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Abstract Magnesium deficiency in plants is a wide-
spread problem, affecting productivity and quality in
agriculture, yet at a physiological level it has been
poorly studied in crop plants. Here, a physiological
characterization of Mg deficiency in Beta vulgaris L.,
an important crop model, is presented. The impact of
Mg deficiency on plant growth, mineral profile and
photosynthetic activity was studied. The aerial biomass
of plants decreased after 24 days of hydroponic culture
in Mg-free nutrient solution, whereas the root biomass
was unaffected. Analysis of mineral profiles revealed
that Mg decreased more rapidly in roots than in shoots
and that shoot Mg content could fall to 3 mg g~' DW
without chlorosis development and with no effect on
photosynthetic parameters. Sucrose accumulated in
most recently expanded leaves before any loss in pho-
tosynthetic activity. During the development of Mg
deficiency, the two photosystems showed sharply con-
trasting responses. Data were consistent with a down-
regulation of PSII through a loss of antenna, and of
PSI primarily through a loss of reaction centres. In
each case, the net result was a decrease in the overall
rate of linear electron transport, preventing an excess
of reductant being produced during conditions under
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Introduction

Magnesium deficiency in plants is a widespread prob-
lem, affecting productivity and quality in agriculture
(Bennett 1997; Aitken et al. 1999) and forestry (Mitchell
et al. 1999). Because Mg has a high hydrated radius, it
sorbs less strongly to soil colloids than other cations. It
is therefore highly prone to leaching, which is considered
as the most important factor reducing Mg availability
for roots. Mg deficiency can be brought about by
depletion of soil reserves but can also be induced by a
failure of the roots to assimilate Mg?*, due to imbal-
anced competitive inhibition of uptake by calcium and
potassium (Mengel and Kirkby 1987).

Plants require magnesium to harvest solar energy and
to drive photochemistry. Because of the tendency of Mg
to form octahedral complexes, resulting in strong elec-
trophilic axial coordination, Mg is able to occupy a
central position in chlorophyll, the pigment responsible
for light absorption in leaves (Beale 1999). It has been
estimated that the Mg structural pool associated with
chlorophyll represents between 15 and 20% of the leaf
content (Mengel and Kirkby 1987; Wilkinson et al.
1990). Mg concentration in chloroplastic compartments
is modulated by light transition (Wu et al. 1991; Igam-
berdiev and Kleczkowski 2001) and it has an important



regulatory effect on the activity of enzymes in the Calvin
cycle (Pakrasi et al. 2001). In addition to its catalytic
role, Mg acts as an allosteric activator of protein com-
plexes (Cowan 2002). Moreover, Mg also plays an
important role in the cell energy balance, interacting
with the pyrophosphate structure of nucleotide tri- and
di-phosphates. The energy-rich compounds Mg-ATP
and Mg-ADP represent the main complexed Mg pools
in the cytosol, which balance with the free Mg> " pool
under the control of adenylate kinase (Igamberdiev and
Kleczkowski 2001, 2003).

Although there is substantial literature on Mg uptake
and storage in prokaryotes (for review: Kehres and
Maguire 2002), only a few reports have been published
on the mechanisms of uptake and transport in plants
(for review: Shaul 2002; Gardner 2003). Genes for
transporters possibly engaged in Mg? " acquisition and
partitioning within the plant have been identified in re-
cent years in Arabidopsis thaliana. The AtMHX1 gene
cloned by Shaul et al. (1999) codes for an antiporter
localised in the vacuolar membrane of the xylem
parenchyma cells. Schock et al. (2000) cloned AtM RS2-1
and AtMRS2-2 cDNAs, these being homologues of the
yeast M RS2 transporter (Bui et al. 1999). After extended
genomic database searches, eight further homologues
were 1dentified, AtMRS2-3 to AtMRS2-10, further
studied as AtMGT (Li et al. 2001). Despite the fact that
three members of the plant M RS2-like gene family were
demonstrated to transport Mg? ™ into microbes (Schock
et al. 2000; Li et al. 2001, reviewed in Gardner 2003),
direct evidence of transport function in plants is still
lacking.

Few reports exist concerning the effects of a shortage
of Mg on physiological processes. Those that do exist
describe either an early impairment of sugar metabolism
(in bean plants: Fischer and Bremer 1993; Cakmak et al.
1994a, 1994b; in spruce: Mehne-Jakobs 1995; in spinach:
Fischer et al. 1998), or a decline in photosynthetic CO,
fixation rate and stomatal conductance (in pine seed-
lings: Laing et al. 2000; Sun et al. 2001).

The hierarchy of physiological perturbations is still a
matter of debate. It has been proposed that either a
decrease in sucrose export is responsible for the inhi-
bition of growth of sink organs (in bean plants: Cak-
mak at al. 1994b; Marschner et al. 1996) or that a
decrease in the metabolic activity in sink organs causes
inhibition of sucrose export (in spinach: Fischer et al.
1998). Moreover, the relationship between the decrease
in photosynthetic activity and sugar accumulation in
source organs has not been established in a whole-plant
system.

