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ABSTRACT

The influence of oxygen deficiency on uptake of water and mineral
elements through root system was studied on detopped tomato plants
for 48 h. The root exudates and the nutrient solutions were collected
and analyzed every two hours after decapitation of the shoots at
the early fruiting stage. The lack of oxygen in the nutrient solu-
tion induced the appearance of nitrite ions in the nutrient medium
and in the xylem sap. Nitrites were derived from nitrate reduction
by tomato root cells. This mechanism, called ‘“‘nitrate respiration”,
should be an alternative pathway to have oxygen as electron acceptor
during root anoxia and could be a transient adaptation to hypoxic
conditions. The lack of oxygen in the nutrient medium caused a
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614 Morard, Lacoste, and Silvestre

42% reduction of water consumption by excised tomato roots during
the experiment. The deprivation of oxygen induced also an efflux
of potassium, magnesium, phosphate and sulfate in the nutrient
solution. So, this experimentation allows to obtain information
about macronutrient uptake mechanisms by excised tomato roots.
The uptake of potassium, magnesium, phosphate and sulfate is
an “‘active process”, directly linked to the energetic catabolism. On
the opposite, the absorption of calcium is a “passive process”, in the
pathway of the electrochemical gradient via the water xylem flow.

Key Words: Anoxia; Hydroponics; Mineral contents; Mineral
uptake; Tomato plants; Xylem sap.

INTRODUCTION

Oxygen deficiency in soils and in nutrient solutions of soilless culture
has unfavorable effects on water uptake!* and on mineral elements such
as potassium,® ' nitrate,’” and phosphate.l”) These unfavorable effects
on water and mineral uptake of plants reduce their growth.®™ In addition,
the appearance of anoxic conditions entails ethylene production,”
fermentation processest'” accompanied by an accumulation of a released
carbon dioxide!'"! and ethanol production.!'? Moreover, investigations
have revealed that, in anoxia, the pathway of nitrate utilization is partially
or completely blocked at the nitrite reduction step.*'* Resulting
increase of intracellular nitrite concentration is associated with release
of NO; in the surrounding medium.[">®! The presence of nitrite in the
nutrient solution of soilless culture of tomato plants at flowering stage
was detected in the nutrient medium after an asphyxia period of the
roots.

All these works confirm the essential role of oxygen in the water
and mineral uptake but few of them have studied the influence of a
root asphyxia period on the mineral uptake and the translocation via
xylem sap. In this objective, the plant exudates must be collected
directly from the root system after decapitation of the aerial part. Out
of shoot transpiration, the xylem sap collected results from the root
pressure, which is particularly important in tomato, plant test used in
this study.!'” '

The aim of this work was (i) to study the adaptative behavior of
excised roots to anoxic conditions, (ii) to study the influence of oxygen
deprivation on the flux and on the mineral composition of the xylem sap,
(ii1) to analyze the evolution of macronutrient concentrations in the
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Effect of Oxygen Deficiency on Mineral Nutrition 615

nutrient solution during anoxia period to obtain information about
uptake mechanisms of detopped tomato plants.

MATERIALS AND METHODS
Plant Material and Growth

Tomato seeds (Lycopersicon esculentum cv. Rondello) were germi-
nated on filter paper moistened with distilled water at 25°C in the dark.
After 7d, plants were grown individually in PVC tank containing 6L
of noncirculating nutrient solution. The nutrient solution contained
macronutrients (meq/L: K™ 2.6, Ca*™* 0.5, Mg™* 0.15, NO; 2.35,
H,PO, 0.35, SO, 0.15) and micronutrients (mg/L: Fe 15, Mn 0.49, Cu
0.06, Zn 0.11, B 0.26, Mo 0.01). The formulation of macronutrients
was elaborated according to the mineral needs of the plants during the
relatively brief duration of the experiment.*”’ The nutrient solution
was replaced twice a week. The electric conductivity of the nutrient
solution was 0.42mScm™" and the pH varied from 5.2 for fresh solution
to 6.0 for spent solution.

