and high copy number. (5) T7 promater@iming site allowingn vivo andin vitro
transcription of antisens RNA and sequencing ofitisert. (6) M13 Forward (-20) and M13 Reverse
priming sites allowing the amplification of the arsfor the sequencing. (7) f1 origin Allowing resc

of sense strand for mutagenesis and single stequkescing.

A.9.2. Plant transformation constructs
Promoter AM1.1::GUS fusion was made using two défe lengths of the promoter region inserted
into pB101.1 sharing the Kanamycin Resistance al$ agethe Hygromicin cassette and tha
tumefacien®©RF contruct :

* A 1198 bp (from the ATG) fused to the GUSa cassette

* A 250 bp (from the ATG) with the same GUSa fusion.

A.9.3. Protein-protein interaction vectors

Two kinds of constructs depending on the natur®®experiment

a/ in vitro experiments : Ni+ column-pull down

The pET-22b(+) construct carrying the c-termindld&the LJAMTs genes this construct shares an N
terminalpelB signal sequence for potential periplasmic locéilira plus optional C-terminus His-tag
sequence immediately right after the polylinkeresiThe vector carries the ampicilin resistance
cassette. A high-level expression of the DNA piemfeisterest inserted into the polylinker clonirites

is produced by the TI&c promoter. Thus, the TIAc promoter contains éac operator sequence
immediately downstream of the strong T7 promotemafiditional regulation of basal expression.



b/ in vivo experiments : Y-2-Hybrid-RRRsystem

The used bait vector was the p450-Met2BamHI (Figure) carrying the Met mutation promoter f
the induced expression of the insert in mediumitacknethionin, the Leucine selective amino acid
marker for the yeast growth, a bacterial originrgplication and bacterial resistance cassettedo th
ampicilin and the polylinker site.

The pUra-Ras plasmid under the control of the y&zafl inducible promoter under + Galactose
condition and repressed under + glucose growthitonds used for the prey inserts. The plasmid
carries the mutated RAS gene (600 bp) right nexipiblylinker site. It shares the Ampicilin resistan

cassette and a bacterial origin of replication.
A.10. Transformation procedure

A.10.1. Bacterial transformation procedure

a/ Heat shock transformation:

Centrifuge the vials containing your mix DNA reacti (Ligase, plasmids...) meantime the -80 C
frozen competent cells were thawed on ice for 1B.Mhe ligase or the construct of interest was
added to the competent cells and let other 15 miic®. The transformation mix was then transferred
for 42 s into a preheated water bath at 42 C. Tdresformation mix was then immediately thawed on
ice and 1mL of TY, LB or Soc without antibiotic. @mix was then transferred for 1 hour in a water
bath preheated at 37C. Finally cells were platedhenappropriate medium supplemented with the

appropriate antibiotic.

b/ Electro-transformation:

The vials containing the DNA reaction was brieflgntrifuged (an unsalted DNA or a limited
volume~ 1ul). The electro-competent cells (Top 1P were thawed in ice during 15 min and the
transformation cuvettes were also cooled down enTdie Cells supplemented with the clean DNA
were added to the cuvette under vertical lamiraw flmmediately after electroporation the SOC was

added to the electroporated cells.

A.10.2. Plant transformation procedure
The flowchart is undertaken as follow:
1. Pre-culture: the roots must be enough long tilitysung in terms of tissue quality. A pre cukur

after germination of the seedlings during 10 daysecessary then transfer them for 5 more days afte



separating them from the shoot medium on CIM medintoring them enough thick. The CIM, callus

induction medium induce callogenesis;

2. Infection: cut the roots in small pieces (0.5 @nd let them 10 min into th&. tumefaciensquid

of growth and squeeze them from time to time usingeps;

3. Co-culture: transfer the explants on fresh Clddiom supplemented with 200 mg/L Cefotaxim
and 15 mg/L hygromicin and 3% sucrose for 48 hours;

4. Wash the explants with sterile water and drymthen paper filter before to transfer them on
selective CIM medium supplemented with 200 mg/L dfatim and 15 mg/L hygromicin and 3%

Sucrose,

5. Incubation: Incubate the plants in growth chanfkéH photoperiod; 23 C) 3 to 4 week until green
callus are formed. Generally the green callustisiéml on the surface of the explants;