We have examined the response of sugar beet to Mg
starvation, and measured changes in mineral and sugar
contents and in photosynthetic parameters relating to
photosystem I (PSI) and IT (PSII) activities. We showed
a differential change in the mineral profile of roots and
shoots and an early sucrose accumulation in most re-
cently developed leaves. The rise in leaf sucrose content
was followed by acclimation of the photosynthetic
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apparatus, with distinct responses being observed at the
level of the two photosystems.

Materials and methods
Plant material and growth conditions

Seeds of sugar beet (Beta vulgaris L. cv. Adonis) were
rinsed in distilled water and germinated in peat-based
compost. Two weeks after sowing, about 150 plantlets
were transferred into 12-1 containers for hydroponic
culture. The macronutrient composition (in mM) was
slightly modified from Cakmak et al. (1994a): 2.00
Ca(NO3),, 1.00 MgSQy,, 0.88 K,SOy, 0.25 KH,PO,4 and
the micronutrient composition (in uM) was 20 FeED-
TA, 10 NaCl, 10 H3BO3, 1.00 ZnSOy,, 1.00 MnSQOy, 0.10
CuSOy4, 0.01 (NH4)sM070,4. The pH of the solution was
adjusted to 5.8 £0.1. At the beginning of the treatment,
half the plants were fed with an Mg-free nutrient solu-
tion, which was the same as above, except that 1.00 mM
MgSO, was replaced by 1.00 mM Na,SO,4. Nutrient
solutions were replaced every 4 days. The growth con-
ditions in the culture room were 16h light
(250 pmol photons m 2 s~ ')/8 h darkness, temperature
22+2°C and humidity 65+ 5%.

Sampling

At harvest, plant organs were rinsed in distilled water,
and directly dried at 60°C for further mineral analysis or
freeze-dried and stored at —80°C for biochemical anal-
ysis.

Chemical analysis

1.00 g dried crushed material powder was ashed in a
muffle furnace at 450°C. Ashes were digested with 7 N
nitric acid and the filtrate assayed for Ca, Mg and Zn by
atomic absorption spectrometry at the wavelengths
422.6 nm, 285.2 nm and 213.9 nm, respectively, and for
K and Na by atomic emission spectrometry at 404.4 nm
and 589.0 nm (AAS 3110; Perkin Elmer).

Sugar analysis

The quantitative determination of soluble and non-sol-
uble sugars was done on extracts from leaf blades.
Sugars were extracted using three successive incubations
in ethanol (80% v/v) at 85°C. Extraction was assumed to
be totally effective after three incubations because a
fourth ethanol extraction of the pellets did not contain
detectable amounts of glucose. The fraction of soluble
sugars was determined spectrophotometrically using an
enzyme-linked assay, as described in Sokolov et al.
(1998). All enzymes used in this assay were purchased
from Roche Diagnostics.
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Chlorophyll determination

Pigments were extracted with 80% (v/v) acetone and
chlorophyll content was estimated using the method of
Porra et al. (1989).

Immunological determination of thylakoid protein

Chloroplasts were extracted after homogenisation in a
Polytron flask in 0.4 M sucrose, 0.01 M NaCl, 0.05 M
MgCl,, Tricine (pH 7.5) 0.02 M and Na-ascorbate
0.01 M, and centrifugation at 5,000 g for 10 min. The
pellet was resuspended in 5 mM Tricine (pH 7.9) in
order to lyse the chloroplasts. The thylakoid membranes
were thereafter resuspended in the same extraction
buffer but without Na-ascorbate and with glycerol to
reach 1 pg Chl pl~! as a final concentration. The rela-
tive content of thylakoid proteins per unit chlorophyll
(Chl) was determined immunologically by western
blotting. Thylakoids were solubilized as described in
Dannehl et al. (1996), and polypeptides were separated
by denaturing polyacrylamide gel (12%) electrophoresis
using a Mini-Protean II electrophoresis cell (Bio-Rad).
Proteins were transferred onto nitrocellulose membrane
Hybond-C extra (Amersham Life Science) by electro-
blotting at 400 mA for 3 h. Primary antibodies against
PsbA (dilution 1:2,000) purchased from Agrisera (Swe-
den) were detected using an anti-chicken IgG-alkaline
phosphatase conjugate detection system (Sigma).

Measurement of photosynthetic parameters

PSII fast and slow fluorescence kinetics The behaviour
of PSII was assessed through fast fluorescence kinetics
(direct induction with 660 nm exposure), recorded with
the Plant Efficiency Analyser fluorometer (Hansatech
Instruments). The OJIP transients [fluorescence levels
Fo (50 us), F3oops, Fy (2 ms), Fy (30 ms) and Fy (1Fvax);
Strasser et al. 1995] were analysed according to the JIP-
test procedure, as previously described (Srivastava et al.
1999; Hermans et al. 2003).

Light response curves were measured with a portable
PAM2000 fluorimeter (Walz), on leaf disks in a chamber
(LD2/2; Hansatech) with a saturating CO, atmosphere,
generated by a solution of 1M Na,CO3/NaHCO;
(pPH=9).

