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Abstract

The contribution of carbon and nitrogen reserves to regrowth following shoot removal
and the processes involved in the reduction of nodule functioning were studied in alfalfa
plants (Medicago sativa L.). To do so, isotopic labelling was conducted at root and
canopy level with both **N;, and **C-depleted CO, on exclusively nitrogen fixing alfalfa
plants. Our results indicate that the roots were the main sink organs before shoot
removal as expected. Seven days after regrowth the carbon and nitrogen stored in the
roots was invested in shoot biomass formation and partitioned to the nodules in order to
sustain respiratory activity. However, this carbon and nitrogen derived from the root did
not overcome carbon and nitrogen limitation in nodules and leaves. Together with the
limited carbohydrate availability, the up-regulation of nodule peroxidases indicates the
involvement of oxidative stress in a worse nodule performance. Fourteen days after

shoot removal, leaf and nodule performance were completely reestablished.

Abbreviations: Aa, amino acid; An, light-saturated rate of net CO: assimilation; C,
intracellular CO2 mole fraction; Crew labeled C; Gluc, glucose; gm, mesophyll
conductance; Fruc, fructose; F./Fm, maximum quantum yield of PSII photochemistry;
Jmax, the maximum electron transport rate contributing to RuBP regeneration; Nase,
nitrogenise; Nnew, labeled N; PEPc, phosphoenolpyruvate carboxylase PPFD, photon
flux density; Rieaf, leaf dark respiration; ROS, reactive oxygen species; Rnodule, Nodule
dark respiration, Rroot, root dark respiration; TOM, Total organic matter; TO, shoot
removal day; T7, 7 days after shoot removal; T14, 14 days after shoot removal; TSP,
total soluble protein; Vcmax, maximum carboxylation velocity of Rubisco; VSP,
vegetative storage protein; 8=C isotopic composition; 6*N isotopic composition; A=C,

carbon isotope discrimination
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Introduction

Forage crops are subjected to regular shoot removal. During vegetative growth, shoots
are the source organs providing photosynthates to young developing shoots, roots and
nodules, which are the main carbon sink organs. However, total or partial removal of
the photosynthetic area requires the mobilisation of carbon and nitrogen reserves from
roots to shoots (Avice et al. 2003) generating an inversion of source and sink organs.
After shoot removal, regrowth of the new shoot in alfalfa plants (Medicago sativa) is
supported by non-structural carbohydrates along with nitrogen compounds (such as
proteins and amino acids) stored in the taproots (Gramshaw et al. 1993, Volenec et al.
1996, Avice et al. 1997, Dhont et al., 2002 and 2006, Pembleton et al. 2010). During
regrowth period, these non-structural carbohydrates are used to support respiration of
the crown and taproots until photosynthesis is re-established. Although a larger
reduction in non-structural carbohydrates in comparison with nitrogen root reserves has
been observed (Kim et al. 1993), regrowth is linked with nitrogen reserves in roots
rather than carbon reserves (Ourry et al. 1994, Corre et al. 1996, Meuriot et al. 2004,
Pembleton et al. 2010). This is also supported by the fact that initial root and crown
starch content are not determining regrowth yield (Ourry et al. 1994, Avice et al. 1996).
In a previous study conducted with alfalfa plants labelled with **CO, and *NH,**NOs,
80 % of nitrogen and only 6 % of carbon were mobilised from root and crown reserves
in growing shoots of alfalfa whereas about 40 % of initial carbon was used for root
respiration eight days after shoot removal (Avice et al. 1996). Recent studies have
described that during early regrowth, about 50% of total nitrogen in roots and crowns
are mobilised to meet the nitrogen demand of shoots (Erice et al. 2011). These studies
highlight the importance of nitrogen compounds to support regrowth after a shoot

removal event.