6. Transfer on SIM (shoot induction medium suppleteeé with 200mg/L Cefotaxim, 15mg/L

Hygromicin, 0.5 mg/L TDZ (Thidiazuron phyto-hormoaihd 3% sucrosee) only the green calli that
indicates the potential success of the transfoonafprocedure since they are resistant to the
Hygromicin by contrast to the rest of the whiteqimtic untransformed tissues. This step requires 15
days before the rising of the shoot primordial. Tb@nsfer the shoot on SIM medium containing 200

mg/L cefotaxim, 10 times less TDZ (0.05 mg/L) &%d sucrose;

7. Transfer the shoot primordia on SEM supplememititd 200 mg/L cefotaxim and 1% sucrose by
dissecting them carefully from he rest of the tessthis step requires 15 days to obtain sufficient

shoot lengths allowing their easy separation fdrenrest of the callus;

8. Shoots are transferred on RIM (Root inductiordion®). This consents the root organogenesis in

the basal cut part of the shoot. 10 days are redjto obtain roots;

9. The small regenerated potential transformamdransferred on REM (root elongation medium) for

one more week before to be transferred in ground.

From the roots to the new transformant 3 months aneeded and other 4 are usually necessary before ftowering

and the first mature pods (containing T1 seeds) hastings.



A.10.3. Yeast transformation procedure
This protocol was either used for thdlepl, 2, 3 strain complementation or for the cd22&ngle
and double plasmid transformation. Only the seleatnedia as well as the cell optical density ard th
growth temperature could be changed from an exgatito another (see specific protocols in §8.B.):
A single colony is grown over night in 2 to 4 mL Pnedium (temperature depend on yeast strain);
The ODeoom is read and dilution is made for a subsequentaoedl ensuring 4 cell division cycles.
(e.g. dilute to ORspoym = 0.15 (16 Cs/mL) and rich ORyoxm = 0.6 (6x18 Cs/mL) or dilute to
ODhsooqm = 0.5 (5x16 Cs/mL) and rich ORyomm= 2 (2x10 Cs/mL)
After re-growth plate and/or dots 100 pL onto Tw&LDY medium (This to check the number
revertants in case of cdc25-2 strain (humber h&®t10 colonies)), otherwise proceed immediately
to the pelting of the cells as follow:

» Centrifuge 5 min at 2500 rpm take out the supemeadad re-suspend the cells in sterile water
(half initial growth volume) or in 1/10 initial vame of LiSorb (100mM LiAc, 1M Sorbitol in 20mM
Tris-HCL, 1mM EDTA pH 8) and re-centrifuge agaimaufse initial settings);

» Take out the supernatant and re-suspend the cell$1lD initial volume of TE/LiAc (freshly

prepared) or 1/10 initial volume of LiSorb and céage (same initial settings);

» Take out the supernatant and re-suspend the cel&)jL TE/LiIAc (or 100 pL LiSorb) x

number of transformations; Let rotating if usingarb (3rpm; 30min) ;

» Prepare extemporarily for each transformation 2mppesdorfs containing 1 pg of the plasmid
carrying the specific construct, 50 pug Salmon spBidA (denaturized at 95 C during 10 min), 33%
PEG/TE/LIAC (in final mix) and finally add the celolume to this mix. In the case of the cells re-
suspended in LiSorb add 100ug Salmon sperm (deneduait 95 C during 10 min), 33% LIPEG.

* Let the tube shaking at 220 rpm (or rotating) &t permissive temperature of growth during 30

min.

 Start immediately to the heat shock reaction 42ind 10-15 min (depends on the strain if TS
strain reduces the time to 10 min). In the casi®fcells re-suspended in LiSorb and LIPEG add 100
pI DMSO before the heat shock.



» Put the samples quickly in Ice and start washirgg@dure the aliquots re-suspendend in LIAC
and LIPEG centrifuge while for that of the resusp@ 100 pl 1M sorbitol before plating an aliquote
or the total volume on the appropriate medium ofagh/selection

» Washing steps if requested:
- Add 1.5 mL sterile water and centrifuge 5 s;
- Resuspend in 2mL sterile water and centrifuge 6 s
- Repeat the washing with 2mL sterile water anah tfteesuspend in a final volume of 1mL
and plate an aliquot of 100-50pul

Note that the protocol using the sorbitol, LISORH® ¢he LIPEG was preferred to the LIAC and LIACPEBEN cdc strain
was used. This, indeed, allows a highest efficieficuccess in terms of colony growth.

