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ABSTRACr MATERIAIS AND METHODS

Under certain sss citions roots exude orgnic molecules, which
my faciitate the uptake of e objective of this resenrc was
to identify and measue the effect of low P upon the exudation of orgaic
adds by roots of alfalfa (Medceg shat L) eings Surface-sterilized
alfalfa seeds were grown asepficayll in sterile sand using an appartus

specially desiWed for the addition of ±P nutient sointions and for the
cdoction of root exudates. Citric, maric, and succnc acids were detected
in the root exudates of 24-day-old alfaf seedings. Citrate exudation
from the roots of P-stressed alflfa was 182% that of plants receiving a
Complete nutrient sonton rela of citrate my provide

a mecis by whic P-stressed plants enhance the avaiblity ofP in
the rhizosp_ere.

The rhizosphere is a dynamic microenvironment continually
renewed by root growth and the substances released by the root.
Vancura (16) referred to these exudates as the "determining
factor of the thizosphere effect" Since the early 1950s investi-
gators have demonstrated the ability of organic acids in vitro to
increase the availability ofphosphorus from aluminum and iron
phosphates (2, 7, 15) and from calcium phosphates (6). Acetic,
aconitic, citric, fumaric, glycolic, malic, malonic, oxalic, and
succinic acids have all been identified in the root exudates of a
variety of vegetables (17) and pine tres (12, 13). Recently,
Gardner et al. (3) have identified citrate in Lupinus albus root
exudates and proposed that citrate reacts in soil to form ferric
hydroxyphosphate chelates which diffuse to the root surface.
Under P deficiency amino acids in the root exudates increased

from 104.5 to 248.5 umol/plant, which contrasted sharply with
the almost 4-fold decrease under N deficiency (104.5-25.1 zmol/
plant; 1). Graham et al. (5) observed P deficiency to result in a
3-fold increase in amino acid exudation with only a concentra-
tion increase of 60% within the root.
The effective study of the rhizosphere has been limited in the

past due to the difficulty of isolating root effects from general
soil and microbiological effects and quantifying those effects.
The objective of this research was to identify and measure the
effect of P deficiency upon the exudation of organic acids by the
growing aseptic roots of alfalfa (Medicago sativa L.) seedlings.
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Design of Culture Apparatus for Exudate Measurement. The
main body of the apparatus consisted of a 135 mm long x 21
mm diameter tube (Analytichem International, Harbor City,
CA) wrapped in Al foil, and connected via a rubber stopper to a
250 ml Buchner flask (Fig. 1). Glass wool was placed at the
bottom of the tube and the tube filled with quartz sand (0.6-0.9
mm) which had been heated at 500°C for 30 min, allowed to
cool, and rinsed with deionized distilled water. The Buchner
flask served as the collection vessel for root washings and was
protected from the outside environment by an 8 to 10 cm piece
of tygon tubing stuffed with sterile washed cotton and attached

Beaker 10 mL

Spinal Needles 18 gauge

Plastic Syringe

Diatomaceous Earth

Rubber Stopper #6

Quartz Sand 0.6-0.9 mm

Clin Elut Tube 135 mm x 21 mm

r Fiberglass Wool

Rubber Stopper #6

Tygon Tubing

Cotton

Buchner Flask 250 mL

FIG. 1. Apparatus for the growth of alfalfa and the aseptic collection
of root exudates.
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to its side arm.
The top part of the apparatus, into which the seedling was

transplanted, consisted of the bottom 3 ml of a 12 ml Clin-Elut
tube (Fig. 1). This syringe was chosen to hold the alfalfa seedling
because of the 1 cm protrusion at its end which fitted around
the radicle without allowing the cotyledon to fall through. The 1
cm nipple served also as a buffer between the sterile media and
the outside environment, minimizing the invasion of microor-
ganisms into the system.

Fertilization and final washing of the roots were facilitated by
two 18-gauge spinal needles inserted into and through the upper
rubber stopper. The nutrient solution was passed to the Clin-
Elut tube through one spinal needle attached by tygon tubing,
and metal-plated gang valves (Fritz Chemical Co.) to two I-L
Erlenmeyer flasks, containing 500 ml ofthe appropriate nutrient
solution. The flasks were sealed with rubber stoppers with vents
of sterile washed cotton to serve as an air intake and to inhibit
the entry of microorganisms. The top of the culture tube and the
unattached spinal needle were covered with Al foil. Eight repli-
cates and one control were placed in a wooden rack and auto-
claved for 30 min at 12 1°C. The flasks were autoclaved in the
upright position and then placed in the growth chamber in an
inverted position.