Alfalfa plants obtain nitrogen compounds from the soil or through the symbiotic
relationship established with nitrogen fixing bacteria plants. The symbiotic relationship
between the plant and bacteria takes place in the root nodules. Within this symbiotic
relationship, the plant provides photoassimilates, which supply the energy and carbon
skeletons required by the bacteroid to fix nitrogen by nitrogenase (Nase).
Photoassimilates are delivered to the nodules as sucrose through the phloem where it is
transformed into dicarboxylic acids, mainly in the form of malate and succinate

(Lodwig et al. 2003). Organic acids provide reductant to both the Nase complex and the



respiratory chain that fuels N with the ATP necessary for nitrogen fixation (Kouchi
and Yoneyama 1986, Streeter 1987). The bacteroid returns ammonium (NH;") to the
host that is assimilated in the form of amino acids that are partitioned to the rest of the
plant through the xylem according to their requirements (Udvardi and Day 1997,
Molero et al. 2011). Previous studies show that, after shoots are removed, nodule
functioning is reduced during the first days of regrowth (Boucaud and Bigot 1989, Ta et
al. 1990) being concomitant with a decrease of 88 % in nitrogen fixation, 24 h after
clipping (Vance et al. 1979). However, the processes involved in the reduction of
nodule functioning during shoot removal remain, so far, unclear. Previous studies
conducted in nitrogen fixing alfalfa plants exposed to other stressful growth conditions
highlight different processes that are limiting nodule functioning such as: (i)
carbohydrate availability, (ii) accumulation of nitrogenous compounds, (iii) O,
permeability, and (iv) accumulation of reactive oxygen species (ROS) (Arrese-lgor et
al. 1999, Naya et al. 2007, Becana et al. 2010, Aranjuelo et al. 2011, 2013). Some of
these mechanisms could also been involved in the reduction of nodule functioning after

shoot removal and have been considered in the present study. ]

Although carbon/nitrogen/N remobilization has been previously described in N, fixing |

plants after shoot removal (Kim et al. 1993, Avice et al. 1996, Corre et al. 1996), those
studies have been mainly focused in the remobilization of root derived nitrogen and
carbon, paying scarce attention to nodule performance and its role during regrowth
period. Another aspect to consider is that, in these studies, >N was provided as °NO;
and/or *NH*, in the nutrient solution and not as a gas (*°N), which is the nitrogenase
substrate. This means that labelled nitrogen was firstly absorbed by the root and not
fixed directly by the nodule. This is a relevant aspect because inorganic nitrogen supply
inhibits nitrogen fixation by the nodule (Arrese-lgor et al. 1997). In this sense, the
influence of shoot removal on nodule functioning and metabolite exchange between the
nodule and other plant organs remain unclear. Within this context, the main goals of our
study were to (i) characterise in detail the effect of shoot removal on nodule functioning
and (ii) to study its implication in root carbon and nitrogen remobilization during
regrowth in exclusively nitrogen fixing alfalfa plants. For this purpose, metabolic,
proteomic and physiological characterisation of plants and nodules were performed. An
isotopic labelling was conducted with both *°N;, and *3C-depleted CO; on alfalfa plants

grown under controlled conditions and we took advantage of isotope ratio mass
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spectrometry to investigate the carbon and nitrogen fixation and remobilization during
the regrowth period.

Material and Methods

Experimental design and determinations

Seeds of alfalfa (Magali cv.) were germinated on petri dishes. After 3-4 days, seedlings
were transplanted into 7L white plastic pots filled with sand and grown in a greenhouse
at 25/15°C (light/dark) with a photoperiod of 16 hours under natural daylight. During
the first month, plants were inoculated three times with Rhizobium meliloti strain

102F78. Plants were watered twice a week with Hoagland nitrogen free !solution and

once a week with deionised water to avoid salt accumulation in pots. Eighty days after
sowing, the plants were transferred to a growth chamber (Conviron E15, Controlled
Environments Ltd., Winnipeg, Canada) where the double **CO,/**N; labelling was
conducted for 10 days. Once the labelling was concluded, three plants were dissected
into leaves, stems, roots and nodules (TO) and were immediately frozen in liquid
nitrogen and stored at -80°C. Gas exchange measurements were performed and then, the

aerial part of all the plants in the chamber was clipped. When the plants were 97 (T7)

and 104 (ﬂ14) days old, gas exchange determinations, together with leaf, stem, rootand

nodule sampling were carried out following the protocols described below. Once the
samplings were completed, all the material was grounded with liquid nitrogen and

stored at -80°C until further use.