The efficiency of transformation =number of colenfgansformants)/1pg constructPi€ells

A.11. Rhizobium infection

The chosen Rhizobia strain is inoculated from-8@C stock into 5 mL TYR (CaCl2) supplemented
with the appropriate antibiotic (Rifampicin for @itype strains) and let grow for 2 days (rotatiah)
30C. Cells were harvested at 4000 rpm, 4 C durihgnin and washed with PBS (1X) before to be
centrifuged again (same settings). The optical idemsas checked at 609m and 106cells/20pL are

loaded at the level of the root susceptible infecizone

A.12. Gus staining revelation

The protocol was used to unravel the activity & gusAcassette that provides a tissue localization
and if desired a quantification of the promotert @ativity of the gene of interest. Entire seed$iray
organ parts (shoots/roots parts) or even piecésavks coming from the transgenic plants expressing
the GUS cassette were used. Those plant matereis placed into 2mL eppendorfs containing the
GUS staining solution Mix : Buffer Phosphate 100n{NaPO4) , pH 8.0, X-Glucorinidase 1mM
(dissolved in dimethylformamid) and 0.01% Triton0X0 The eppendorfs were placed under vaccum
for 10 min then the sample are incubated in dags aight at 37C. The day after the sample could be
either taken to be analyzed under microscopy oomet more day in dark at 37 C. To reveal weak
coloration in shoot part, a post treatment of thegle with Ethanol 100% is necessary to eliminate
the green color chlorophyll.



A.13. Lac Z staining revelation
To obtain the blue stained tissue allowing the riyediscrimination of the infection threads, the
procedure was performed as follow:
» The infected roots are washed in 2mL eppendorfsagaung sterile water and slowly rotating for
30 min;
» A second brief Washing of the infected roots a&dmwith buffer Phosphate 50mM; pH 7.2;
» Before the revelation Fix the tissue proteins waitlix solution 1% (v/v) para-formaldehyde, 0.3 M
Mannitol dissolved in Buffer phosphate 50 mM; pR2)7&or 1 h;
* Wash again the roots with phosphate 50 mM; pH 7.2;

Proceed to the staining by immerging the roots ith@ staining solution (Buffer phosphate 10 mM; P8,
150 mM NaCl, 1mM MgCI2, 5 mM potassiuni'®N (K3), 5mM F&CN de potassium (K4), 1% triton-100X)

and put them into a vaccum manifold during 5 min

* Incubate the root tissue in dark at 37C for 5 min;

» Add 40 pug X-Galactosidase to start the revelatibthe staining and re-incubate at 37 C in dark
for 1 to 24 h depending on the staining revelation

» Wash the root tissue with phosphate 50 mM; pH @ 1ake out the excess of staining if necessary;

* Fix again with the fix solution for 1 h to obtaimet final fixed staining;

» The infected root hairs and the ITs could be immatdy observed by microscopy and may be

conserved at 4 C.

A.14. Bacterial medium composition

A.14.1.E. coli

TY (1 L): 5 g Yeast extract (DIFCO); 8 g NaCl; 1BgctoTryptone (Difco)
For solid TY add 1.5% Bacto-agar (4.5 g in 300 mL).

TYR (1 L): 3 g Yeast extract (Difco); 5 gr Bactoptpn (Difco); 6 mM CaGl

A.14.2. Yeast medium composition

YPD (1L): 1% yeast extract; 2% Bactopepton; 3% Gaec

Ynb minimal Glucose medium (1L): 1.7 g Yeast nigagrase (W/O amino acids and )@,/ Difco
0335-15-9); 5 g NEB5O; ; 20 gr Glucose; 35 g Bactoagar (Difco 0140-07-4).



Ynb minimal Galactose medium (1L) : Instead of #&&&dse add: 30 g Galactose (Sigma G-0750 or
Serva 22020); 20 gr Rafinose (Sigma R-0250); 2Glgcerol

Notice to the minimal media add the following 1:100 ofrig/mL stock exclude the ones that are
encoded by the plasmid you transfect when you sirgguhe RRRS screening.

