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ABSTRACT

In order to reveal the variation of organic acids ioot exudates of oiltea camellia (Camellia oledfébel.) under
different phosphorus (P) concentration and its rolemobilization of sparingly soluble phosphate amtake of P.
Sand culture, liquid collection and P solubilitypeximent was adopted to study the organic acidetamr of oiltea’

roots and P mobilization in red soil and Ca-P, ABRd Fe-P by the exudates and organic acids. Thelteshowed
that oiltea’s seedling height, stem diameter, diezight and P contents increased while root/shatibs decreased
with the raise of P concentration in culture sabuiti Acetic acid and succinic acid are main acidsreted by oiltea,
and oxalic, formic, malic and citric acids increaseignificantly in response to phosphorus deficiesic Root
exudates enhanced the mobilization of red soil tplenavailable phosphorus by 100%-211%, and reled3eftom

Ca-P had no significant difference with water reded, but which from Al-P and Fe-P were 0.2569 g 75.8
mg/kg higher than that. It was confirmed that therze significant difference in mobilization of ®aAl-P and Fe-P
by organic acids and the activation P values bylioxanalic and citric acids were highest. The gesitextraction
capability of P from red soil was obtained by atecids, followed by oxalic and malic acids. Thi#sdings can help
to understand the adapting mechanism of oilteaaw phosphorus environment, and provide a referefoce
management of P in cultivation.
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INTRODUCTION

Phosphorus (P) is one of the major elements whiehnaispensible for plants’ growth and developmétdwever,

it is hard for plants to take in enough P sinaexists in the forms of sparingly soluble phosplsateh as Fe-P, Al-P
and Ca-P in acid red soil regions [1] and also bseaf the weak diffusivity of soluble phosphorBshas become
the main factor limiting the rise of crop yield these regions [2]. Studies have shown that plaemsadiapt to the
low P environment by boosting the release of spdyiroluble phosphate from the soil through manyswsuch as
the secreting organic acids by roots [3, 4]. Lowlenalar organic acids secretion induced by P daficy including

oxalic acid, malic acid and citric acid and so whjch can activate and promote plants’ utility paengly soluble

phosphate in the soil by chelating metal ions a@ased with P and reducing pH of rhizosphere [5]johthas been
verified in many crops such as rafgrdssica napud..) [6], pigeonpeaajanus cajarL.) [7] and sugar beet[8].
Currently, it is a hot issue to promote mobilizatiof P in order to improve the utilization efficnof phosphate
fertilizer and reduce non-point source pollutiorfertilizer, whereas studies on woody plants alatinely fewer.

Oiltea (Camellia oleiferaAbel.), as an important woody oil tree species in Chinaf8]cultivated area has reached
to 3.7 million hnf with the annual output of 300 million kg oil andesage output of only 4590 kg/hnf. Such a
low output and income seriously hinder the develephof oiltea industry [10]. Oiltes mainly planted in red acid
soil regions in South China [11], so P deficiensythe major factor restricting the increase in autpf oil yield
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[12-13]. Up to now, a series of studies on P deficy and P fertilizer in oiltea have been condu¢iedl5], but
whether sparingly soluble phosphate can be usediltsa or not and the mechanism of how to use et il

uncertain. Aiming to provide references for expiagnthe adapting mechanism of oiltea to low P emvinent and
management of P in cultivation, the kinds and an®uwih organic acids in the root exudatesCafmellia oleifera
‘Xianglin XLC15' under different phosphorus conceztton have been tested and the mobilization af Red soil,
Al-P, Fe-P and Ca-P by these organic acids has éqdared in this paper.