Carbon and nitrogen labelling

Plants were randomly divided into two groups: half of the plants were placed in one
chamber maintained at ambient carbon and nitrogen isotopic composition (5*3C and
8N respectively), whereas the other half were placed within the second chamber where
8"C and 8N was modified. Carbon and nitrogen labelling were carried out for a
period of ten days. For carbon labelling ,we took advantage of the typical **C-depletion
in industrial CO, as compared with ambient air and thus we conducted a **C-labelling.
We mixed industrial CO, (8*3C=-38.2%o; Carburos Metalicos SA, Barcelona, Spain)
with ambient air (§**C=-12.5%o) to yield a '°C value of —22.6%. inside the growth
cabinet. Control plants (non-labelled) were grown in a second growth cabinet

maintained under ambient conditions (-12.5%o). |
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Fornitrogen labelling, we used 5% >N, (prepared from 99 atom% *°N, excess, Euriso-
Top, Saint-Aubin, France). Labelled N, was injected to a handmade chamber attached
to the pots using gas syringes (SGE International Pty Ltd, Ringwood, Vic., Australia).
Control plants were also injected with nitrogen from a bottle with natural isotopic
composition of nitrogen (8°N=0%o). Two injections were undertaken every day at 10

am and at 12 pm. This lead to an average 8"°N value inside the labelling chamber of

+\112%.Once the labelling was finished, the Conviron chambers were opened and

quickly purged with ambient air. The shoots were clipped and the plant was harvested
as described above.

Carbon and nitrogen isotope and content analysis of TOM

A subsample of frozen and grounded material was dried at 60°C over 48h and was
weighed in small tin capsules in order to conduct analysis in total organic matter
(TOM). Samples were analysed to determine the carbon and nitrogen isotope
composition using a Flash 1112 Elemental Analyzer (Carbo Erba, Milan) coupled to an
IRMS Delta C isotope ratio mass spectrometer through a Conflo Il Interface (Thermo-

Finnigan, Germany).

Results of carbon isotope ratio analyses are reported in per mile (%o) on the relative 6-
scale, as 8"3C and refer to the international standard V-PDB (Vienna Pee Dee
Belemnite) according to the following equation:

R
§BC= (Rm"'j -1 (Eq.1)

standard

where R is the **C/*2C ratio.

Carbon isotope discrimination (A*C) of shoot TOM was calculated from &, and dp
(Farquhar et al. 1980) as:
6,-6

S Eq.2
6p+1 (Eq.2)

AlSC —

Where a and p refer to air and plant, respectively.
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Nitrogen results were also expressed in & notation (5*°N) using international secondary
standards of known >N/*N ratios (IAEA N; and IAEA N, ammonium sulphate and

IAEA NOj3 potassium nitrate) referred to N, in air:

R
SN :(’“”'J -1 (Eq.3)

standard

where R is the °N/*N ratio.

Nitrogen and carbon content were determined from three replicates at the Serveis
Cientifico-Técnics of the University of Barcelona (Barcelona, Spain) using an elemental

analyzer (EA1108, Series 1; Carbo Erba Instrumentazione, Milan, Italy).

Isotopic composition of respired CO,

Isotopic composition of respired CO, was analysed as previously described by Nogués
et al. (2004). Leaves, primary roots and nodules were placed separately in a gas analysis
chamber connected in parallel to the sample air hose of a LI-6400 (LI-COR, Lincoln,
NE). To accumulate CO, for the 6°C analyses, leaves were analysed before harvesting.
In the case of primary roots and nodules, the samples were cleaned, and immediately
placed on a humid paper inside the chamber. CO, respired by the plant was monitored
by the Li-6400 so as to determine respiration rates. According to respiration rates, the
time required to reach ~300pmol mol™ CO, (minimal mole fraction for an isotopic
analysis) was calculated. Then, the chamber was flushed with CO,-free air, closed and
the respired CO, was accumulated. CO, samples were collected with a 50-mL syringe
(SGE, Ringwood, Vic., Australia) and immediately injected into a 10-mL BD
vacutainer, being passed through magnesium perchlorate that removed water vapour. To
avoid contamination by ambient CO, within the syringe and the needle, both were
purged with pure nitrogen before each sampling. Vacutainers were also slightly over-
pressurised with pure N2 to avoid retro-diffusion of ambient CO2 into the syringe
(Aranjuelo et al. 2009).