Leucine (Sigma L-8125), uracyl (Sigma, U-0750)ptophan (Sigma T-0271), methionine (Sigma, M-
2893), Lysine (Sigma, L-5626), adenine (Sigma, 28Rhistidine (Sigma, H-9511). For media which

includes methionine intend to suppress expressiom fMet425 promoter, a 4X methionine

concentration (1:200 20 mg/mL methionine stock) wsed

A.15. Plant medium composition
A.15.1. Murashige and Skoog medium (MS): This medm is the bases for the
SIM, the SEM medium

Micro-elements concentration (mM) Final Concentraéion (uM)
CoChk - 6HO 0.025 0.11

CuSQ - sH0 0.025 0.10

NaFeEDTA 36.70 0.10

H3BO; 6.20 0.10

Kl 0.83 5.00

MnSO, - HO 16.90 0.10
Na;M0o0O,-2H,0 0.25 1.30

ZnsSQ, - THO 8.60 29.91
Macro-elements Concentration (mM) Final concentrdon (mM)
CaCl 332.02 2.99

KH, PO, 170.00 1.25

KNOs3 1900.00 18.79

MgSOy 180.54 1.50

NH4sNO3 1650.00 20.61



Vitamins

Acido niconitico
Piridoxina- HCI
Tiamina HCL

Concentration (mM)
1.00
1.00
10.00

A.15.2. Gamborg’'s B5 medium (B5)

Micro-elementi
CoCk - 6HO
CusqQ - sH0
NaFeEDTA
H3BO3

Kl

MnSQ, - HO
Na;M0oO,-2H,0
ZnSQ, - 7THO

Macro-elements
CaCb

KH, PO,

KNO3

MgSO,

NH4NO3
(NH4)2SO

Vitamine
Myo-inositolo
Acido niconitico
Piridoxina- HCI
Tiamina HCL

Concentration (mM)
0.025
0.025
36.70
3.00
0.75
10.00
0.25
2.00

Concentration (mM)
113.23
2500.00
1900.00
121.56
130.44
134.00

Concentration (mM)
100.00
1.00
1.00
10.00

Final concentraton (uM)
8.12
4.86
29.65

Final concentrdion (pM)
0.11
0.10
0.10
48.52
4,52
56.16
1.30
6.96

Final concenttion (mM)
1.02
24.73
18.79
1.01
1.09
1.01

Final conentration
0.56 mM
8.12M
4.86M
29,049



A.15.3. Transformation media

a/ CIM (callus induction medium)

B5+ Phytohormon cocktail (3 mg/L IAA (indol acetiacid); 0.15 mg/L 2,4-D (2,4-dichloro-
phenoxyacetic acid); 0.6 mg/L BA (N-benziladeniaed 0.3 mg/L IPA (N-isopentenyladenosine)) +
3% sucrose; pH 5.7

b/ SIM (Shoot induction medium)
MS+ 0.5 mg/L TDZ (thidiazuron )+ 3% sucrose
MS+ 0.05 mg/L TDZ + 3% sucrose

¢/ SEM (Shoot induction medium)
MS+ 1% sucrose

d/ RIM (Root induction medium)
B5/2 + 0.1 mg/mL NAA (1-naphtalenic acid)+ 1% sws®0

e/ REM (Root elongation mediumn

B5/2+ 1% sucrose

A.16. Analysis & Statistics
A.16.1. Phenotyping

The different measures taken to quantify the noculmber, the fresh biomasses or the length of
different organs were applied on each single segffliantlets and then averaged according to tla tot
number of seedlings per set of growth conditionr Each single condition of growth 1 to 2
independent replicas were set up. The minimum nunidening a set of seedling/plantlets per
condition of growth is 8 while the maximum is 1@rFll the experiments 1 to 2 extemporary replicas

were performed. A final averaging upon the diffén@plicas is performed if necessary.



A.16.2. Array

The TIF images file linked to the .txt file andeated by the scanner (4100 XL) were exported to the
Microarray Imager 5.8 (Combimatrix) for the densittric analysis of the spots. A 90 K net aligned
on all the spots of the chip and adjusted to tightl them. The densitometric analysis gave, in an
Excel file, the value of the fluorescence for eaktiyle spot linked it to its own probe annotatidcy.

To take out the fluorescent noise (backgroundhtkdian value of the fluorescence was calculated for
every chip by R program () and a box plot represtgort allowed the visualization of the fluorescence
repartition (figure). The median was then adjustedall the fluorescent to substract equally theseo

(in figure). The fluorescence of each single proakie was extracted from the median box plots and
the respective value was normalized by the cemesinthe data (Microarray Bioinformatics" Dov
Stekel”/.pdf version web available). A SAM analysias implemented on the centered data (type Two
Clas Unpaired”) for the case of the TO vs CO expent and a Multiclass analysis for the tendency
pattern of the time points TO vs T6, T9 and T13 s dphttp://www-
stat.stanford.edu/~tibs/SAM/pnassam)pdaiith a selected FDR varying between 5% and 10%

depending on the analysis.

