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Abstract:

The absorption and utilization of phosphorus from insoluble tricalcium phosphate compounds
commonly found in Montana soils by alfalfa (Medicago sativa L.), sainfoin (Onobrychis viciifolia
Scop. ) , yellow sweetclover (Melilotus officinalis L.), red clover (Trifolium pratense L.), subterranean
clover (Trifolium subterranean L.), winter wheat (Triticum aestivum L.), and buckwheat (Fagopyrum
esculentum Moench) were studied.

Legume seedlings in general had higher root surface area indexes (RSAI = wt of H20 removed from
root surface/unit of root dry wt) then winter wheat and buckwheat seedlings. Ranking of species for
root cation exchange capacity (CEC) depended on whether it was expressed on a dry wt basis or on a
RSATI basis. Root CEC per unit of dry wt was significantly correlated with RSAI for all species. Since
the density of cation exchange sites along a root surface normally varies little within a species, these
correlations indicate that increases in root CEC per unit of dry wt within a species were likely a
function of increased RSAI.

Sainfoin, yellow sweetclover, alfalfa, and buckwheat all responded well to insoluble
calcium-phosphate P sources. Yellow sweetclover absorbed more P and had a higher % P in its tissue
than the other forage legumes. Sainfoin absorbed less P from fluorapatite than both yellow sweetclover
and alfalfa, but more efficiently translocated P absorbed from fluorapatite from roots to tops. Winter
wheat roots absorbed considerable P from fluorapatite, but were very inefficient in translocating this P
to tops. Yellow sweetclover, alfalfa, and sainfoin produced maximum dry matter while feeding on
either pure fluorapatite or rock phosphate in small, restrictive containers, but only sainfoin responded
to rock phosphate when the root density was much less.

RSALI generally increased as available P became more limiting for the forage legumes, but not for
winter wheat and buckwheat. When no P was present, the density of cation exchange sites along the
root surface decreased dramatically for yellow sweetclover, alfalfa, red clover, and subterranean clover,
but not for sainfoin. An inverse relationship between root exocellular acid phosphatase activity and dry
matter production occurred for most species. Forty-five sainfoin seedlings exhibited a wide range of
rhizosphere pH values when subjected to P stress. Rhizosphere pH changes in response to P stress and
Ca accumulation by plants from insoluble calcium-phosphate compounds appeared to be the most
promising indicators of a plant's P feeding power from rock phosphate.
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ABSTRACT

The absorption and utilization of phosphorus from insoluble tri-
calcium phosphate compounds commonly found in Montana-soils by alfalfa
(Medicago sativa L.), sainfoin (Onobrychis viciifolia Scop.), yellow

-sweetclover (Melilotus officinalis L.), red clover (Trifolium pratense

L.), subterranean clover (Trifoljium subterranean L.), winter wheat (Tri—.
ticum aestivum L.), and buckwheat (Fagopyrum esculentum Moench) were

studied.

‘Legume seedlings in genéral had higher root surface area indexes
(RSAI = wt of H_O removed from root surface/unit of root dry wt) then
winter wheat ang buckwheat seedlings. Ranking of species for root cation

~exchange capacity (CEC) depended on whether it was expressed.on a dry wt

basis or on a RSAI basis. Root CEC per unit of dry wt was significantly
correlated with.RSAI for all species. Since the density of cation ex-
change sites along a root surface normally varies little within a species,
these correlations indicate that increases in root CEC per unit of dry wt
within a species were likely a function of increased RSAI.

Sainfoin, yellow sweetclover; alfalfa, and buckwheat all responded’
well to insoluble calcium—phosphate P sources. Yellow sweetclover ab-
sorbed more P and had a higher % P in its tissue than the other forage
legumes. Sainfoin absorbed less P from fluorapatlte than both yellow
sweetclover and alfalfa, but more efficiently translocated P absorbed

.from fluorapatite from roots to tops. Winter wheat roots absorbed con-

siderable P from fluorapatite, but were very inefficient in translocat-
ing this P to tops. Yellow sweetclover, alfalfa, and sainfoin produced
maximum dry matter while feeding on either pure fluorapatite or rock
phosphate in small, restrictive containers, but only sainfoin responded,
to rock phosphate when the root density was much less.