All the GC-MS, GC-C-IRMS and EA/IRMS analyses were performed at the the Serveis

Cientifico-Técnics | of the University of Barcelona.
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Calculations of the percentage of new carbon and new nitrogen in respired CO; and
TOM

The proportion of ‘new’ carbon (derived from the labelling) in CO; respired in darkness
after illumination and ‘new’ carbon and nitrogen in TOM was calculated following
Nogués et al. (2004):

8Y' — &Y (Eq.4)

=100 X ——
* (8, — AY — oY)

where 6Y” and oY are the carbon or nitrogen isotope compositions from labelled and
control plants, respectively; d, is the isotope composition of the outlet air and 4Y is the
isotopic discrimination calculated with Eq. (2).

|

Metabolic compound determinations

Leaf extracts were homogenised in 80 % ethanol (v/v) and were sonicated for 25 min. at
30 °C using an Ultrasons-H ultrasonic bath (Selecta, Spain). The hydroalcoholic phase
was evaporated through a Turbovap evaporator (Zymark, Carmel, IN, USA) and
resuspended with 4 mL of distilled water. The sample was centrifuged at 2.300 g for 10
minutes and the supernatant and the pellet were stored separately at -80 °C.

Soluble sugar, starch and organic acid content

Sucrose, glucose (Gluc) and fructose (Fru) content were determined in the supernatant
fraction with a Beckman P/ACE5500 capillary electrophoresis system (Beckman
Instruments, Fullerton, CA, USA) (Marino et al. 2006). Starch content was determined
in the pellet according to Ethier and Livingston (2004).

The organic acid extraction protocol was as described by Gélvez et al. (2005). The
extracts were filtered with Milex filters (Millipore, Billerica, MA, USA) and injected in
a DX-500 ion chromatograph equipped with an lonPac AS11 column connected to an
ATC-1 protecting column and an AG11 precolumn (all chromatography equipment
from Dionex, Salt Lake City, UT, USA).

Amino acid content
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Leaf fresh material was exhaustively extracted in boiling 80% (v/v) ethanol. Ethanol-
soluble extracts were dried in a Turbovap LV evaporator (Zymark Corp, Hopkinton,
MA, USA) and soluble compounds were re-dissolved with 4 ml of distilled water, and
mixed and centrifuged at 20000 g for 10 min. Free amino acids were assayed using the
acid ninhydrin method of (Yemm and Cooking et al., 1955).

Gas exchange determinations

Fully expanded flag leaves were enclosed in a Li-Cor 6400 gas exchange portable
system (Li-Cor, Lincoln, Nebraska, USA). Determinations were conducted on healthy
and leaves at photosynthetic photon flux density (PPFD) of 1200 pmol m? s™, at 25°C.
The gas exchange response to [CO,] was measured from 0 to 1200 pmol mol™. The

light-saturated rate of CO, net assimilation (A)) was calculated using equations

developed by von Caemmerer and Farquhar (1981) as described by Pons et al. (2009).
Mesophyll conductance (gm) was determined according Pons et al. (2009) and Long and
Bernacchi (2003). The intracellular CO, mole fraction (C.) was determined according to
Long and Bernacchi. (2003). Nodule and root respiration were obtained using an
external cuvette connected in parallel to the sample air hose of the Li-Cor 6400 (Nogués
et al. 2004). Plants were dark-adapted for 30 minutes before dark respiration (Rp)
measurements (Nogués et al. 2004). Estimations of the maximum carboxylation
velocity of Rubisco (Vcmax) and the maximum electron transport rate contributing to
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Fluorescence parameters were measured with a fluorescence chamber (LFC 6400-40;
Li-COR) coupled to the Li-Cor 6400. Light-adapted variables included maximum
photochemical efficiency \ photosystem Il (Fv/Fm).