B. Specific protocols and experimental design

B.1. Plant experimental design

All the experiments were carried out with W-tybetus japonicug§Regel) K.Larsen B129 F9 GIFU
ecotype plants. Seeds were surface sterilized andigated as described in § A.1. After one week,
seedlings were transferred in on the different mn@di (Gamborg, 1970) that contain B5 basal salts
(Duchefa 2007 catalogue), B5 vitamins (Duchefalogtee 2007), pH 5.7 supplemented if necessary
with Cefotaxim (200 mg/l). When seedliings werewgnoin solid media, 1% plant agar (Sigma, cat.
#A-7921) was added to the B5 liquid media. Sucrb%e (29mM) and Cefotaxim (200 mg/mL)

antibiotic was added depending to the followed expental design.

Important notice All the Plant experiment designs are intentionglimentioned (or

integrated) as preamble into their respective rdspart (See Section Results) for

reader commodity and comprehension



A T7 promoter cterm AMT1.1 His Tag

B T7 promoter His Tag cterm AMT1.1

v

C 5'CATAG (Ndel)
TTC ATT CTG AAT AAG ATG AA

TTC ATT CTG AAT AAG ATG AAG TTG CTT CGG ATC
FI L NKMKLLRI

TCA ACG GAG GAT GAA CTT GCG GGT ATG GAT CTG ACC CGACAT GGT GGG TTT cdaT1AaT6e C
S TEDELAGMDILTR HGGFAYA

TAT GAG GAT GAT GAA TCG CAC AAG CCA GGG ATT CAG CTA CGG AAG ATT GAA CCT AAC TCT
Y EDDESHIKPGI QL R KIEPNS

TCT TCC ACT CCT AGT GCT GAG TCA TGA
SSTPSAES Z GGATCC (BamHI )

Figured. A. The first conformation of the Recombinant carb@MT 1.1 tail using the native His tag
motives present in the pET22(b+)

B. The second conformation of the recombinant carboX@MT1.1 tail where a His Tag motive is
synthesized right after the Methionin of the recoraht protein. This conformation could be consédeas
the most similar to the native one since the caylioypart of the construct is free and not boundhi® Nickel
as is the case of the c-Term inside of the platdpgsm.

C. The mutation in the DNA sequence that did natetfthe amino acidic sequence.

A for G and A for concerving the Alanin aa



B.2. Protein-Protein interaction
B.2.1. Over expression of bait protein and purificon

The C-terminus of AMT1.1, AMT1.2 and AMT1.3 wereookd in pET-22b(+) vector
(Invitrogen), clonings were designed to place aefainus of the proteins the 6xHis tag domain.
Upon the three constructs only the c-terminus parthe carboxylic AMT1.1 tail in then vivo
conformation that liberates the N-term of the R#rfrthe His tag (figure 4). In order to create tiesv
RP, | was obliged to re-design the insert due &itltompatibility of the pET22 b (+) cloning sites
with restriction sites present inside of the ins€hus, | have introduced two point mutations st
not affect the amino acidic sequence of our natasdoxylic tail (figure) by changing the recognitio
sequence of the restriction enzyme (Ndel, CATAT&)dufor the subcloning into the pET plasmid.

Over expression of the recombinant proteins wasenmaé. coli BL21(DE3), a typical IPTG

inducible strain. After 3 hours of induction cellere harvested by centrifugation in Sorvall centgéd
(30 min; 7,000xg at 4 °C) and washed with PBS (IP{rification was made for AMT1.1-His tag;
cells were briefly resuspended in 40 mM sodium phage buffer pH 7.5 containing 10 mM
imidazole, 1 % Triton X-100, 0.5 mM EDTA, 0.1 M lmamidine and 0.1 M PMSF. Disruption was
achieved with a French Press apparatus (IBP fggiliand cellular debris were removed by
centrifugation (20 min; 30,000xg at 4 °C). Befovading the sample onto the Column, Ni-NTA resin
(Qiagen) was added with imidazole at the final emiation of 10 mM. The column was equilibrated
with 40 mM sodium phosphate buffer pH 7.5 containibtO mM imidazole. The recombinant
AMT1.1-His tag protein was purified using successisteps of washing with 10 and 30 mM
imidazole, and elution was obtained between 501&8&mM imidazole. Protein purity was evaluated
by SDS-PAGE. Only the ctem AMT1.1 tail cloned irethative conformation was further purified