RSAI generally increased as availabie P became more limiting for
the forage legumes, but not for winter wheat and buckwheat. ' When-no P

~ was present, the density of cation exchange sites along the root surface

decreased dramatically for yellow sweetclover, alfalfa, red clover, and
subterranean clover, but not for sainfoin. An inverse relationship be-
tween root exocellular acid phosphatase activity and dry matter produc-
tion occurred for most species. Forty-five sainfoin seedlings exhibited

a wide range of rhizosphere pH values when subjected to P stress. Rhizo-
sphere'pH changes in response to P stress and Ca accumulation by plants
from insoluble calcium-phosphate compounds appeared to be the most promis-—
ing indicators of a plant's P feeding power from rock phosphate.




INTRODUCTION

Although the total phosphof&s content of many soils is relatively
high, much of this P is commonly found in the form of insoluble phés—
phate.minerals. Minefals'containing in;oluble P can be ;ihed from the
soil- and degraded to available P fertiiizer, but this process is expen-— :
sive and requires a considerable use of féssil energy. Therefore, the
deﬁelopment of plants capable of utilizing unavailable soil P is desir—
able.

Renewed interest in the ability of cultivated forage légumes to

absorb P from insoluple soil sources resulted from obsérvations that

sainfoin (Onobrychis viciifolia Scop.), a. forage -legume grown in the

Rocky Mountain region, seldom responded to P fertilization. Quiteoften;

on the séme soil, alfalfa (Medicago sativa L.) responds‘to P applications,
buf‘séinfoin does not; This lack of response to P applications by séin;
foin indicated that it was absorbing P from existing soil sources.

This study investigates the'absorption and utilization of P from
insoluble tricalcium-phosphate compounds commonly fQﬁnd in Montanaéoils

by alfalfa, sainfoin, yellow sweetclover (Melilotus officinalis L.), red

clover (Trifolium pratense L.), subterranean clover (Trifolium subter-

ranean L.), winter wheat (Triticum aestivum L.), and’ buckwheat (Fagopyrum

esculentum Moench). My objectives were to rank these species according to
their P feeding power from insoluble sources, determine what factors make'
some plants better'feeders of. insoluble Psoﬁrces than others, and possibly

develop a simple screening technique to distinguish good P feeders.
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My results are rgported in the followiné tﬁree chapters. The
first chapter de;cribes a relatively unknown method of estimating the
surface area of an intact root system. The relationship between root
surface area and root cation exchange capacity is also discusséd. ‘Chap—~
ter IT deals with groth responses, P uptake ratés,-and root to top’
translocation efficienciés of P using fiuérapatite as the sole source
of P. The third chapter descripes several plant characteristics which
ﬁay enhance P uptake from rock phoséhate. Possible screening techniques

o

which might be used to distinguish good P feeders are also considered.
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I. ROOT SURFACE AREA AND ITS RELATIONSHIP TO ROOQOT

CATION EXCHANGE CAPACITY




= L LL | I

a
INTRODUCTION .
Root development is usually evaluated as a change in dry wt;

moist wt, o; volume. Thése measurements are often inadééuate for plant
nutrition.studies. Root surface area is often a more important measure—- -
ment,. but is seldom used because it is difficult to measure accurately.
Raper and Barber (10) sﬁressed the importance of root surface afea in
détérmining the efficieh;y of seed;ing roots as nutrient absorpti&e
surfaces. With relatively immobile nutr?ents such as P, increased root
surface area could gfeatly enhance the efficiency of'ptilization (3).
Root cation exchange capacity (CEC) measurements .expressed per unit of
dry wt are often inaccurate uﬁless adjusted for differences in surface
area per unit of dry wt (ll)..