EXPERIMENTAL SECTION

Material and Reagents

Camellia oleiferaXianglin XLC15’ planted widely has been selectedtliis test. 1-year-old grafted seedlings with
similar growth were selected if"®ctober, 2011. Their roots were trimmed beforedpaiashed with clean water
and washed with distilled water before being diesttéd with Carbendazim; after that they were plantepots
(with the diameter of 10 cm and height of 20 cmjiné sands and cultivated in the open air butldhig from the
rain with Hoagland-Arnon nutrient solution in a qoletely randomized design. Three treatments witferdint P
concentrations (0, 0.1 and 1.0 mmol/l) were set@thdr elements were controlled unchanged in ttres¢ments. P
was provided by KksPQO,and the shortage of 'Kin the nutrient solution was compensated by edeitaKCl; the
solution’s pH was adjusted to about 5.5 with 0.58§@H), orH,S0O, 200 minutrient solution was sprinkled to each
pot every 3 days and 100 ml distilled water waslusiethe evening to guarantee the water supplyinaeather.
There were 5 replicates (3 individuals each) fahdaeatment.

Standards of formic acid, acetic acid, malic asiggcinic acid, fumaric acid and tartaric acid wboright from
Dr.Ehrenstorfer; citric acid, malonic acid, lacticid standards were bought from SIGMA. AR Q&(PO4) and
FePQ-2H,0 were bought from Kermel Chemical Reagent Co., lard they were expressed as Al-P, Ca-P and
Fe-P respectively. Red soils used in exudates Idiszo test were collected from Central South Unsity of
Forestry and Technology, Changsha (2848N, 112°5932"E, 149 m in altitude) and from Shuanggiao Village,
County (29°50'7" N, 111°43'12" E and 71 m in alg#) and South Tower ridge, Suxian District (25°86'5
N,113°01'58" E and 270 m in altitude), Hunan proeinChina; the red soil used in the organic acsdalution test
was collected from oiltea base in Huangtang villa@eangning county, Hunan province (26Z2B8N, 112°3556" E

and 207 m in altitude). Red soil was grounded miyaad passed through a mesh sieve (2 mm) aftefrging.

M easurements of plant growth and P contents

Seedling height and stem diameter at ground leeetwneasured after roots exudates being colleatetithen the
seedlings were harvested and divided into roots sirmbts. Dried weight (DW) and roots/shoot ratio\(»f
root/DW of shoot) after dried at 65°C for 24 h wel#ained. Dried old leaves (about 7 weeks oldy leaves (less
than 7 weeks old) and roots were grinded and digesith HSO;+H,O, (EasyDigest 40, AMS, lItaly). P content
was measured by the same method in dissolution test

Collection and Analysis of Root Exudates

The plants were got out from their pots carefully28” June, 2012 and then washed clean with small vitmter
Their roots were bathed in deionized water 5 mimated washed for 3 times, and then put the eadicatpinto a
wide-mouthed black container with 250 ml 0.05 gdiSC) During the collecting process, the solution wastileted
constantly for 24 hours (from the morning to thatrmaorning 8:00). Then the Cag®olution was concentrated on
the Rotary Evaporator (temperature was controltetb&C; revolution was 80- 90 r/min) to 50 ml, as@hcentrated
solution of root exudates from different replicatesre pooled within each treatment before beingriesl in the
refrigerator (-20°C). 2-3 drops of 0.05% thymol warsed in the bath, collecting and reserving totrobrihe
activities of microorganisms.

Common low-molecular organic acids secreted bytplaots [8, 16] such as oxalic, citric, tartaricali, succinic,
acetic, malonic, formic, lactic and fumaric acideres mixed to prepare the mixed standard soluticm1Hs the
chromatogram of the standard mixture. HPLC-higtigrarance liquid chromatograph (A700, Agilent Teclogges,
America) was used to measure the kinds and coratentrof organic acid in the root exudates witheexal
standard method and measurement of peak area tigsped he determination condition: ZORBAX SB-C58(m,
250 mmx4.6 mm); mobile phase was: 0.01mol g/bRE&,(PH=2.73) CH;OH=98:2; wavelength was 215 nm; flow
velocity was 1 ml/min; column temperature was 2a7d the sample size was 20
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Time (min)
Fig.1. Chromatogram of a mixture of organic acids standards
1. Oxalic acid; 2. 2-a and 2-b: tartaric acid; 3oFmic acid; 4. Malic acid; 5. Malonic acid; 6. Ldctacid; 7. Acetic acid; 8. Citric acid; 9.
Fumaric acid; 10. Succinic acid