through FPLC to ensure the elimination of contamisa



Cdc25-2 yeast strain

Acceleration of cell W s 111, %1125 111, %1115
divisions and |—>
growth at 36 C

Cell division genes and growth

(o5 ) o2
Medium g g Temp

Glucose 24 C
Prey v Galactose Galactose Pprey v 36 C
Bait v - Methionine + Methionine %
Streaklng
Glucose
Repllca plating
Prey vV Galactose Galactose pPrey v  Glucose '% v

Bait v - Methionine + Methionine 8¢ - Methionine Bat v

Boi pecitc ssc

Figure 5 A. This membrane-associated two-hybsgstenr makes use of thé&kas pathway inyeas
(Aronheim, 1997). When localized at the plasma

membrane, thgeast Rasguanyl nucletide exchange factor (RGEF) cdc25 stimulates GDIF@Xchang:
on Ras and promotes downstream signalling events thahailely lead to theell growth. A mutantyeast
strain harbouring the temperature sensitive cdc2ie?e is still able to grow at 25°But fails to grow a
36°C. However, the human RGEF (hSOS) when target¢lde plasma membrane efficiently complem:
the mutation, leading teoell growth at 36°C. In the SRS the translocation 0©BSis dependent on
protein-protein interaction:

the bait X (LjAMT1.1 in our case) is fused tot@minally truncated hSOS, which is active but deab
target to the plasma membrane. The bait is co-egprewith a prey Y (RPS6; see resulig)ich can eithe
be an integral membrane protein or a sa@upiotein that is anchored to the membrane by me#hr
myristoylation signal

B. Cdc25-2 strain flowchart transformation



B.2.2 Plant extract and interaction with bait protdan

Total crude extract from mature tissued.ofaponicum shoot and root separately, were obtained
by grounding them in liquid nitrogen. The recovegedund tissues were mixed 1 h at 4 °C in 40 mM
sodium phosphate buffer pH 7.5, containing 1 %ofriK-100, 0.5 mM EDTA, 0.1 M benzamidine
and 0.1 M PMSF. Crude extract was supplied withdamole at final concentration of 10 mM and
loaded onto Ni-NTA resin (Qiagen), at which prewslyuwe bind the bait protein. After washing with
imidazole at 10 and 30 mM, elution of AMT1.1-Higtaiith putative ligand was performed at 50 and
100 mM of imidazole. As control crude extract waaded onto Ni-NTA resin without AMT1.1-His

tag bounded, and the same procedure of washinglatidn were followed.

In two independent experiments we loaded crudeaexfrom shoot and root, and we used the same
steps of washing and elution. AMT1.1-His tag arghtid were revealed by SDS-PAGE and silver
stain. The Bands of interest were digested witpgiry and analyzed by SELDI-TOF (IBP facility). To
identify the ligand Mass Blast of the digest fragitsewere run on the Prosite Mass blast data base.

B.2.3. Reverse Ras Recruitment system (RRRS) scraam

This protocol was initially established to screemeraction between bait membrane recruited
proteins and protein produced from a cDNA librdryour case in absence of a library to screen, we
used the RRRs screening to ensure that the puiateeactions obtained with the vitro system are
confirmedin vivo (herein heterologousystem; See Figure 5A).
In this experiment the protein bait protein was t)aAMT1.1 while the prey was none of the
interactants fished with the in vitro proceduredabed into the pRAS vector (EcoRI-Xhol).
The screening of interaction between known protemgerformed as reported in this flowchart
(Figure 5B) :

- Following co-transformation the yeast is plated ariresh growing amplification medium
supplemented with glucose and let it grown 6-7 day?4 C.

- With velvet replicas of the colonies was made otwo different plates, one containing
Galactose without Methionine and the other contgjrGalactose supplemented with methionin. The
plates were placed at 36 C for additional 5-7 days.

- The pattern of growth was compared between bothepland the colonies exhibiting
preferential growth on the Galactose plate lackmgthionine as compared to galactose plate
containing methionie were picked up and plated utage plate —ura-leu and grown at 24 C for

additional 2 days.