Seeds of alfalfa (Medicago sativa var "Buffalo) were soaked in
ethyl alcohol for 10 min while under vacuum to facilitate the
entry of the sterilizing solution into the seed coat. The alcohol
was decanted, then the seeds shaken in Clorox (5.25% hypochlo-
rite) for 45 min. Seeds were washed with two rinses of sterile
water and immediately deposited into sterile Petri dishes con-
taining nutrient yeast extract agar. Seeds were germinated in the
dark at room temperature (23-25°C) for 48 h or until they had
attained a length of at least 1 cm.

Sterile seedlings were transferred to the culture tubes and 3 g
of a sterilized, inert, hydrophilic substance (greater than 90%
diatamaceous earth, Fisher Scientific Co.) were quickly poured
into the top of each culture tube and watered with 2 ml of
sterilized, filtered, deionized distilled water. The entire system
was placed in a growth chamber at temperatures of 23°C for the
14 h day and 19°C for the 10 h night. Light intensity was 450 '4E
m-2 s-' for the photoperiod.
The plants were watered with 2 ml every 24 h for 2 d. After

the first day a sterilized 10 ml beaker replaced the Al foil on top
of the culture apparatus. Fertilization of plants began after the
first watering. Daily aliquots of 2 to 3 ml of nutrient solution
were dispensed to each culture.
The nutrient solution consisted of: 6 mM KNO5, 4 mM

Ca(NO3)2, 0.1 mm NH4H2PO4, 2 mM MgSO4, 0.3 mm FeSO4,
2.3 ,M H3BO3, 0.455 ,M MnSO4, 0.6 tLM ZnSO4, 0.15 uM CuSO4,
0.10ILM NaMoO4, and brought to a pH of 6.5 with 1 M NaOH.
The low P medium contained one-tenth the amount of original
(0.01 mM) NH4H2PO4 and 0.1 mm (NH4)2SO4, the remaining
nutrients were the same.

Collection and Analyses of Root Exudates. After 24 d the roots
were aseptically rinsed with sterilized, deionized water. This
procedure was carried out by attaching an autoclaved 500 ml
Erlenmeyer flask to the unused spinal needle. The flask was
inverted to rinse the roots with sterilized water. Air was allowed
to enter the flask by a glass tube stuffed with sterilized washed
cotton. After the rinse was completed the collection flask was
removed from the apparatus and sterility checked by transferring
1.0 ml ofsample to sterile nutrient yeast extract agar plates which
were incubated in the dark at room temperature. Counts were
made to estimate contamination after 48 h. Uncontaminated
samples were capped with parafilm and refrigerated for further
analysis.

Plant tops were collected by cutting them off at the surface of

The roots were harvested by cutting the shoot at the surface of
the sand, gently rinsing the sand from the roots with deionized
distilled water, and then placing them in paper coin bags. Plant
parts were dried at 65°C for 24 h, weighed, digested in HNO3-
HC104, and analyzed for Ca, Mg, and K by atomic absorption
spectrometry and for P as described by Murphy and Riley (9).
Uncontaminated exudates were filtered through a 0.8 ,um

Millipore filter, rotary evaporated at 40C to approximately 10
ml, and frozen. Exudates were thawed and then passed through
cation (Dowex 50 W-X8) and anion (Bio-Rad AG1-X8, formate
form) exchange columns. Organic acids were eluted with 10 ml
of 8 M formic acid and then 4 ml of filtered deionized water.
Samples containing the organic acids were rotary evaporated to
dryness at 40°C and resuspended in 1 ml of 7 mm H2SO4 and
frozen.
Samples were thawed, air dried at 35°C, and then derivatized

with tertiary-N-butyl-dimethyl-silyl-triflouroacetic acid using
procedures similar to those described by Gehrke et al. (4).
Samples were injected into a Perkin Elmer Gas Chromatogram
using the methods developed by T. P. Mawhinney (8). Products
were detected by flame ionization and recorded on a Perkin-
Elmer recorder. Peaks were integrated and quantities determined
by comparing to an internal standard ofglutaric acid. Peaks were
identified against a set of standard peaks obtained using identical
techniques with known organic acids. Comparisons between
parameters measured were made using LSD values (14).