Aeration/Asphyxiating Experiment

The culture systems were located in a greenhouse (16 h of photo-
period, day/night air temperatures of 24/18 + 6°C, 50% =+ 10% of relative
humidity). Asphyxiating experiments were conducted on excised roots
at 17/18 leaf stage of tomato plant (2nd thrush). At the beginning of
the experiment, plants were detopped at collar level. Root anoxia was
obtained progressively by sealing the PVC tank with an airtight cover
at the beginning of the experiment while acration was stopped and an air-
tight seal between shoot and root was also set-up.*!’ Oxygen dissolved
in nutrient solution was depleted by root respiration. By contrast, control
plants remained continuously bubbled with air. Two treatments were
applied, tomato roots were placed either in an aerated nutrient solution
(Treatment A), or non-aerated (Treatment NA). Each experiment was
conducted over a 48 h period. Before each measurement, transpirational
water losses were compensated with deionized and degasified water.
The oxygen concentration in the medium was monitored with an
Orion oxygen electrode 97-08-99 connected to an Orion ionometer 960
(Cambridge, MA, USA). Every 2h, water consumption was measured
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616 Morard, Lacoste, and Silvestre

and nutrient solution samples (2 mL) were collected to determine mineral
nutrient absorption.

At the beginning of the experiment and 24h after excision, the
isolated root systems of 5 plants at the same stage of development
and cultivated under the same conditions were collected and analyzed to
serve as reference values (Treatment C).

Sampling and Analysis

The volume and mineral composition of xylem sap were recorded
every two hours during two days. The flux of xylem sap was expressed
in milliliters per gram of root dry weight (measured at harvest) and per
hour (mL g 'h™") and calculated for each nyctemeral period (D1, D2
in daytime and N1, N2 in night hours). The samples of xylem sap and
nutrient solution were analyzed by high pressure liquid ionic chromato-
graphy (Dionex DX-100, ionpac CS-12A, and AS4A-SC, Dionex Co.,
Sunnyvale, CA, USA). The cumulative quantities of cations absorbed
by the plants were determined in milliequivalent of ion per 100g of
root dry weight (meq 100g~" DW) and calculated according to the
nychtemeral period after the beginning of the experiment D1, D2 in
daytime and N1, N2 during night hours. The composition of the xylem
sap was determined in milliequivalent of ion per liter (meq L™'). The
cumulative flux of xylem sap was determined in milliliters of sap per gram
of root dry weight (mLsap g~') and calculated for each nychtemeral
period D1, D2 in daytime and N1, N2 during night hours.

The extraction of water soluble carbohydrates (saccharose, glucose
and fructose) from the excised root systems was conducted on 1g of
dry matter shaken during 30 min with 25mL of boiling demineralized
water.?? The analysis of the water soluble carbohydrates (WSC) was
conducted by high pressure liquid ionic chromatography (Dionex®
Dx-300, Carbopac® PA,). The results for the water soluble carbohydrates
(WSC) were expressed in milligrams of carbohydrates per gram of dry
weight (mgg~"). Before the aerial part was excised, the WSC content
were analyzed in root system of the tomato plants (Treatment C) to serve
as reference value. The results were expressed in milligrams of WSC per
gram of dry matter.

After drying, grinding and calcination at 550°C, macronutrient
content (K, Ca, Mg, Na, Py,po;) was analyzed in every complete
root systems from A and NA treatments by high pressure liquid
ionic chromatography (Dionex DX-100, ionpac CS-12A and AS4A-SC,
Dionex Co., Sunnyvale, CA, USA). The total nitrogen (Nno;)
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Effect of Oxygen Deficiency on Mineral Nutrition 617

was measured after a sulfuric acid mineralization and the total sulfur
(Sg02-) after a nitric acid mineralization. The results were expressed in
mllhequlvalent of ion per 100 grams of dry matter (meq 100g~") and
in dry matter percentage (% DM).