Two-dimensional difference gel electrophoresis

Nodule and leaf samples (200 mg FW) were ground in a mortar using liquid nitrogen
and re-suspended in 2 mL of cold acetone containing 10% TCA. After centrifugation at
16,000 g for 3 min at 4 °C, the supernatant was discarded and the pellet was rinsed
successively with methanol, acetone, and phenol solutions as previously described by
Aranjuelo et al. (2011). The pellet was stored at —20 °C or immediately re-suspended in
200 pL of R2D2 rehydratation buffer [5 M urea, 2 M thiourea, 2% 3-[(3-
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cholamidopropyl)  dimethyl-ammonio]-1-propanesulphonate, 2%  N-decyl-N,N-
dimethyl-3-ammonio-1-propanesulphonate, 20 mM dithiothreitol, 5 mM TRIS (2-
carboxyethyl) phosphine, 0.5% IPG buffer [(GE Healthcare, Saclay, France), pH 4 to 7]
(Mechin et al., 2003). Total soluble protein (TSP) concentration was determined with
the method of Bradford (Bradford, 1976) using BSA as a standard. Samples were cup-
loaded in IPG strips, 24 cm, pH 3-11NL (GE Healthcare), and subjected to
isoelectrofocusing in an IPGphor™ IEF System (GE Healthcare) according to the
manufacturer’s recommendations. Upon completion of the first dimension, strips were
incubated in an equilibration buffer (50 mM Tris-HCI, pH 8.8, 6 M urea, 30% glycerol,
2% SDS, a trace of bromophenol blue), containing 0.5% DTT for 15 min and thereafter
in the same buffer containing 4.5% iodoacetamide for 15 min. For the second
dimension, strips were loaded onto 10 and 12 % (for nodules and leaves respectively)
polyacrylamide gels and run (1W/gel) for 12-14 h until the bromophenol blue dye
reached the gel end. Proteins were visualised by staining with SYPRO Ruby Protein Gel
Stain (Bio-Rad) and images were acquired with a Typhoon™ Trio Imager (GE
Healthcare). Spots differentially represented were excised manually and gel specimens
were processed with a MassPrep station (Waters). In-gel tryptic digestion was
performed with 12.5 ng/ul trypsin in 50 mM ammonium bicarbonate for 12 h at 37°C.
The resulting peptides were extracted with 1% formic acid and 50% acetonitrile. The 2-
D gels were analyzed using PDQuest 8 software (Bio-Rad, Hercules, CA, USA). After
the automated detection and matching, manual editing and normalization were carried
out. Three well-separated gels of each sample were used to create “replicate groups”.
Statistic sets, quantitative and qualitative, were created within experimental groups.
These sets were analyzed using the Student’s t-test with the significance level of 95%.
In the quantitative sets, the upper limit and the lower limit were set to 4 and 0.25,
respectively. Then, the Boolean analysis of sets were carried out for both the
quantitative and qualitative sets. The spots from the Boolean sets were compared among
three biological replicates. Only spots displaying reproducible changes were considered
to be differentially-expressed proteins. The Mr of the proteins on gels was determined
using standard protein markers and pl was determined by the migration of protein spots

along the 18 cm IPG strips (4—7 linear).

Statistical analyses
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Statistical analysis was performed by the analysis of variance ANOVA (SPSS v.12.0;
SPSS Inc., Chicago, IL, USA). Analysed organs and harvests were used as the two
factors. The results were accepted as significant at P <0.05. When differences between
harvests and/or organs and/or interactions were significant according to ANOVA, least
significant differences were evaluated using the Least Significant Difference post hoc
test (Tukey b) (P < 0.05).

Results

At the end of the labelling period (T0), roots and nodules had the highest amounts of
labelled carbon andnitrogen (Cpew and Npew respectively) in total organic matter (Fig.
1A, 1B). Crew and Npew Were uncoupled in apical leaves and stems where high Cpew
values and comparatively low Npew Sink strengths were detected. Seven days after
clipping the shoots (T7), Crew represented around 60 % of carbon present in leaves,
roots and nodules (Fig. 1A). On the other hand, the diminishment in root Npey was
counteracted by its increase in nodules and leaves. Seven days later (T14), even if in
leaves and nodules C,ey Was similar in leaves and roots, the availability of labelled C
diminished in nodules (Fig. 1A). In the case of Npey, it decreased in all the organs. The
83C analyses of respired CO, (5*CO,) indicated that at TO, 80 % of the CO, respired
by roots and nodules was composed of labelled C (Fig. 1C), whereas in leaves this
values was lower (i.e. 60 %). 8**CO, also showed that Cyey decreased progressively in

roots, nodules and leaves.