Mobilization of Pin Soil and Sparingly soluble phosphate

Chemical reagents of 2 main organic acids in tlmt exudates (acetic acid and succinic acid) anthdrs (oxalic
acid, formic acid, malic acid and citric acid) whievere significantly induced by low P of oiltea wensed to
prepare 1.0 mmol/l solutions separately and comatydt solution of root exudates were returned tonro
temperature before the test on mobilization of Baithand sparingly soluble phosphate.

Exudates dissolution test: put 20 ml concentraged exudates and 0.1g Fe-P, 0.1g Al-P, 0.1g Ca&og soil in a
50 ml plastic bottle and fasten the bottle cap;a@ig dissolution test: put 20 ml organic acid solutand 0.1g Fe-P,
0.1g Al-P, 0.1g Ca-P or 5.0 g soil in a 50 ml plabbttle and fasten the bottle cap. then put tberthe thermostatic
oscillator for 6-hour oscillation (200 r/min, 25°A)he comparison group was treated with water efitra.

The extracting solution was centrifuged for 10 nb@suwith the speed of 3000 r/min in a 10 ml centy# tube. P
concentration in supernatant and root exudatesmegsured(Smartchem 200, Westco Scientific Instrisndtaly)

by the molybdenum-ascorbic acid method[17]. Thenbilimation of P by root exudates was calculated by
subtracting the P concentration of root exudates fsupernatant.

Satistical Analysis

All collected data were subjected to one-way ANOYlowed by Duncan’s multiple range tests for mean
comparisons. All analysis was performed using SR83Vindows, V17.0. Figures and tables were drawth w
Origin 8.6 and Excel 2003.

RESULTS

Plant growth and P Contents

There were significant differences in seedling hgigtem diameter, dried weight, root/shoot ratid & content in
oiltea with different P concentrations (Fig.2 anable 1). With the rise of P concentration in cudt@wolutions,
oiltea’s seedling height, stem diameter and drigidhit was increased; when the P concentration viamfnol/l, the
dried weight of shoot was 3.18 times as that obshothe P-free culture solution, and the driedgleof root was
significantly higher than that by no P and 0.1 minBl cultivation, though there were no significalifference
between next two cases. The relative increase af goowth leads to the decrease of root/shoot naith the
decrease of P concentration, which is the typigaipgom showing plants’ adaption to low P environmémd it
has been found out P contents in different partsiltdéa increased with the increase of P conceatraand the
ranking of P contents was root>new leave>old leaveld leaves, P contents (0.79 g/kg) treated Bymimol/l P
were significantly higher than that treated by O alfhand 0.1 mmol/l P concentration, whose valuesend. 66 and
0.67 g/kgespectively. P contents in new leaves increasdld the increase of P concentration in culture smhst
0.76 g/kg, 0.90 g/kg and 1.25 g/kespectively, while P content in root reached tlealkp3.90 g/kg when the
concentration was 1.0 mmol/l, which was 4.6 timed 3.6 times as the two former cases.
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Table 1: Morphological differentiation of oiltea under different P concentration

P concentration Seedling Stem Dried weight Dried weight  Root/shoot
(mmol/l) height (cm) diameter (cm) of shoot (g) of root (g) ratio
0.0 38.57b 0.66 b 3.24c 430b 1.33a
0.1 45.50 a 0.72b 5.02b 401b 0.79b
1.0 46.40 a 0.84 a 10.30 a 6.02 a 0.59 ¢