PSI absorbance changes The redox state of PSI was
monitored as absorbance changes in the near infrared
using a Walz PAM 101 fluorometer in combination with
an ED-P700DW-E emitter—detector unit (Walz), as de-
scribed in Golding and Johnson 2003. Signals were re-
corded on attached leaves in an atmosphere of
2,000 pl 1" CO,, humidity 95%, light intensity
1,500 pmol photons m 2 s~' and temperature 22°C.
Leaves were allowed to equilibrate to these conditions
within the chamber in darkness for 5 min prior to
measurement.

Low-temperature fluorescence measurements Low tem-
perature (77 K) chlorophyll fluorescence spectra were
recorded from 600 to 800 nm using an excitation light
of 633 nm (He/Ne laser, 20 W m ) and a multi-
branched fiber-optic bundle connected to an S-20
Hamamatsu photomultiplier (R928). Excitation light
was defined by a monochromator (H 10 VIS, 0.5-nm
slit; Jobin Yvon SAS, Longjumeau, France) equipped
with scan controller and the photomultiplier, protected
using a red cut-off filter (CS 2-64; Corning). Leaf
disks of 0.9 cm diameter were taken from plants dar-
k-adapted for 1 h and were thereafter flash-frozen in
liquid nitrogen.

Results
Plant growth and mineral status

After 4 weeks growth in complete mineral solution, Mg
deficiency was induced in beet plants at the stage of se-
ven to eight expanded leaves, by transfer to a mineral
solution from which Mg was omitted. About 16 days
after transfer, the first symptoms of deficiency were
observed. Typical interveinal chlorotic areas appeared
on the uppermost, expanded leaves of Mg-deficient
plants (leaves 10 and 11) and were obvious by day 20.
The fresh weight of Mg-deficient plants fell below that of
the control from day 20 of treatment (Fig. 1). At day 24,
overall biomass was more than one-tenth lower in Mg-
deficient plants, this being due to a loss of biomass in the
shoots and taproots. Root biomass was unaffected by
the treatment (Fig. 1).
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Fig. 1 Sugar beet (Beta vulgaris) growth under Mg deficiency. The
fresh biomass of individual beet plants was measured throughout
the treatment. Mg was omitted from the nutrient solution at day 0,
when plants had 7-8 expanded leaves. The biomass allocation
between organs is indicated at day 24: r root, ¢ taproot, s shoot.
White columns control plants, black columns Mg-deficient plants.
Mean £ SE (n>6). The arrow indicates the appearance of obvious
chlorosis; asterisks (*) indicate a significant difference between
treatments at 0.05 level or less
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Fig. 2a, b Magnesium and calcium profiles in sugar beet upon Mg
deficiency. Mg (a) and Ca (b) contents in root, taproot and shoot
are expressed on a dry-weight basis. Mg was omitted from the
nutrient solution of Mg-deficient plants at day 0. White columns
control plants, black columns Mg-deficient plants. Bars represent
SE of 3 mineralisations from a pooled powder of 5-10 plants. The
arrow indicates the appearance of obvious chlorosis; asterisks (*)
indicate a significant difference between treatments at 0.05 level or
less

During the treatment, the Mg content was followed
in roots, taproots and shoots in control and Mg-defi-
cient plants (Fig. 2a). The reduction in the Mg content
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in roots and taproots was abrupt and considerably lar-
ger than in shoots. A significant decrease (P < 0.05) was
first observed in the roots and the taproots after 4 days
of treatment and in the shoots after 8 days. After
24 days, at the end of the treatment, the Mg contents in
the roots and taproots of treated plants were less than a
quarter of control values (Fig. 2a, Table 1); the contents
of blades and petioles of the fully expanded leaves fell to
below a fifth of control values; and the Mg contents of
blades and petioles in young leaves were a quarter of the
control value (results not shown). The average total Mg
pool in individual plant was estimated to be 10 mg at
day 0 of treatment (Fig. 3). At the end of the treatment,
an individual control plant had accumulated 43.2 mg
Mg on average, while the initial content was maintained
in Mg-deficient plants. This confirmed that the Mg-free
nutrient solution was not contaminated with any exter-
nal Mg source during the treatment. The distribution of
Mg between organs was altered within 4 days of treat-
ment and held until the end of the experiment. After
4 days of Mg starvation, the proportion of Mg in roots,
taproots and shoots represented, respectively, 9, 8.5 and
82.5% of the total Mg pool of the plant (Fig. 3a), while
these proportions were 17, 13.5 and 69.5% (Fig. 3b) in
the control plants.