| Four'meﬁhods used which estimate root surface area are: i) the
titration method (12) in whicﬁ root cation exchange.sites are saturatgd
with H+ ions and sqbsequently titrated with a weak base, which is éimi—
lar to the_acid—wéshing teéhﬁique (1) used fo measure root CEC; ii) the
gravimetfic method (4) in which a béakér of Ca(N03)2 solu%ion is weighed,
roots then dipped into it énd lifted.above the beaker to drain, and the
remaining sqlution weighed to determine thé.amount of Ca(Nb3)2 which was
absorbed by the root surface;‘iii)_célculations of root surface area
from length and diameter measurements at representative segments of a
~root (1, 2, 5, 11); and iv) the differential centrifugationAmethod (8)

in which partial HZO shells are removed from root surfaces.and weighed.
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Linford and,Rhogdes (9) reported asimilar application, using the spin—
ning tub of an aﬁfomatib washing machine as a low speed centrifugé to
remove excess surface H2O from washed ropts before determining moist
B Qéigﬁts. The différéntial centrifugation technique assumes that one can
consistently remove a uniform fraction of the surface H,0 layer'adhering
to a root. Jeffrey (8) listed three basic assumptions that must be met
for the techniqge to be accurate: -
' i. The surfaée tension and viscosity of Surface‘HZO films. must

‘Se'similar oﬁ roots to be compared;

ii. The centrifugal force generated at a given.rpm will equili-
brate with surface tensipn forces, leaving a uniform sz
film adhering to the roét surface; and

iii. H,0 can be removed.from‘small capillary pores between root
hairs.
fhus, if H20—saturéted rooté are cehtrifuged at'a low force, followed by
a higher force, the weight“of H50 spun off during the second centrifu-—
gation will.be.proportional to root surfacé areé.

Root surfaces possess a ngt negative éharge which attracts
cations, but thé cﬁarge density (chérge‘per unit surface areé) varies
among plant species (6). Crooke et al.-(5) found that the charge den-—
sity of a root was highest at the roof tip, possibly due.to higher .pec—

tin conteﬁt. They found that root sections from three segments above

the root tip differed in CEC expressed on a dry wt basis but not on a
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'surface_area basis, which illﬁstratés possible misinterpretations that
can occur if the dry wt basis is uséed wifhéut caution. An accurate,
reproducible meaﬁs of estimating foot surface area is néeded to express
root CEC on a surface area basié. The objectives of this experiment
Qere:- |
‘1. .To evaldate thg differential centrifugation method of esti-
mating root surface area; and
2. To evaluate the relationship between root CEC.per unit of

"dry wt and root surface area index (RSAI = wt of H2O

removed from_root‘surface/unit of root dry wt).

Lbted, Ll A
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MATERIALS AND METHODS

Five forage legumes, alfalfa,,sainfoin, yéllow sweetqlover, red

clover and subterranean clover, and two check species, winter wheat and

buckwheat, were pre-germinated on moist blotter paper for one day and

transplanted to individual plastic test tubes (16 cm x 2.4 cm) filled
with washed éilica gravel. Seedlings weré grown in-a controlledenvi%on—
mént chamber at 2171C with a photoperiod of lé hr at a photosynthetic

2 sec—1 provided by incanéeséent'
and fluorescent lights. Roots were harvested separatel&'35 days after
germination of the forage légumes anq 25 days after gérmination of.‘
winter wheat and- buckwheat.

‘A gradient of P stress was established by différing ievels af
applied water-soluble and water—insolﬁbie P. Each species was grown
using 3 diffefent P treatments in a ranaomized complete.block,design
with 6 replications.