Different letters indicated significant differenaeP<0.05
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Fig.2. P content of oiltea under different P concentration
Different letters above or below standard erroshadicated significant difference B£0.05

Organic acidsin root exudates

Ten organic acids in the root exudates of oilteaewmeasured by HPLC, the results showed (Tablé&) the
concentration of these 10 organic acids in rootdeies were significantly different in oiltea undifferent P
concentration and secretion of organic acids wemgraved by low P. In respect of the amounts, acstid and
succinic acid ranked the first; formic acid andtadc acid the second and fumaric acid the lastepk for the
fumaric acid, 9 other organic acids were secretedenthan those secreted under the condition of aadPlow P
concentration (0.1 mmol/l), and the secreted anwahbxalic acid, formic acid, citric acid and neadicid were the
maximum under the condition of no P while the sexxtemounts of tartaric acid, malonic acid, lactiida acetic
acid and succinic acid were the maximum when therfeentration was 0.1 mmol/l.

Table 2.0rganic acid from root exudation of oiltea under different P concentration

P Oxalic Tartaric Formic Malic Malonic Lactic Acetic Citric Fumaric Succinic
concentration acid acid acid acid acid acid acid acid acid acid
(mmol/l') (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
0 10.35a 11.604 b 30.371 a 6.808 a 5.860 b 5.3231429.568b 5.794 a 0.045a 51.010 b
0.1 6.582 b 33.484 a 29.582 a 4.256 a 16.110 a 2713% 341.853 a 5.716 a 0.046 a 75.112 a
1.0 5.035¢ 2.134c 13.989 b 1.094 b 1.639 b 4281 89.096 b 4,984 b 0.042 a 35.719b

Different letters indicated significant differenaeP<0.05.

Mobilization of Pin soil and sparingly soluble phosphate by root exudates

Root exudates collected by solution method werel@yep to extract P in soil and sparingly solublegphate.

Results (Fig.3 and Fig.4) showed that these exadzte obviously solubilize soil P and sparinglyubté phosphate.
Soil P extraction test revealed that the dissolohgoil P by exudates in Changsha, Changde andizbbe was

remarkably higher than that by waté<(Q.05) and P concentration extracted in these thageples were 100%,
157% and 211% higher than that by water respegti@garingly soluble P dissolution test revealeat tha-P and

Al-P are easier to be dissolved than Fe-P. Thohghrtobilization of Ca-P by root exudates was nucadyi weaker

than that by water, there was no significant défere (P=0.078>0.05), while mobilization of Al-P dre-P by root

exudates were stronger than that by water (P=0.668.030) and the dissolved P were 0.2569 gfidy75.8 mg/kg

higher than that by water respectively.
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Fig.3.Mobilization of soil P by root exudates of ciltea Fig.4.Mobilization of Ca-P, Al-P and Fe-P by root
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indicated significant difference at P<0.05
Maobilization of P by organic acids

Results above indicate that low P induced excessteeetion of some organic acids and the secreaonactivate
sparingly soluble P. In order to verify the role afjanic acids in mobilization of sparingly solulie chemical
reagents of 2 main organic acids and 4 others gdiby low P significantly were selected for simigdatanalysis of
P mobilization of Fe-P, Al-P and Ca-P and red $gilorganic acids secreted by oiltea roots. Regliable 3)
showed that the greatest extraction capability &b red soil was obtained by citric acid, folladvby oxalic acid
and malic acid and that of formic acid was the vestkHowever, P extraction capabilities of acetid aand
succinic acid whose amounts were the most in roodates were just 70% and 40% of that of citricdaci
respectively. Solubility experiment of sparinglylidde P by organic acids found that the mobilizatiof Fe-P
ranked the first by oxalic acid, followed by citacid and by malic acid where there was no sigmifoe difference,
while that by acetic acid and by succinic acid wWasweakest. The mobilization of Al-P by citric édcoxalic acid
and malic acid was higher than that by formic agid acetic acid which was higher than that by suceicid-about
30% of that by citric acid. Extraction capability 6a-P by oxalic acid was the greatest, followedcliic acid,
malic acid, formic acid and succinic acid.