The Crew and Npew Of the total soluble protein (TSP) indicated that at TO, roots showed
the largest labelled carbon and nitrogen sink strength (Fig. 2A, 2B). Although
availability of labelled carbon and nitrogen in roots at T7 was not significantly
modified, Crew and Npeyw content had increased in leaves. Interestingly, at T14, roots
were the organs where Ny, decreased to the largest extent, whereas in leaves, depletion
of Crew availability was more marked (Fig. 2A, 2B).

Gas exchange analyses revealed that the lowest leaf photosynthetic rates (A,) were

detected 7 days after shoot removal, with no differences observed between TO and T14

(Table !1\). No significant differences were detected in Rubisco carboxylation maximum _
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T7 pointed out limitations in CO, diffusion as being responsible for the lower A, in
these plants (Table 1). Dark respiration (R) was not affected in nodules, roots and

]Ieaves\. No significant differences were observed in the maximal photochemical

efficiency (F./Fr) between the 3 harvests (Table 1).

Carbohydrate analyses showed that sucrose, fructose and starch were the compounds

with the greatest decrease in nodules, roots and leaves where glucose was not affected

by shoot removal (Table 2). Only sucrose levels in the roots were completely recovered

14 days after shoot removal while fructose and starch levels were not recovered in roots
and nodules.

Organic acid levels were differentially affected in the organs by shoot removal and days
after clipping (Table 3). Whereas the malate and o—ketoglutarate contents diminished at
T7 and were restored at T14, oxalacetate levels were not modified in the nodules.
Nodule succinate decreased at T7 and at T14 the levels were not restored. In the case of
citrate, although there were no significant differences at T7, at T14 it was depleted. In
roots, malate (and o—Kketoglutarate to lesser extent) content progressively increased at
T7 and T14 (Table 3) while oxalacetate and citrate were depleted at T7 and T14.
Organic acids in the leaves showed no change (a—ketoglutarate and succinate) or an
increase (malate and citrate) at T7 and T14 (Table 3).

Nitrogen content analyses showed that its availability increased in nodules, 7 and 14
days after shoot removal (Table 4). In the other hand, in case of roots nitrogen content
decreased (compared with TO) at T7 and T14. As it is shown in Table 4, with the
exception of roots (where its contents decreased), shoot removal had no significant
effect in carbon content. No significant differences were detected in nodule and leaf
total soluble protein (TSP) levels in the different harvests whereas a decrease in root
TSP at T7 and T14 was observed (Table 4). Amino acid (Aa) content displayed similar
variations in the nodules and roots (Table 4). In both of these organs the largest values
were reached at T7, whereas at T14 initial Aa values were maintained. In the case of
leaves, no significant differences were observed at T7 and T14. The carbon/nitrogen
ratio was also differentially affected by shoot removal, in the nodules, roots and leaves
(Table 4). Regarding nodules, carbon/nitrogen decreased at T7 (compared with T0) and
was maintained at T14. No changes were observed in the roots and an increase was

observed in leaves (Table 4).
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The proteomic characterisation conducted in nodules indicates that at T7 (compared
with TO), with the exception of elongation factor and cyclic AMP receptor proteins
(whose content decreased), the proteins were up-regulated (Table 5). These proteins
were classified into different groups according to their presumed biological function.
The down-regulated proteins were classified as being involved in cell structure and
energy. Among the up-regulated proteins, metabolism (1 protein), cell structure (2
proteins), disease/defence (4 proteins) and unknown (2 proteins) were detected. At T14,
with two exceptions (involved in energy and disease/defence processes), the majority of
proteins (9 in total) were up-regulated (Table 6). Among the up-regulated proteins,
disease/defence (1 protein), symbiotic (2 proteins), cell structure (1 protein, energy (1
protein), metabolism (2 proteins) and one unknown protein were detected. Leaf protein
profiles showed that compared with TO, 4 proteins were down-regulated at T7 (Table 7).
More specifically, two proteins involved in energy processes, a protein involved in
cell/structure functioning and one protein with unknown function. On the other hand,
the up-regulated proteins comprised proteins involved in energy (3 proteins),
metabolism (1 protein), and three proteins with unclassified function. At T14, only
Rubisco was up-regulated. Among the down-regulated proteins, two were involved in
energy processes, another one with disease/defence function and one with an unknown
role were detected (Table 8).