1) Three hundred forty mg.of screened Idaho rock phosphate, pro-
vided by the J. R. Simplot Cé., Pocatello, Idaho, were thoroughly mixed

with wasﬁed silica gravel and the mixture added to each plastic test

tube. Seedlings were watered every other day with a modified -P Hoag- ‘

land's nutrient solution (7) containing, in mg/liter, N, 84(73 as NO3

and 11 as NH4); K, 68; Ca, 60; Mg, 12; S, 16; C1, 0.8; B, 0.5; Mn, 0.5;
zn, 0.05; Cu, 0.02; Mo, 0.01; and Fe, 1:0 added as Fe.EDTA. The nutri-

ent solution was adjusted to pH 6.0 using'l.o N H2804 before use. The
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gravel medium was flushed periodically. with distilled water to avoid

‘salt accumulation.
a

2) Seeds were planted in individual plastic test:tubes filled

with pure washed silica gravel and watered with the same nutrient solu-—

tion as in treatment 1. No source of P was present.

3) Seeds were planted in individual pléstic test tubes filled

with pure washed silica gravel. Seedlings were watered with a 60mplete~

nutrient solution including 8 mg/liter of water—soluble P in addition to

the nutrients listed in treatment 1.

Root Surface Area

RSAI was detefmined as follows:

1. Wash roots gently with distilied H;0 to remove any édhering
sand particles.. | -

2. Equiligrate roo#s in distilled H20 for 10 min.

3. -Place roots in wire mesh basket in a 56 ml centrifuge tube
(Figure I-1).

4. Balénce tubes- to constant wt b& adding aistilled H20 and
securé cap.

I5. Centrifuge at 111 x.g (center of tube) for 7 min.

6. Weigh wire mesh basket with roots inside on an analytical

balance accurate to 0.1 mg.

¢

7. Replace wire mesh- basket in tube, secure cap, and centrifuge -

at 344 x .g for 7 min.

R4




WIRE MESH IRy
BASKET — oui0
(root inside)  |ReAkaRt

TUBE ______/7 :‘-‘:\Y\\ \}:

SPACE FOR

WIRE MESH 3 /' H,0 ACCUMULATION
ColLF = s

(FCENTRIFUGE (b) WEIGH

Figure I-1. Diagram of differential centrifugation technique: (a) roots inside wire mesh

basket are centrifuged in a 50 ml capped centrifuge tube, and (b) only wire
mesh basket with roots inside are weighed after centrifugation.
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Root CEC

The

10
Weigh wire mesh basket'with roots inside again.
Difference"iﬁ.two wts ='mg HéO spun off root which is propor-
tionéi to total root surface area. ‘

Oven dry roots at:- 70C and weigh to obtain dry wt.

Calculated RSAI. RSATI = mg HZO spun off roots/mg root dry wt.

acid-washing techhiqﬁe‘of determining root CEC (1) was modi-—

fied for small sample sizes (100-500 mg moist wt) and used as follows:

1.

Wash roots gently with distilled HZO to remove'ény adhering
sand particles. ‘ . N -

Allow excess Hy,0 to drain off roots.

Acid-wash roots 'in 100 ml refrigera£ed 0.1 N Hél for 5 min
and rinse with distilléa HZO' A

Repeat acid-wash 3 times with a thorough rinsing after

the last acid-wash.

'Allow roots to drain of excess H,0.

2
Place rbots in 50 ml of heutral, 1.0 N KC1.
Titrate to pH 7 over a 5 min period with .00l N KOH.
Riﬂsé roots with distilled H,0.
Oven dry roots.at 70C and weigh to obtain dry wt.

Calculate root CEC.

ml titrant (KOH) x .001 N

P s x 100 = CEC (meq/100 g dry wt).
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Wl .
ml titrant (KOH) = CEC (lmeq/RSAI)-

RSAI

Root CEC and RSAI were measurbd on all samples. The order of
. measurement is not critical sinée~neither measurement is ‘influenced by

small changes in metabolism that might occur during the experiment.
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RESULTS AND DISCUSSION

Root Surface Area

Although fibrous-root systems are generally thought to have a
larger root surface area/dry wt ratio than tap-root systems, the oppo-
site may be true for seedlings. In this stud&, the five forage legumes
and wihter Qheat'were found_to have highe; RSAI than buckwheat (Table
I-1). Most legume seedlings have a fiﬁeltap—root system during -the
- first few weeks of growth.' Winter wheat eﬁhibits a fine'fibrous—root‘
system as a seedling, whilé buckwheat has a coarse fibrous system.