Table 3.Mobilization of soil P, Ca-P, Al-P and Fe-P by organic acids

Organicacids Red soil (mg/lkg) Fe-P(mg/kg) Al-P(mg/kg) Ca-P (mg/kg)

Acetic acid 0.15¢c 363.44 b 519.67 c
Succinic acid 0.29b - 207.65c 162.41 e
Citric acid 0.39a 63.80 b 683.28 a 590.65 b
Oxalic acid 0.37 ab 22431 a 728.47 a 636.24 a
Malic acid 0.38 ab 59.57 b 720.33 a 580.44 b
Formic acid 11.88 ¢ 330.28 b 229.98 d

Different letters indicated significant differenaeP<0.05
DISCUSSION

Most of the phosphate exists in the forms of sggyisoluble phosphate such as Fe-P, Al-P and Ga#eid red
s0il[18] where oiltea is widely planted, therefoawailable P concentration in soil is too low ftg growth. It is of
great significance to study how oiltea can get ghdR and the role of its root exudates in P madtilin in order to
reveal adopting mechanism of low-P and improve ithenagement of P in cultivation of oiltea. This stud
demonstrated that oiltea’s seedling height, steamdter, dried weight and P nutrient decrease wiit¢/shoot
ration increase after P stress, which is in linehviindings of previous studies[19]. Under the dtiod of low P,
kinds and amounts of organic acids secreted bytplamanged[16, 20], our works found that secretioounts of
organic acids are noticeably higher in P-free and P cultures than those in high P culture andidsaoxalic acid,
fromic acid, malic acid and citric acid) can belueihced significantly by low P induction, which noides with
findings in other plants[6-8]. The amount of Acedicid is the most in oiltea, which is the same \litht in masson
pine[21] but a little different from that in carsj22], which may be caused by the difference betvwgeody and
herbaceous plants. Within 2 hours, plants areffaza the damage of being drown in solution and eatdates are
not be degraded obviously by the microorganisnmviiets [23]. Hence, in spite of ventilation has baesed in this
study, a further study on differentiation of rootudates of oiltea by different collection ways wik helpful in
future studies.

The availability of P in soil can be improved byganic acids because of its hydroxyl and carboxglate with

P-fixing ions like Fé&, AI** and C&", the absorption reaction between negative ionchvian release P from
sparingly soluble medium, and solubilize sparirggjuble P in soil by release” kb rhizosphere [5, 8, 24-25]. This
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study found that the root exudates of oiltea cdivate P in soil and sparingly soluble P where nigacids play an
important role and the roles of citric acid, oxaditid and malic acid are the most remarkable, whidicated that
different solubility of P in soils by root exudatissdue to different composition of sparingly sdtuphosphate and
different P solubility of organic acids. Althoughganic acids’ role in mobilization of sparingly able phosphate
has been verified in this paper, test on mobilmabf sparingly soluble phosphate by root exudateter different P
concentration has not been conducted because df amaunts collected. Therefore, the mobilizatidrPdby root
exudates of oiltea under different P concentratéond the composition of other secretions and thele in
mobilization of P in soil require further study.

CONCLUSION

Under the condition of low P, oiltea’s seedlingdi#j stem diameter and dried weight decrease and [ short of
P nutrition, while the root/shoot ratio will incies the main organic acids in the root exudatesseetic acid and
succinic acid and oxalic, formic, malic and citaicids which are induced obviously by low P; theoapton of P by
oiltea can be improved through secreting organidsawhich can raise the concentration of availdbl&he work
can provide reference to understand the adaptirghamésm of oiltea to low phosphorus in acid red aod for the
management of P in cultivation.
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