RESULTS AND DISCUSSION

Citric, malic, and succinic acids were detected in the root
exudates of 24-d-old alfalfa seedlings (Table I). The absence of
other types of nonvolatile organic acids may be a reflection of
the alfalfa plant itself, since different species of plants have been
found to exude varying types of organic acids from their roots
(12, 13, 17). Another explanation for the relatively few organic
acids detected in the root exudates of alfalfa may be that the
derivatization and gas chromatography technique used in our
experiment provided superior separation of the organic acids
from other unknown acids relative to paper chromatography
techniques used by earlier investigators. No organic acids were
found in our controls, indicating that the organic acids peaks
(Fig. 2) were definitely from plant roots. Some ofthe unidentified
peaks are most likely polystyrene compounds from the exchange
resins as the controls also exhibited the same group of peaks.
The peaks occurring before the succinate peak were most likely
nitrogen, phosphorus, and sulfur oxides from the nutrient solu-
tion as these same peaks were present in the controls.
The amount of organic acids found in the root exudates of P-

stressed plants suggest differences do exist between plants grown
with a full nutrient solution relative to plants receiving one-tenth
the amount of P (Table I). The P content of the roots of P-
stressed plants was significantly lower than the P content of the
roots of plants receiving a full nutrient solution (Table II). No
differences were observed in the P content of the tops ofthe two
groups of plants. Potassium, Mg, and Ca concentrations were
not different between the two groups of plants for both tops and
roots.

Table I. Amounts ofCitrate, Malate, and Succinate in the Root
Exudates of24-d-old Alfalfa Seedlings Receiving a Full Nutrient

Solution and a P-deficient Nutrient Solution
Types of Plants Citrate Malate Succinate Total

lmol/g dry root
Unstressed plants 17.18 18.49 2.85 38.46
P-stressed plants 31.20* 13.39 4.33 48.92
LSD (0.05) 12.7 18.2 3.1 16.0

the inert matrix, rinsing, and then placing in paper coin bags. * Significantly higher at the 5% level.
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EXUDATES FROM P-STRESSED ALFALFA
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FIG. 2. Chromatograph showing the position of organic acid peaks of

the root washings from a P-stressed 24-d-old alfalfa seedling.

Table II. Phosphonrs, Calcium, and Potassium Content in the Tops
and Roots of24-d-old Alfalfa Seedlings Receiving a Full Nutrient

Solution and a P-deficient Nutrient Solution
Type of Plants Dry weight P Ca K Mg

mg mg/kg %
Plant tops

Unstressed plants 10.8 2197 2.37 4.62 0.45
P-stressed plants 9.4 2193 2.24 4.71 0.41
LSD (0.05) 4.0 258 0.93 1.12 0.11

Plant roots
Unstressed plants 6.6 2043* 1.12 6.44 1.72
P-stressed plants 8.5 1454 0.94 6.15 1.42
LSD (0.05) 3.4 215 0.71 1.33 0.48

* Significantly higher at the 5% level.

Citrate and malate were present in the largest amounts in the
exudates of plants receiving a full nutrient solution while citrate
concentration was highest in exudates of P-deficient plants. In
both groups of plants, succinate constituted the smallest propor-
tion of the organic acids in the root exudates. The variation
between plants was relatively large so care must be taken in
comparing amounts. The total amount of organic acids released
from P-deficient plants was numerically, but not statistically
higher than from plants receiving a full nutrient solution (Table
I). Citrate, however, was released in significantly greater quan-
tities from P-stressed plants than from plants receiving a full
nutrient solution. Similarly, Gardner et al. (3) measured high
levels of citrate in solutions from around Lupinus albus roots.
Exudates and extracts from roots of P-deficient sudangrass
(Sorghum vulgare) contained significantly more carboxylic acid
than those from P-amended plants (1 1). Bowen (1) and Graham

et al. (5) found a 2-fold and 3-fold increase, respectively, in the
quantities of amino acids released from P stressed plants. Gra-
ham et al. (5) found a correlation between increased exudation
and membrane permeability, using potassium-rubidium efflux,
and concluded that root exudation is directly related to the
permeability of the membrane which is controlled largely by the
phospholipid content of the root (10). Depressed phospholipid
content in the P-stressed plants may account for the increased
release of citrate reported in Table I.

In one ofthe few experiments reporting quantities ofindividual
types of organic acid released from the growing root, Smith (12,
13) found oxalic and acetic acids constituted the largest percent-
age of the exudates of pine trees. Of the organic acids from the
Krebs cycle, citrate, fumarate, and malate were the most abun-
dant with succinate making up a small percentage of the total
organic acid content in the root exudates. Similar to our results,
Smith (13) reported large variations between different plants of
the same species.
The increased release of organic acids, in particular citrate,

many provide a mechanism by which a P-stressed plant can
enhance the availability of P in the rhizosphere. The release of
organic compounds from the root, therefore, may be an adaptive
mechanism by which the plant can alter its microenvironment
and subsequently affect nutrient availability in the rhizosphere.
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