Abed aﬁd Hassan (i) reported that the average diameters of pea
and clover roots were larger than éorh and barley roots on plants sam-—
pled 35/days after germination. Surface areas calculated ffom length
and diameter measureﬁents at representative root segments appeared
§maller per unit of fresh or dry wt for legumes than for grasses; how—l
ever, differences between means were not tested for.significance. My
data show that legumes in genefal had higher RSAI than winter wheat and
buckwheét during the seedling stage bgfore a dominant tap-root was estab-
lished (Table I-1).  The disérepancy between thei? results and mine may
be due to sambling £eohnique. Root.surface area is diffiéult to calcu-
late since a large_proportion of surface area is likgly associated with
very small lateral.roots and root hairs, which are often ignorea in cal-
culéting surface areas becagse of the difficult& involved in measuring

them. I believe the differential centrifugation method is more reliable
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TABLE I-1. RCOT SURFACE AREA INDEX (RSAI) AND.ROOT CEC EXPRESSED PER
UNIT OF DRY WT AND PER UNIT OF RSAI FOR FIVE FORAGE LEGUMES,
WINTER WHEAT, AND BUCKWHEAT. .

Root CEC

. plant?! 'RSAT meq/lod g dry wt meq/RSAT
Subferfaneén clover | ‘;.14 a2 . 42.7 b ' ‘ 7.7 be
Sainfoin’ 3.93 a 58.7 a lO.l‘ab
Red clover | 3.34 ab | 33.1 ¢ 8.3 ab
.Yellow‘sweetclpver . 3.19 gb 31;8 c 8.8 ab
Alfalfa . 2.45 bc - 29.3 ¢ _ 115a
Winter wheat ‘ 2.57 b ' 13.4d4 . 4.5 c
Buckwheat . 1.54 c | 26.9 c 8.4 ab

lplants were grown without nutrient stress.

2Values within a column followed by a common letter are not signi-

‘ficantly different at the 5% level.
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because thekentire surface area of %@ intéot root systgm is measured.
Although Jeffrey (8) beéorteé large differences in tofal surface -
area of roots wifh evidenf‘morphological differences, he did not estab-
lish the validity of the differential centrifugationymethod used to

" measure root surface area. It is impértant that HZO is removed only
from the shell surrounding the root surface during the centrifugation
and not from inside the.epidermis. Roots that were centrifuged at. in-
creasing forces were examined for possible plasmolysis. -With the higher.
cenfrifugal force used (344 x g), no plasmolysis'or exgessive drying of '
small roo%s occurred; The forces uséd femoved only ;art of the HZOshell
surrounding a root without damaging it:

This method debends upont exact duplié;t;on qf the teéhnique for
all samplés beihg compared. All centfifugation and weighing steps must
bektimed'and,feproduced accuratel&i Centrifuge speeds must be repeated
accurately since small changes iﬁ force applied will have large effects ..
on the améunt of H,0 removed from the surface of a roqt. An accpraﬁe ‘

" tachometer Shouldlbe used to duplicate speeds. Baskets with roots in-
side should be weighed as quickly as possible after removal from the
centrifuge tubesusince equilibfation with the atmosﬁhere occurs rapidiy.
Several.pfocedura; problems that may causé errors are:

i. Céntrifuge tubés.not balénced to consfaﬁt wt.