The contents of other minerals were also measured
(Fig. 2b, Table 1) and the most relevant results are
presented. An increase in calcium content was apparent
in Mg-deficient plants, especially in roots and taproots,
where levels up to three times the control were observed
(Fig. 2b). The total Ca content of the aerial biomass of
Mg-deficient plants was not affected, although a more-
detailed analysis revealed that Ca contents were half of
control values in the blades and nearly doubled in the
petioles of mature leaves (Table 1). Potassium content
increased slightly in all organs, except in the youngest
parts of the plant, where the K content was similar to the
control value (results not shown). The content of sodium
(the substitution cation) rapidly increased by up to as
much as 10-fold the control content. Zn content grad-
ually increased in the roots and taproots and decreased

Table 1 Mineral profile at day 24 in sugar beet (Beta vulgaris) upon Mg deficiency

Mg Ca K Na Zn
Mineral content in organs®
Root Control 14.56 +0.17 04.30+£0.07 34.6+04 00.79+£0.02 106.8+0.2
Mg deficiency 03.26+£0.04 13.09+0.15 46.1+0.5 7.50+£0.06 168.1+0.4
Taproot Control 03.88+0.42 01.57+0.10 16.1+0.0 00.17+0.01 11.1+14
Mg deficiency 00.88 +£0.02 02.41+£0.02 19.8+0.2 01.59+0.01 14.7+1.1
Blade® Control 11.46+0.23 20.66+0.63 57.9+4.2 01.72+0.03 51.5+£1.0
Mg deficiency 02.18+0.22 07.90+£0.56 70.0+4.2 13.11+0.48 36.8+1.6
Petiole® Control 03.64+0.02 07.07+0.12 43.9+29 00.49+0.02 10.5+0.8
Mg deficiency 00.51+0.03 12.81+0.38 55.8+£1.2 09.70+0.42 179+1.0
Total mineral pool in plant®
Control 43.2 44.0 266.5 7.2 213.0
Mg deficiency 10.0 45.0 277.1 42.9 198.0

Mg, Ca, K, Na: mg g~' DW; Zn: ug g~' DW. Mean of 3 miner-
alisations from a pooled powder of 5-10 plants + SE
"From fully expanded leaves

“Estimated from the mineral content average and the dry weight
average of root, taproot and shoot. Mg, Ca, K, Na: mg and Zn: pg
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Fig. 3a, b Magnesium
allocation to organs in sugar
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in blades and the petioles of Mg-deficient plants
(Table 1).

Carbohydrate status

Sucrose and glucose contents were measured in upper-
most fully expanded blades after 16 h of light through-
out the Mg-deficiency treatment. Sucrose accumulation
was detected after 12 days, and the sucrose content was
more than three times greater than the control by the
end of the experiment (Fig. 4a). Glucose started to in-
crease after 16 days in Mg-deficient blades (Fig. 4b), but
to a lesser extent than sucrose.

Photosynthesis

Mg deficiency resulted in a loss of chlorophyll from the
uppermost fully expanded leaves after 17 days of treat-
ment, with over half of all chlorophyll being lost by the
end of the experiment (Fig. 5a). Chlorophylls a and b
were not lost equally, with Chl b starting to decrease
first, followed later by Chl a. The relative content of
PsbA (D1 in PSII) protein was determined by western
analysis (Fig. 5b). A major band (25 kDa) and a minor
heavier band (above 25 kDa), separated by LHCII
complexes (coloured protein—pigment complexes that
were not dissociated), were clearly apparent on the
blotting membrane. Usually, the molecular weight of
PsbA protein after SDS-PAGE is reported to be
39 kDa, but the protein may migrate at a smaller
apparent size due to processing and migration condi-
tions. On a total-chlorophyll basis, the amount of PsbA
proteins was not altered in Mg-deficient samples com-
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Fig. 4a, b Sugar contents in sugar beet leaves upon Mg deficiency.
Sucrose (a) and glucose (b) contents were measured in the
uppermost expanded blades after 16 h of light. Mean of 3
extractions from a pooled sample of 5 plants = SE. Mg was
omitted from the nutrient solution at day 0

pared to control ones until the end of the treatment
(Fig. 5b).

Measurements of photosynthetic parameters were
performed on the uppermost fully expanded leaves
throughout the treatment. Parameters referring to pho-
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Fig. 5a, b Chlorophyll and PsbA protein contents in sugar beet
leaves upon Mg deficiency. a Chlorophyll content (circles Chl a,
squares Chl b) in uppermost expanded leaves as a function of the
growth with or without Mg in the nutrient solution. Open symbols
control plants, closed symbols Mg-deficient plants. Means of 5
replicates = SE. b Immunoblot analysis of PsbA (D1 protein) of
PSII in control (+) and Mg-deficient (—) plants. Thylakoid
membrane extracts corresponding to 3.5 pg of total chlorophyll
were loaded in each lane

tosystem kinetics are derived from the equations in the
Appendix. To assess PSII activity, the fast and slow
Chl a fluorescence kinetics at room temperature were
followed. The maximum quantum yield for primary
photochemistry of PSII (¢p, or Fy/Fy), related to the
PSII dark-adapted state, was measured both with a di-
rect induction fluorometer and a modulated fluorometer
(see Materials and methods). A decrease in Fy/Fy was
observed after 18 days of treatment in Mg-deficient
leaves when measurements were done with each appa-
ratus (Fig. 6a). At day 25, Fo had increased by one-
tenth and Fy; decreased by one-fifth relative to the
control, giving a decrease in Fy/Fy. In order to cha-
racterise further the effects of Mg deficiency on PSII, a
variety of parameters was calculated, based on the OJIP
fast fluorescence induction curve (Strasser et al. 1995;
Hermans et al. 2003). The structure and function of PSII
have been described through the performance index
(PIAgs). Due to the exponential behaviour of PlAgs, the
driving force (DF) has been defined as log Plogs. Three
additive components building DF (DF,, DF, and DFy)
are plotted in Fig. 6b. DF started to decrease after
18 days of treatment in Mg-deficient leaves, mainly due
to a decrease in the component referring to the electron
transport (DFy).