Each experiment (one plant for each treatment A or NA) was
replicated 5 times. The results were analyzed statistically with ANOVA
(Sigmastat v. 2.03, SPSS Inc., 1997). Each point on the curves of the water,
of the nutrient consumption and of the xylem sap content was subjected
to a variance analysis: significant difference (s) or nonsignificant dif-
ference (ns) at the 5% threshold was specified at the head of each figure.

RESULTS AND DISCUSSION

Nitrate Respiration: Adaptative Behavior of Excised Roots to
Anoxic Conditions

After the PVC tanks were closed hermetically, root system consumed
the oxygen dissolved in the nutrient solution until it was depleted.l*"
The rate of oxygen decrease was 1.90mg O, g~'h™! (DW tomato roots);
total depletion was obtained 5h after the start of the experiment. This
anoxic condition (treatment NA) induced nitrite appearance in nutrient
solution after 16h (Fig. 1) and in root xylem sap after 22h (Fig. 2).
No nitrite was detected in aerated nutrient solution (treatment A).
Some hours after the beginning of oxygen deprivation, root tissues
were able to reduce nitrate ions to nitrite ions: NO; — NO; + 2 O..
During the second day after the beginning of the experiment (D2 and N2,
Fig. 1), about 2meq/L of nitrate ions disappeared and about 1 meq/L
of nitrite ions appeared in the nutrient solution of treatment NA (versus
no modification of the concentration of these ions in the A medium).
This important quantitative phenomenon would be an adaptation of
tomato roots to unfavorable conditions when oxygen becomes limiting.
The oxygen produced could take place exogenous oxygen essential for
the terminal electron acceptor of mitochondrial electron transport.
This mechanism, called “nitrate respiration”, is known in certain faculta-
tively anaerobic microorganisms and was suggested for the asphyxia
process of barley roots!'® and of wheat.”*! As far as we know, it was
the first time it was found in excised tomato roots and confirmed our
previous results on intact tomato plants at flowering stage of develop-
ment.”! Nitrite appearance could not be related to microorganism
activity, NO; was not detected in oxygen deprivated medium of excised
tomato roots cultivated in sterile conditions (unpublished data).
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Figure 1. Evolution of mineral composition of the nutrient solution after
decapitation of tomato soilless culture with aerated (A) and nonaerated (NA)
roots. (DI — D2=day period; NI — N2 =night period represented by shaded area;
s = significant difference; ns = nonsignificant difference)
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Figure 2. Evolution of mineral composition of xylem sap after decapitation of
tomato soilless culture with aerated (A) and nonaerated (NA) roots. (DI —D2=
day period, N1 — N2=night period represented by shaded area; s= significant
difference; ns = nonsignificant difference)
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Moreover, the evidence of nitrate respiration was corroborated in this
experiment with nitrite appearance in xylem sap 22 h after the start of the
experiment (Fig. 2). So, nitrite ions were derived from nitrate reduction
by root cells and rejected in apoplastic zone out of roots (nutrient
solution or xylem sap). Nitrite appearance was also related
to an enhancement of nitrate reductase activity (unpublished data),
according other investigations on the stimulation of NR activity under
flooding and low oxygen conditions."*!'®?* Finally, at the end of the
experiment, total N content in NA roots was lesser significant than A
roots (Table 1).

All these observations indicate that nitrate respiration improves
tomato survival to transient hypoxic conditions. When medium condi-
tions become favorable again, the plant return to a normal respiratory
process.?!