Discussion

Nitrogen fixed in the nodules through nitrogenase activity is essential to support plant
growth whereas photoassimilates are essential to sustain energy and carbon-skeletons
required for nitrogen fixation and amino acid synthesis (Molero et al. 2014).However,
the fact that 7 days after shoot removal, nodule sucrose, malate and a-ketoglutarate
content decreased (Tables 2 and 3) indicates that shoot removal reduced carbon

availability affecting negatively nodule performance. |. Interestingly, the increased

presence of labelled carbon in nodules 7 days after clipping (and the end of labelling)
highlighted that a portion of the carbon remobilized by the roots was partitioned toward
nodules (Figure 1A). Although it is very likely that roots provided carbon compounds
such as sucrose to sustain nodule functioning, the reduction in sucrose content (Table 2)

together with the increase in amino acids (Table 4) indicates that part of this Cpey
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reached the nodules in the form of amino acids. This is in agreement with previous
studies that demonstrate how some amino acids are supplied by the plant to the
bacteroid [(Lodwig et al. 2003, Prell and Poole 2006). In the nodules, nitrogenase

reductase content was up-regulated suggesting an attempt to overcome the reduced

substrate availability (Table ISD In agreement with previous findings described in

nitrogen fixing plants exposed to changing environmental conditions (Serraj et al. 1998,
Schulze et al. 2004, Aranjuelo et al. 2011, 2013), the 66 % increase in nodule amino

acid content at T7 revealed that amino acid accumulation could contribute to the

inhibition of N activity (Hartwig et al., 1994, Serraj et al. 1998, 2001, King and

Purcell 2005). Such accumulation of nitrogen compounds in nodules was originated
from the reduced aboveground nitrogen demand (Serraj et al. 1998, Schulze et al. 2004,
Aranjuelo et al. 2011, 2013). Although regrowing shoot is a nitrogen demanding organ,
the low shoot biomass at T7 in comparison with pre-clipping biomass (data not shown)

revealed thatnitrogen demand was strongly depleted.

Previous studies conducted in droughted nitrogen fixing alfalfa plants (Rubio et al.
2002, Naya et al. 2007, Becana et al. 2010) have indicated that the nodule respiration
rate may increase the dissolved O, mole fraction in bacteroids, thereby inhibiting Ngse
and possibly causing oxidative stress. The strong up-regulation of two peroxidase
isoforms (3.86 and 4.13 times) and wound-induced proteins (5.43 times) in nodules 7
days after regrowth, suggests that they were exposed to oxidative stress (Table 5).
Reactive oxygen species (ROS), together with the decreased carbohydrate availability
(Table 2) reveals that nitrogen fixation was inhibited at this stage. The lower nodule

performance 7 days after clipping explained the fact that shoot biomass was mostly ](72

%) constituted by pre-labelling nitrogen (Figure 1B????). Regarding the new aerial part,

our study suggests that root derived a large proportion of Cpey Which was remobilized to
the shoot. However, the remobilization of carbohydrate to leaves was not enough as for

keeping soluble sugar levels similar to control plants (Table 2). Depleted Rubisco

activase content (Table 7), together with the lower chloroplast ]COZ\ (Table 2) highlight
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Due to the apparent nodule activity iinhibition, the relevance of roots as a carbon and