Light response curves related to PSII activity were
estimated using a modulated fluorometer at six different
light intensities ranging from 70 to 1,700 pmol pho-
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Fig. 6a—c Variation of PSII parameters in sugar beet leaves upon
Mg deficiency. a Maximal quantum efficiency of PSII (¢p,)
measured with a direct system (a;) and modulated system ().
Bars represent SE: n>32 (a;) and n=35 (as). b Evolution of the
components of the PSII driving force. The three additive
components are (DFy)rel=Log [3/(1~7)la=Log [3/(1=)]aze der—
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DFy is a measure of the density of active reaction centres per
chlorophyll, DF is a measure of the force of the light reactions,
DFy is a measure of the dark reactions after Qo —, expressed as the
log of the fraction of electrons leaving Q5 — divided by the fraction
of electrons remaining on Qa—. ADF=Log[Plags]re/=
(DFy)rel+ (DF y)rel+ (DFy)rel. Mean of 30-40 measurements.
¢ Electron transport rate of PSII (PSII ETR) measured at three
light intensities: 70 (c;), 150 (¢») and 1,700 pmol photons m ™2 s~
(c3). Bars represent SE of 5 values. Mg was omitted from nutrient
solution at day 0. Open circles control plants, closed circles
Mg-deficient plants

tons m 2 s~ '. Changes in the quantum yield of PSII
primary photochemistry (®Dpg;) at any given light
intensity were observed starting around day 15, imply-
ing a loss of PSII electron transport across all light
intensities. The relative rates of electron transport of
PSII (PSII ETR) were plotted for three different light
intensities (Fig. 6¢). The PSII ETR values at 1,700 and
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990 pumol photons m 2 s~ ! started to decrease after

15 days, but were less affected at light intensities lower
than 550 pmol photons m 2 s~

The redox state of the primary electron donor of PSI
(P700) was monitored by near-infrared absorption
spectroscopy. The maximum signal ASyax in the near-
infrared region induced by a saturating far-red light of
10 s (as described in Weis and Lechtenberg 1988),
equated to the total P700 pool in the leaf. ASyax started
to decrease after 15 days of treatment in Mg-deficient
plants, falling to below half of the control value after
18 days of the treatment (Fig. 7a). Measurements of the
kinetics and amplitude of the near-infrared absorbance
signal were measured following a light-to-dark transi-
tion at steady state. The amplitude of this signal (AS),
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Fig. 7a—¢ Variation of PSI activity parameters in sugar beet leaves
upon Mg deficiency. a Difference in absorbance signals of PSI
(820 nm). Circles ASyax, corresponding to the signal amplitude
induced by far-red light on dark-adapted samples; squares AS,
corresponding to the signal amplitude following a light-to-dark
transition on samples adapted to 1,500 pmol photons m > s~

light. b Electron transport rate of PSI on a total-P700 basis (PSI
ETR,U,,,,% measured on samples adapted to 1,500 umol pho-
tons m 2 s~ . ¢ Electron transport rate of PSI expressed per P700
oxidised fraction (PSI ETR,,, gc) measured on samples adapted to
1,500 pmol photons m~2 s~ '. Open symbols control plants, closed
symbols Mg-deficient plants. Bars represent SE of 5-12 measure-
ments. Mg was omitted from nutrient solution at day 0

corresponding to P700" accumulated in the light, de-
creased in Mg-deficient plants by only one-tenth at the
end of the treatment (Fig. 7a). Exponential decay curves
were fitted to determine the first-order rate constant (k)
for re-reduction of P700 (Ott et al. 1999; Clarke and
Johnson 2001; Golding and Johnson 2003). The rate of
PSI electron transport calculated on a total-P700 basis
(PSI ETR ;) fell by approximately one-fifth during the
treatment (Fig. 7b). The rate of PSI electron per P700
oxidised fraction (PSI ETR,,, g¢) nearly doubled in Mg-
deficient plants by day 25 (Fig. 7c). Flash-induced
kinetics were also measured on light-adapted plants
during a 100-ms saturating light pulse exposure (Clarke
and Johnson 2001). AS was unaffected until day 21 in
Mg-deficient plants, when it decreased to half the con-
trol value, although the rate constant k was not affected
or slightly decreased at the end of the treatment (results
not shown).