- 2. Centrifuge speeds not accurately repeated. A strobe tachom-

eter is helpful in reproducingtspeeds.
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3. Centrifugation steps not 'accurately timed.
4. Inconsistency duriﬁg weighing. For ‘example, taking 30 sec
'tb.weigh one basket and only 10 sec to weigh another.
5. Comparing surfaceAareas of roots that have large differences
in»siée.
"RSAI among robté wi£hin a plant species can be expected to vary
becaﬁse of differeﬁces in root morpholog& within a species.‘ Comparisons
" of surface areas determined by this method are most valid within a

speéies since chemical differences among roots of different species will

affect such properties as surface tension and viscosity of surface H20

films surrounding a root. Althouéﬁ.no totally acceptable'ﬁefhod of
measuring root surface area has been developed, I believe that this
method of measuring RSAI provides a meaningful indicator of root mor-
phology. and warrants further . study.
Root CEC

Theé amount of pectic material .in cell walls at the root surface
accounts for a large percentage of root CEC‘(S); Therefore, root CEC
sﬁould_bevrelated to the density of carboxyl groups (potential exchangé
sites) apisiné.from pectic material at the root surface. If the déﬁsity
of exchanée sites is'reiated té cell wall~étructﬁ£e, then charge dénsity
per unit of root surface<are§ would not be expecfed to vary much within
a species unless cell wail structure ié soﬁehow apéreciably changed.
However, root CEC exprgsgea per unit of .dry wt often vafies within a -

root system.

.o
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Root surface area/dry wt ratios change éonsiderablylthrouéhout a
root system. As the ratio increases, the number of cation exchange
sites per unit df dry wt also“increéséS'if charge density per unit of
surface area remains.constant (Figure I-2). In other words, root CEC .
~expressed per unit of dry wf will increase without-a coﬁsequent increase
in charge density per unit of surface area. If root CEC is to be used
as an indicator of charge degsity,‘it should be expreséed on a surface
érea basis, Root CEC expressed per‘uni£ of RSAI_ghoﬁld truly indicate
the density of poten;ial exchange sites along"a root surface.

The magnitude of values for root CEC depended'on‘whether being
éxpréssed per unit of dry wt or per unit of RSAI (fabie I-1). For ex-—
ample, root CEC per uni£ of dry wt for sainfoin was greater than that
of élfalfa, but when expressgd pef uﬁit of-RSAI the reverse-was-trqe
(Figure I-3).

h iﬁ'order to obtain rbots within a species having a range of RSAI
values, planfs were grown‘under a gradient of P stress established by
'differing‘leQelé of applied soluble and inéoluble P. Root.CEC per unit
of dry wt was significant;y cor;elated with RSAI for all plants (Table
I-2). Correlation coefficients were higher for the forage legumes than
for winter wheat and_buckwheat. Regrégsioh coefficients variea/among
species énd were highest with red clover and lowest with subterranean
clover.

The significant correlations between RSAI and root CEC per unit
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Figure I-2. A hypothetical example illustrating the effect of root surface area index
(RSAI) on root CEC expressed on a dry wt basis. Density of cation exchange
sites along the root surface remains constant for all three examples.
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Figure I-3. Root CEC per unit of dry wt and per unit of root surface area index (RSAI) expressed
: as a percentage of the mean of values for all species for five forage legumes, winter

wheat, and buckwheat.
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TABLE I-2. SIMPLE CORRELATION AND LINEAR REGRESSION COEFFICIENTS OF
THE RELATIONSHIP BETWEEN ROOT SURFACE AREA INDEX (RSAI)
AND ROOT CEC EXPRESSED PER UNIT OF DRY WT (meq/100 g DRY
WT) FOR FIVE FORAGE LEGUMES, WINTER WHEAT, AND BUCKWHEAT.

Plant! ' r ' b
Subterranean clover ) ..67*f ) 3.05
Sainfoin | L71% ‘ 7.96
Red clover _ T .82%* | 8.55
Yellow sweetclover . W.T76%* . : 5.27
Alfalfa , ' . .83%% 6.54 |
Winter whea£ . .. .56*x 6.82 : '
Buckwheat :., L BEHE : 6.25 }
All species ' .76%% - 8.27

lpiants are grown under a gradient of P stress established by differ-
ing levels of applied soluble and ipsoluble P. :

**Significant at the 1% level.
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of dry wt indicate that increases in' root CEC per unit of dry wt likely
did not result from increases in chayge dehéity along the root surface,

but rather were a function of increased RSAI. Therefore, comparisons of.