A replica plating into 4 plates :
* (1) galactose —leu-ura-met
* (2) galactose —leu-ura
* (3) glucose-leu-ura-met
« (4 YPD
The colonies that grew at 36 C on plateufl not on plate 2, 3 and 4 could be considered as

positive interactants and should be further analyze

The screening for co-transformed CDC25-2 coloniesving at the restrictive temperature (36° C)
will be followed as described by A. Aronheim 1997.



Annex

Motifs LAMT 1.1 Motifs LAMTL.2
] ] . iy ] RE: 135. AC: Motifs on "+" Strand: Mean
Egbo%i%'zﬁgé Motifs on "+" Strand: RSP00135//0S: Exp. Number 0.02204
: tobacco,Nicotiana Up.Conf.Int.
Phaseolus vulgaris Mean Exp. Number 0.01572 plumbaginifolia f Found 1
/%ENE:I,beta- Up.Conf.Int. 1 Found 1 IGENE: cab-E/RE: AT- 57 AACATTTTTACC 68
phasealin, or 1 (4) /BF:unknown (Mism.= 2)

phas/RE: vicilin
box /BF: ROM1,

536 GCCACCTC 543 (Mism.=0)

ROM2

. . ] . ] RE: 206. AC: Motifs on "+" Strand: Mean
RE: 234.AC: Motifs on "+" Strand: Mean EXxp. RSP00206//0S: pea, Exp. Number 0.03099
RSP00234//0S: Number 0.02948 Up.Co nf.Int. Pisum sativum /GENE: Up.Conf.Int. 1 Found 1
arg?;ﬂgp%sé NE: 1 Found 1 rbcS-3A/RE: BOX II* 248 GTGAGGTCATCT
AGAMAOUS (AG)/RE: 460 GCTTGTAAAG 469 (Mism.= /BF: GT-1 259 (Mism.= 2)
CAIG Box 2 /BF: 2)
unknown

] RE: 231. AC: Motifs on "-" Strand: Mean

RE: 285. AC: Motifs on "+" Strand: Mean Exp. Number RSP00231//0S: Exp. Number 0.02833
RSP00285//0S: 0.03438 Up.Confint. 1 Found 1 Arabidopsis thaliana Up.Confint. 1  Found 1
parsley /IGENE: AGAMAOUS 12 CCAATCA 6
(Petroselinum 129 CTCCAACAAACCt 141 (AG)/RE: CCAAT box 1 (Mism.= 0)
crispum) /GENE: (Mism.= 1) /BF: unknown

PAL-1/RE: Box P
/BF:unknown

. RE: 235.AC: Motifs on "-" Strand: Mean
RE: 355. AC: Motifs on "+" Strand: Mean Exp. RSP00235//0S: Exp. Number 0.01925
RSP00355//0S: Number 0.04257 Arabidopsis thaliana Up.ConfInt. 1 Found 2
%%Z’\IaES%Iva URE Up.Confnt. 1 Found 1 IGENE: AGAMAOUS 78 CTAATICAATGG
- Rep- : . AG)/RE: LBS/WBS1 67 (Mism.= 2
GAREZ2 /BF:unknown 961 TAACAGAA 968 (Mism.=0) fBF LEU: Wos G ) TAmacasaTGe
38 (Mism.= 2)
. o RE: 434.AC: Motifs on "-" Strand: Mean
RE: 434. AC: Motifs on "-" Strand: Mean Exp. RSP00434//0S: Exp. Number 0.01014
RSP00434//0S: Number 0.02224 Arabidopsis /GENE: Up.Conf.int. 1 Found 1
Arabidopsis /GENE: Up.Confint. 1 Found 1 eEF-1beta/RE: 520 gTGGATTGAAGQA
eEF-1beta/RE: TFIIIA-box /BF: 508 (Mism.= 2
TR Abox — JBE: 774 CTaaATTGAAGAA e ( )
TFIIA 762 (Mism.= 2)
. Y RE: 471.AC: Motifs on "-" Strand: Mean
RE: 442. AC: Motifs on "-" Strand: Mean Exp. RSP00471//0S: Exp. Number 0.01083
RSP00442//0S: Number 0.03120 alfalfa, Medicago Up.Confint. 1 Found 1
?%ZPeD/}?ERNE: box b Up.Conf.nt. 1 Found 1 sativa /GENE: 196 GTGTGtGGCaC
Y - box MSPRP2/RE: Alfinl 186 (Mism.= 2
/BF: DOF1 242 cAACTTTGCA 233 BS1 /BF: Alfinl ( )
(Mism.= 1) TTTGAAACGT '
. . RE: 472.  AC: Motifs on "+" Strand: Mean
RE: 557. AC: Motifs on "-" Strand: Mean Exp. RSP00472//0S: Exp. Number 0.00507
RSP00557//0S: Number 0.01723 alfalfa, Medicago Up.Conf.int. 1 Found 1
}_f;/rggrt)%rsicon Up.Conf.int. 1 Found 1 sativa IGENE: 245 AAAGTGaGGICA
MSPRP2/RE: Alfinl 256 (Mism.= 2
eaclenturn (GENE: 923 TTTTGITTTTTTaTC N SPRE2IRE: | ( )
rbcS3C/RE: UN U2 908 (Mism.= 3)