Chlorophyll fluorescence emission spectra of leaf
disks excised from dark-adapted leaves were recorded at
77 K between 650 and 800 nm using a 633-nm excitation
light (Fig. 8). At low temperature, PSI fluorescence is
enhanced and the emission spectra show distinct bands.
The emission maxima at 685 and 695 nm are attributed
to PSII core antennae (CP43 and CP47) with a minor
contribution from the PSII light-harvesting complex,
LHCII, while the maximum at 730 nm is due to PSI

77 K fluorescence
intensity (relative units)

Relative fluorescence

Wavelength (nm)

Fig. 8a, b Low-temperature fluorescence emission spectra in sugar
beet leaves upon Mg deficiency. a Evolution of the peaks at 695 nm
and 735 nm from recorded spectra. Open circles control plants,
closed circles Mg-deficient plants. Mean of 7 measurements + SE.
Mg was omitted from nutrient solution at day 0. b 77K
fluorescence spectra (normalized to the 695 nm peak) at day 16
of treatment for control (unbroken trace) and Mg-deficient (dashed
trace) plants. Average of 7 spectra



antennae. In uppermost expanded leaves, the maximum
at 731 nm started to decrease after 16 days of Mg-defi-
ciency treatment, falling to 70% of the control value
(Fig. 8a,b). No relative spectral changes in the fluores-
cence emission from 690 to 710 nm were observed, ex-
cept at the end of the treatment.

Discussion

Effect of Mg deficiency on plant growth and mineral
status

Among environmental factors, mineral nutrition is a
major determinant of biomass allocation in plants
(Marschner et al. 1996; Lopez-Bucio et al. 2003). In this
study, Mg deficiency induced a decrease in the fresh
weight of plants, mainly through a reduction of the
shoot biomass (Fig. 1). The effects of Mg deficiency on
plant growth are expected to be complex in view of the
large number of Mg-requiring enzymes (Cowan 2002)
that are involved in energetic metabolism. However, a
possible change in Mg-adenylate species equilibrium
could account in part for the observed unrestricted root
growth. At low [Mg?>"], the binding of Mg by ATP is
more efficient than by ADP, and therefore an enrich-
ment of Mg-complexed ATP compared to Mg-com-
plexed ADP content occurs (Igamberdiev and
Kleczkowski 2001, 2003). As most metabolic enzymes
utilizing Mg-ATP are inhibited by Mg-ADP in a com-
petitive way, the rate of metabolic flux in roots may be
even higher under Mg?* depletion because of a higher
Mg-ATP/Mg-ADP ratio (Igamberdiev and Kleczkowski
2003). Likewise, it was previously reported in Pi-defi-
cient bean plants that root growth was unaffected and
the adenylate metabolism was altered (Rychter et al.
1992).

Removal of Mg from the growth medium led to a
decrease in Mg in all parts of the plant, this being most
abrupt in roots and taproots (Fig. 2a). Actually, the
partitioning of Mg between cell compartments or within
the plant may be partially fulfilled by antiporters for
which efflux activities have been measured (Pfeiffer and
Hager 1993; Amalou et al. 1994), or genes already
cloned, like AtMHX in Arabidopsis (Shaul et al. 1999).
Interestingly, Shaul et al. (1999; reviewed in Shaul 2002)
proposed that AtMHX could determine the proportion
of absorbed Mg”> " between tonoplast and cytosol of the
xylem parenchyma cells at the root vascular cylinder.
Therefore, this antiporter could serve in a buffering role,
sequestering Mg® " in excess of that which could be
loaded into xylem, or establishing a vacuolar pool for
use upon deficiency. An AtMHXI1 orthologue in sugar
beet may be involved in the change of Mg partitioning
that was observed here between shoot and root during
Mg deficiency (Figs. 2a, 3a,b).

When Mg supply to the roots is insufficient, recycling
of Mg is required to cover the growth of newly devel-
oping organs. Here, beet plants could cope with
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3mgg ' DW in the shoot for 16 days, without any
visual symptoms or decrease in biomass (Fig. 1).
Clearly, the incidence of Mg deficiency was attenuated
by the initial amount of Mg present within the plant,
which could be mobilized to newly developed tissues
(Fig. 3a,b, Table 1). Mg is a mobile element within the
plant (Mengel and Kirkby 1987; Marschner et al. 1996)
and is typically ranked as the first divalent cation in term
of abundance in the phloem sap (Pate et al. 1998; Peuke
et al. 2002).

Influence of Mg substitution on plant metabolism
and the profile of other minerals

The way in which salt substitutions are made in order to
induce Mg deficiency may considerably modify the
assimilation and partitioning of other elements. Differ-
ent substitutions have been applied in previous studies,
resulting in variation in the concentrations of major
elements (Terry and Ulrich 1974; Fischer and Bremer
1993; Dannehl et al. 1996; Fischer et al. 1998; Sun et al.
2001). In order not to alter the anion/cation balance,
equimolecular amounts of sodium sulfate were used, as
in Cakmak et al. (1994a, 1994b). Substitution using
potassium sulfate resulted in similar physiological re-
sponses (appearance of symptoms and severity of the
stress) to those using sodium sulfate substitution (results
not shown). The 2 mM Na ™ difference between nutrient
solutions was reflected by higher Na contents in Mg-
deficient plants (Table 1). Nevertheless, sugar beet is
considered as a natrophilic crop plant (Marschner 1995).
From previous reports, NaCl concentrations even in the
range of 50 mM did not cause any growth reduction in
beet plants (Ghoulam et al. 2002). However, addition of
8.7 mM NaCl was able to counteract the impact of low
Mg supply in Pinus radiata by increasing the rate of net
photosynthesis and biomass production of stem and
roots (Sun et al. 2001).