Table 1. Total uptake, mineral root content and mineral composition of xylem
sap, after decapitation of tomato grown in soilless culture with aeration
(Treatment A) or no aeration (Treatment NA). (Each value is the mean of five
individual samples + SE; p=0.05; values followed by the same letter are not
statistically different at p < 0.05)

Total uptake Root contents Xylem sap
meq 100 g™ meq 100 g™ meq 100 g™
Element Treatment d.w (1) d.w d.w
K+ A —11.60 b 12529 a 15.10 a
NA 153.09 a 22.76 b 20.10 b
Ca?t A —1322 a 4773 a 8.5l a
NA —27.18 b 57.88 a 6.32 a
Mg*t A -396b 21.99 a 3.69 a
NA 4.36 a 18.09 a 230 a
N-NO7 A —4223 a 57.10 a 29.13 a
NA —271.78 b 37.58 b 10.80 b
N-NO; A 0.27 b — 0.16 b
NA 84.90 a — 1.68 a
P-PO,H; A —10.74 b 10.83 a 239 a
NA 10.77 a 598 b 2.04 a
S-S0;~ A —-9.12 b 34.96 a 297 a
NA 9.70 a 27.06 b 2.79 a

(1) Total uptake: decrease of nutrient uptake is indicated as negative value;

increase of nutrient uptake is indicated as positive value.
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Influence of Oxygen Deprivation on Xylem Sap Flux

The effects of oxygen deprivation on root systems of detopped
tomato plants were studied on the exudation rates (Fig. 3). The tomato
root system asphyxia (Treatment NA) induced a strong reduction of
the xylem sap flow on the first day of the experiment (D1: 0 to 14h).
The flux decrease of the xylem sap was statistically significant: 0.56 mL
g 'h™! for Treatment NA versus 0.96mL g~'h~! for Treatment A. This
reduction (42%) of water consumption during this period could be
related to a reduced water permeability of the asphyxiated roots.®!
Oxygen root deprivation carried out on intact tomato plants with the
same experimental design revealed a lesser reduction (20-30%) of water
uptake.” The comparison of water consumption between this experiment
with excised roots and the previous results with intact tomato plants
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Figure 3. Xylem sap flow after decapitation of tomato soilless culture with
aerated (A) and nonaerated (NA) roots. (DI — D2 =day period, NI — N2 = night
period represented by shaded area; s= significant difference; ns=nonsignificant
difference)
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Table 2. Water Soluble Carbohydrate (WSC) content after decapitation of
tomato grown in soilless culture at 0, 24h (Treatment Control) and at 48h
with aeration (Treatment A) or no aeration (Treatment NA); results expressed in
mg g~ of dry weight root. (Each value is the mean of five individual samples + SE;
p=0.05; values followed by the same letter are not statistically different at p < 0.05)

Time Sucrose Glucose Fructose Total

(h)  Treatment  (mgg™') (mgg™") (mgg™") (mgg™")

0 Control  4.29+0.78a 0364021 a 0.584+025a 52340.90 a
24h Control  2.544+029b 0.16+:0.06b 0.144+0.03b 2.84+0240b
48h A 0.66+0.14a 0.19+0.03a 0.0440.02 0.884+0.16 a

NA 0.08£0.08b 0.07+£0.06 b 0.04£0.02ns 0.19+0.16 b

cultivated in the same conditions allows to estimate root pressure
(about 15% of water flow) versus leaf transpiration (85%).

At the start of the first nocturnal period and until the end of the
experiment (N1, D2, N2), a strong reduction of the exudation rates
from root systems was observed. During this phase, the oxygen depri-
vation did not induce any significant difference in the sap flow between
treatments A and NA (Fig. 3). The reduction of xylem flux could be
related to the of water soluble carbohydrate (WSC) stock in root tissues
(Table 2). WSC contents (5.23mgg ™" at the beginning of the experiment
on plant control, Treatment C) were nearly totally depleted after 48h
(0.88mg g~ Treatment A; 0.19mgg ' Treatment NA).

In both A and NA treatments, the xylem sap flow is more important
during the diurnal periods (D1, D2) than during the nocturnal periods
(N1, N2). A 24h rhythm is therefore conserved independently of the
influence of the aerial part. This observation has already been made
for tomatoes.!”"'®25 It has been attributed to the osmotic pressure of
the root®® in relation to the mineral element composition of the nutrient
medium®”! or to the mineral composition of the caulinary exudates.”®!
The different nychtemeral rhythm of the flux observed without tomato
aerial part could be related to xylem sap viscosity during day/night
temperature in the greenhouse.