nitrogen source to sustain shoot growthis of great importance. The 20 % diminishment
in starch content confirmed carbon remobilization towards developing organs and to
sustain respiration (Table 2). Although organic acid content decreased (i.e. succinate,
oxalate, citrate) or was not affected (i.e. a-ketoglutarate), the 5.76 fold increase in
malate content indicated that the stimulation of the anaplerotic pathway fuelled the
respiratory pathway. Similar results have been described in belowground organs of
alfalfa under limited photoassimilate availability (Aranjuelo et al. 2013). As mentioned
above, in alfalfa, endogenous nitrogen pools (mostly represented by amino acids and
TSP) are largely used to support regrowth (Ourry et al. 1994, Avice et al. 1996, Barber
et al. 1996). The fact that Npew and Cpey availability was similar in root TSP showed that
“old” nitrogen was remobilized in this organ to sustain shoot development (Figure 2).
Nitrogen remobilization was confirmed by the 2.79 fold increase in root amino acid

availability (Table 4) and the presence of Ny (Figure 1B).

The dilution in Npew content in nodules at T14 suggests that nodule performance was
improved. The fact that cytosolic malate dehydrogenase and NifK nitrogenase contents
were up-regulated (Table 6) highlighted that nitrogen fixation was restored 14 days after
shoot removal. The increased leaf photosynthetic rates detected 14 days after clipping
(Table 1) could contribute to the reestablishment of nodule functioning. Furthermore,
the up-regulated availability of key proteins in the symbiotic relationship (Table 6),
such as the putative leucine-binding protein, groEL (Radutoiu et al. 2003), confirmed
improved nodule performance. Unlike the observations at TO and T7, root isotopic
composition 14 days after clipping highlighted that allocation of Npey throughout the
plant was different from Cpe,. The 50 % and 75 % depletions in TOM and TSP Npew,
respectively (Figures 1 and 2), were explained by the remobilization of nitrogen
compounds towards shoots and the presence of nitrogen fixed during the post-labelling
period. Depletion of Npw TSP in the roots revealed that protein-derived N
remobilization contributed to shoot regrowth to a larger extent. Interestingly, root Crew
did not significantly differ in TOM, in contrast with the observed for Npew. Maintenance
of root Crew from 7 to 14 days of regrowth implies that post labelling carbon assimilated
contributed substantially to shoot formation in this period. The increased leaf
photosynthetic rates, together with the increased sucrose content in leaves and

especially in roots, would support this statement (Tables 1, 2). However, the 30 %
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decrease in starch content would also reveal that pre-labelled carbon was also
remobilized to sustain shoot growth. The large malate, a-ketoglutarate and citrate
content detected in roots (Table 3) explains that the depleted Cyew in TOM was also

explained by the fact that Cpew Was respired during this period.

As observed at the root level, improved nitrogen fixation, together with the increased

photosynthetic rates, explained the dilution observed in Npew and Cpew. Photosynthetic

activity (An) was larger (compared with TO) 14 days after clipping. | The 12.60-fold

increase in the Rubisco large subunit content (compared with TO) confirmed that the
specific increase in Rubisco availability explained larger A, values of leaves 14 days
after regrowth. The respective 50 % and 67 % depletions of Cpew and Npew in TSP
showed that proteins represented a major nitrogen and carbon sink of nitrogen and
carbon assimilated during the post-labelling period. Furthermore, this fact together with
the large increase in Rubisco content indicated that 7 to 14 days after shoot removal,

Rubisco represented a major leaf nitrogen and carbon sink.

Conclusions

In summary, our study revealed the important implications of shoot removal in nodule,
leaf and root performance during subsequent regrowth. This study revealed that shoot
removal negatively affected the performance of nodules and newly formed leaves.
Seven days after shoot clipping, root-derived carbon and nitrogen remobilization and
partitioning towards nodules did not fulfil nodule carbohydrate requirements with a
consequent effect on nitrogen fixation. Furthermore, a proteomic approach also

suggested that khe\ presence of ROS could be directly affecting nodule performance.

Inhibition of the leaf photosynthetic apparatus made the nodules and leaves of plants

dependent on root-derived carbon and nitrogen. Fourteen days after shoot removal,

proteomic, metabolic and gas exchange analyses confirmed that nodule and leaf
function were restored to control values. TSP content and isotopic analyses indicated
that root-derived nitrogen was mobilised towards shoot development and more

specifically towards the synthesis of Rubisco in the leaves.
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