In the absence of Mg®" in the nutrient solution, an
increased uptake of other cations was observed. The
tendency to compensate the charge balance of a missing
ion in the nutrient solution by the enhanced uptake of
others is frequently reported (Peuke et al. 2002). Here,
this phenomenon was mainly apparent for calcium and
to a lesser extent for potassium (Fig. 2b, Table 1). Ca
uptake considerably increased in Mg-deficient root parts
(Fig. 2b) and in petioles, and decreased in blades (see
Table 1). In a previous study of Terry and Ulrich (1974),
Ca contents in blades and petioles of beet leaves in-
creased after 1 week of treatment, but were thereafter
lower and similar to control values. Similarly, low Mg
supply increased Ca and K contents in leaves of sun-
flower plants (Lasa et al. 2000) and a K-Mg antagonism
was reported in K-deficient tomato plants (Pujos and
Morard 1997). The observed increase of K content in
beet plants may also be linked to the propensity of K to
form strong complexes with nucleotides, which can be
expected to participate in adenylate kinase equilibrium
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(Blair 1970), while Mg concentration decreases. The
total Zn content in plants did not change upon Mg
deficiency; however, the root content increased and
the shoot content decreased (Table 1). Shaul et al.
(1999) have shown that AtMHX1 was also transporting
Zn*" in Arabidopsis thaliana. As it is possible that an
orthologue of that gene exists in sugar beet, a prefer-
ential retention of Zn during Mg deficiency in the vac-
uoles of root and stem xylem parenchyma cells could
have discriminated against Zn translocation to the blade
tissues.

Photosynthetic acclimation during Mg deficiency

In the hierarchy of physiological disturbances occa-
sioned by Mg deficiency, sucrose (and later glucose)
accumulated in leaf blades (Fig. 4a,b) before any loss in
chlorophyll content (Fig. 5a) or photosynthetic activity
(Figs. 6a—c, 7a—c) could be measured. Therefore, the
increase in sucrose content could have triggered a de-
cline in photosynthesis. Obviously, sucrose is not just a
passive carrier molecule for long-distance transport. In
the literature, a negative correlation is generally reported
between sugar levels, photosynthetic activities, chloro-
phyll content and expression of photosynthetic genes
(see Foyer 1988; Sheen 1990; Oswald et al. 2001; Wingler
et al. 2004).

One of the earliest signs of Mg deficiency impacting
on photosynthesis was a decline in the concentration of
Chl b, relative to the control, followed by a loss of Chl a
(Fig. 5a). Given that Chl b is mostly associated with
LHCII, the light-harvesting complex of PSII, this
change was probably indicative of a relative loss of PSII
peripheral antenna, or, alternatively, of a change in
photosystem stoichiometry in favour of PSI. In support
of the first hypothesis, Mg-deficient Arabidopsis thaliana
leaves contain smaller amounts of LHCII and disorga-
nized thylakoid membranes (Lu et al. 1995). Clearly,
Mg” " is required for thylakoid grana stacking (Kaftan
et al. 2002) and LHCII also participates in that cation-
mediated formation of grana, besides serving as the
major antenna for PSII.

A decrease in the maximum quantum yield for pri-
mary photochemistry of PSII (¢p,), measured on dark-
adapted leaves, was observed (Fig. 6a) in association
with a loss of chlorophyll (Fig. 5a). Chlorophyll a fast
fluorescence kinetics have previously been investigated
in Pinus radiata seedlings (Sun et al. 2001). Here, a
more detailed analysis of Chla fast fluorescence
induction using the JIP-test approach (Strasser et al.
1995), provided an extended range of parameters to
assess the effects of Mg deficiency on PSII. This ap-
proach allowed us to show that electron transfer be-
yond the primary quinone electron acceptor of PSII,
Qa, is affected earlier and to a greater extent than the
light reactions or the density of active reaction centres
(RCs) per chlorophyll (or absorption ABS) or per leaf
area (or cross-section; Fig. 6b; see Appendix). These

data are consistent with a previous study of spinach
suffering from Mg and S deficiency (Dannehl et al.
1996). Feedback regulation of photosynthesis could also
occur from redox signals. Some studies have indicated
that the redox status of carriers in the electron-trans-
port chain or other stromal components exerts a control
over photosynthetic gene expression (Oswald et al.
2001; Surpin et al. 2002).