Macronutrient Uptake Mechanisms on Excised Roots

Nutrient solution composition and mineral concentration of root
xylem sap were regularly and simultaneously analyzed for the two
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treatments (A and NA) during the experiment. Information about root
uptake mechanism of macronutrients could be drawn from these data.
Active process mechanism are related to ATP energy and chemical
oxidized power (NAD) coupled with oxygen electron acceptor. So, in
anoxic conditions, the lack of oxygen in root tissues blocks mitochondrial
respiration and disturbs the active uptake of nutrients. In the opposite,
passive process are decoupled from energetic catabolic and depends
directly from the electrochemical gradient in relation to water flow.
Potassium, magnesium, phosphate and sulfate were characterized by
similar behavior: (i) oxygen deprivation induced a greater concentration
of these elements (except sulfate) in the xylem sap of treatment NA as
compared to treatment A, 22h after the beginning of the experiment
(Fig. 2); (ii)) when oxygen was depleted about 5h after the beginning of
the experiment, the concentration of these ions increased in the nutrient
solution (Fig. 1) related to ion efflux from roots back to nutrient medium
(Table 1); (iii) at the end of experiment (48 h), K, P, and S content in roots
were significantly less in A treatment than in NA treatment (Table 1).
Under anoxia conditions, the depolarization of cellular membrane of
the root cells caused an efflux of potassium and magnesium (antiport),
phosphate and sulfate (symport), from the root cell cytosol into the
apoplastic zone of the root tissue. Then, these ions were thrown either
out of the roots and their concentration increased in the nutrient
solution, or in the xylem vessels and therefore increased in the collected
xylem sap. These results confirm that the uptake mechanism is an active
process: potassium, phosphate,*”and sulfate® uptake are directly
linked to the metabolic activity of the root cells. Magnesium uptake is
generally considered to be a passive mechanism.?!! These experiment
results on excised roots confirm our previous hypothesis for intact
tomato plant: two uptake mechanisms would exist for this ion, a passive
process with high concentration and an active process of magnesium
uptake with low concentration in nutrient medium. In this experimen-
tation, the concentration scale chosen was low (0.15meqL™") and the
mechanism uptake of magnesium observed was an active type.

The mechanism of nitrate uptake is known as an active process.
This experiment cannot give any information because nitrate are also
utilized in the nitrate respiration.

The calcium concentration of the xylem sap was not influenced by
the aeration of the culture medium (Fig. 2). The deprivation of oxygen
was not related to an efflux of this ion in the nutrient medium (Fig. 1).
No significant difference was observed in calcium root contents
between A and NA treatments after 48 h of experiment (Table 1). The
absorption process would be a passive process. Moreover, the calcium
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concentration in xylem sap (2 to 8 meq L™') was higher than in nutrient
solution (0.5meqL™"). The high level of calcium in xylem sap was
derived from the apoplastic root stores.!'” After 48h of experiment,
calcium destorage was over at the end of the experiment because the
concentration in xylem sap was near to that of the nutrient solution.

CONCLUSIONS

Oxygen deficiency applied during 48 h to the root system of decapi-
tated tomatoes induced nitrite appearance in the nutrient solution and in
xylem sap. Nitrites were derived from nitrate reduction by tomato root
cells. This mechanism, called nitrate respiration, should be an alternative
pathway to have oxygen as electron acceptor during root anoxia. This
mechanism could be a transient adaptation of root system metabolism in
hypoxic conditions.

Asphyxiating conditions disturb uptake of water and mineral
nutrients. Lack of oxygen in the nutrient solution caused a 42% reduc-
tion of the xylem flux sap.

These experimentation on excised roots indicate that uptake
mechanism of potassium, magnesium, phosphates and sulfates are an
“active process’ directly linked to the energetic catabolism. The uptake
of calcium is a ‘“‘passive process’” in pathway of the electrochemical
gradient via to the water xylem flow.
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