/BF:unknown

RE: 607.AC:
RSP00607//0S:
tomato,
Lycopersicon
esculentum /GENE:
rbcS1/RE: AT-rich
F /BF:unknown

Motifs on "-" Strand: Mean Exp.
Number 0.03525
Up.Conf.Int. 1 Found 1

732 TTQGATTTQGTGATTT
717 (Mism.= 2)

RE: 474.AC:
RSP00474//0S:
alfalfa, Medicago
sativa /GENE:
MSPRP2/RE: Alfinl
BS4 /BF: Alfinl

Motifs on "+" Strand: Mean
Exp. Number 0.00512
Up.Conf.Int. 1 Found 1

430 CAAGTGGTCcCTt
441 (Mism.= 2)

RE: 735. AC:
RSP00734//0S:
Arabidopsis

thaliana /GENE:
CAB2/RE: CDA-1 BS
/BF: DET1; CDA-1

Motifs on "+" Strand: Mean Exp.
Number 0.03061

Up.Conf.Int. 1 Found 1
1105 CAAAACGC 1112
(Mism.= 0)

RE: 503. AC:
RSP00503//0S:
Tobacco, Nicotiana
tabacum /GENE:
Ntltp1l/RE: D1 box
/BF: Different bZIP
factors, including
RITA-1

Motifs on "+" Strand: Mean
Exp. Number 0.00698
Up.Conf.Int. 1 Found 1

447 CTAGCTAG 454
(Mism.= 0)

Motifs on "-" Strand: Mean

Exp. Number 0.00698

Up.Conf.Int. 1 Found 1
454 CTAGCTAG 447




(Mism.= 0)

RE: 508. AC: tifs on "+" Strand: Mean Exp.
RSP00508//0S: mber 0.02216 Up.Conf.Int.
soybean, Glycine max Found 1
/IGENE: beta- 58 aCATTTTTACCA 69
conglicinin ism.= 2)
alfa’/RE: SEF4 BS
/BF: SEF4 otifs on " -" Strand: Mean Exp.
mber 0.02486 Up.Conf.Int.
Foun d 1
474 cCATTTTTATaA 463
ism.= 2)
E: 522, AC: tifs on " -" Strand: Mean Exp.
5P00522//0S: carrot, mber 0.02010 Up.Conf.Int.
ucus carota /GENE: Found 1
3/RE: E2 -core /BF: DPBF- 436 CCACTTG 4 30 (Mism.=
DPBF -2;
E: 600. AC: tifs on " -" Strand: Mean Exp.
5P00600//0OS: tomato, mber 0.02517 Up.Conf.Int.
copersicon esculentum Found 1
ENE: rbcS1/RE: TSS N 202 ATcCCAQTGTGT 191
F:unknown ism.= 2)

E: 744, AC:
BP00743//0S: Nicotiana
mbaginifolia /GENE:
b-E/RE: box 3 /BF: GT-1

tifs on "+" Strand: Mean Exp.
mber 0.02356 Up.Conf.int.
Found 1

238 GAGTaGTAAAQT 249

ism.= 2)

E: 749. AC:
bP00748//0S: Arabidopsis
plian  a /GENE: Pc/RE:
box1 /BF: GT -1

E: 749. AC: RSP00748//0S:
pbidopsis thaliana /GENE: Pc/RE:
box1 /BF: GT -1
flotifs on " -" Strand: Mean Exp.
mber 0.03026 Up.Conf.Int.
Found 1
72 cAATGGTAAaAA 61
ism.= 2)
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