Shortly after the increase in sucrose content in leaves,
the efficiency of PSII achieved under steady-state illu-
mination began to decline (Fig. 6¢). Given the loss of
antenna implied by changes in chlorophyll content
(Fig. 5a), the rate of PSII electron transport probably
declined more than that indicated by fluorescence esti-
mates, since part of the PSII cross-sectional area was
likely to be lost. Western blot analysis did not indicate
any loss of PSII core complex, per unit chlorophyll
(Fig. 5b), implying that the main mechanisms giving rise
to a loss of PSII activity were the loss of light-harvesting
capacity and an inhibition of the electron-transport
chain after PSII.

At the level of PSI, the most marked effect was a
decrease in ASyax, the maximal reflectance signal at
830 nm induced by exposure to far-red light (Fig. 7a).
Although such measurements need to be interpreted
with caution, the most likely explanation for the de-
crease in the signal would be a loss of total PSI centres
occurring per unit area of leaf. The use of a dual-
wavelength pulse-modulation system makes measure-
ments quite specific to P700, reducing contributions
from light scattering and also from plastocyanin or
ferredoxin (Klughammer and Schreiber 1991; Kramer
and Crofts 1996). The total concentration of P700 oxi-
dised under steady-state conditions (~AS) remained
largely constant during most of the treatment (Fig. 7a).
Calculations of PSI electron transport per total P700
(calculated as the product of the Ag;y signal upon a
light-to-dark transition and the rate constant for that
reduction) fell relative to the control, from day 15
(Fig. 7b), probably reflecting a limitation in the pool of
PSI available to take part in electron transport. By
contrast, calculations of PSI electron transport per P700
oxidised fraction increased relative to the control, from
day 17 (Fig. 7¢). In addition, the 731-nm peak of nor-
malized low-temperature fluorescence spectra (Fig. 8a,b)
was severely decreased relatively to PSII in Mg-deficient
plants after 16 days of treatment. This observation was
consistent with a pronounced reduction of the antenna
and core of PSI. In an attempt to characterize the PSI
reaction centre, western blot analyses were performed
with polyclonal anti-PsaA antibody, however without
success.

In conclusion the two photosystems showed sharply
contrasting responses to Mg deficiency, after sugars had
begun to accumulate. PSII was probably down-regu-
lated largely through a loss of antenna, and PSI through
a loss of reaction centres. The reduction of LHCII size
will reduce the rate of light absorption, so reducing the
turnover of the reaction centres under limiting light



conditions, as LHCII represents an important compo-
nent of the total antenna system of PSII. In contrast,
much less of the total PSI antenna is associated with
LHCI (Jensen et al. 2003, and references therein) than in
the case for PSII/LHCII. Therefore, reducing the
amount of PSI core complexes would be a more effective
strategy than a reduction of LHCI antenna. In each
adaptation strategy, the end result would be to lower the
overall rate of linear electron transport between
photosystems so as to prevent an excess of reductant
being produced during conditions in which sugar export
away from the leaf was restricted (our unpublished
results).
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Appendix: definition of photosynthetic parameters
PSII fluorescence parameters

Maximum quantum yield for primary photochemistry
at time zero

(Butler and Kitajima 1975; Kitajima and Butler 1975)
Ppo = 1 = (Fo/Fwm)

Actual quantum yield for primary phytochemistry
at time t

(Paillotin 1976)
ope = 1 = (F/Fm) = (Fv/Fm)(1 = ) = (Fm — ) /Fu
where relative variable fluorescence at the state t is given

by Vi=(Fi—Fo)/(Fm—Fo)

Actual quantum yield for primary photochemistry
at steady state under a given light condition

(Genty et al. 1989)

Pps = 1 — (F3/Fy) = Fy/Fy(1 = V5) = (Fy — Fs) /Fy
= Opgyy

’

where ’ refers to the light-adapted state, and relative
variable fluorescence at the various states is given by
V' = (Fs'—Fo')[(Fm'—FO).

Rate of electron transport

PSII ETR = ®ps;*PFD
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Performance index (PI) and driving force (DF) of PSII
(Hermans et al. 2003)

[/ (L =2)]* [@po/ (1 — @po)] * [Wo /(1 —¥)]
= {[(Fs00s = Fsous) / (Fams — Fsopis) | * (Fm/Fv) }
>k[FV/FO] * [(FM _FZmS)/(Fst _FO)}

DF = Log(Plaps) = DF, + DF¢ + DFy

Plags

where:

y = Chlgc/Chli,; = RC/(ABS + RC)
¢op, = TR/ABS

¥, = ET/TR

PSI absorbance parameters

Maximum signal amplitude induced by far-red light on
dark-adapted leaves

(Weis and Lechtenberg 1989)
ASMAX ~ (P700)t0tal

Signal amplitude following a light-to-dark transition on
light-adapted leaves

(Weis and Lechtenberg 1989)
AS ~ P700"

Rate of PSI electron transport calculated on a total P700
basis

(Clark and Johnson 2001)
PSI ETR 10 = (AS)*k

Rate of PSI electron transport per P700 oxidised fraction

(Ott et al. 1999)
PSI ETR,., rc = (AS/ASmax)*k

where k is the rate constant for P700 re-reduction.
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