different values of root CEC per unit of dry wt must be made with cautiéﬁ

unléss potential differences in RSAI can be ruled out.
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IT. PHOSPHOROUS UPTAKE FROM FLUORAPATITE BY' FIVE FORAGE

a

LEGUMES , WINTER WHEAT, AND BUCKWHEAT
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INTRoﬁUCTION '

The concentration of phosphate 'ions in soil solution is low
enough in many soils that plants respond to P‘fertilizétion. Yet these
soils may contain large reserves of total P, primarii& in the form of
insoluble phosphate minerals. Improving a plant's ability to feed on
existing soil P sources would provide two obvious benefits. First}
less P fertilizer would be needed, and second,fthe P uptake efficiency
from applied fertilizer would likely increase since the amount of P
aSsofbed from P fertilizers is usually.restricfed by prégipitation of
applied>P before absorpt;on occurs. .

Plant species differ in their‘ability to absérb P from rock phos-
phate. The early work of Truog (23) and others (6, 7, 8, li, 17, 22)
established thét~legumés-and dicotyledons, in general, utilize P from
insolubie tricalcium—phospﬁate sources more efficiently‘than monocoty-—
ledons. Differenceé in feeding ability were often attributed to varia-
tions in the size of root systems until Fried (7) eliminated this possi-
bility by determining L values. These values indicate the relative
amount of P absorbed from rock phosphate when a lgbile pool of bqth
soluble ana iﬁsoluble P sources is present. ’Fried found that buckwheaf
and legumes absofbed more P from rock phosphate than graéses.

Maﬁy theories have been proposéd to explain differences in P feed-
ing ability. fhe solubiiization of fluorapatite, a major constituent of

\

rock phosphate, can occur as foilows:




) - I Y AT | .

25

4)61?2 + 121{*-—; 10Ca*t + 6(H2Po4‘) + 2F”. Therefore, the

|
|

solubility of fluorapatite should increase with decreasing pH, and with

- decreasing concentrations of Ca’t and H2PO4— in so0il solution (11). Any

‘plant characteristic that enhances any of these conditions should in-

~

crease the plant's P feeding power from fluorapatite. Several possibili-

ties include a high root cation exchange capacity, éxcretion of organic
acids or H¥ from roots info surrounding soil solution, absorption or
adsorption of Ca** by roots, mycorrhizal relationships, or chelate- secre—
tion by rdots'(6).

When P deficiency occurs, plants that are able to absorb P at low

levels wili ﬁave an advantage in soils low in soluble P simply by being

able to lower the H2P04_ concentration in soil solution near the root

surface by absorption (14). Consequently, the dissolution of insoluble

P sources in the soil such as fluorapatite should increase because of

the decreased H2P04_ concentration in solution'near the root surface.

The dissolution of fluorapatite releases large guantities of Ca++

into solution (17). If the Ca++ concentration in solution becomes too

high, reprecipitation of soluble P can occur. Therefore, plants that

.can remove large amounts of Ca++ from solution shouid enhance the dis-

solution of fluorapatite. Plants can remdve Ca++ from solution by
adsorption on the root exchange complex or absorption across a membrane.
Johnston and Olsen (11) found the latter to be the most significant fac-

tor involved in the dissolution of fluorapatite by plént roots. Alfalfa,
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yellow sweetcloyer, and buckwheat often accumulate'large'quéntities of
Ca++ in their tops (15, 23), but sainfoiﬁ dqgs not. Ross gnd‘Delaney
(21) fouﬁd that sainfoin has the.unushal.abilityAto accumulate large

quantities of Ca++,‘precipitated as CaCO_; in the cortex of roots near

3’
the'soil surface. As a result, sainfoin should also have the abilit&

to lower the Ca++ concentration in solution near the root surface, ailow—
ing the dissolution of fluorapatite to continue.

' Increasing tﬁe Ca++ concentrgtion in solution often stimulates P
absorption by 1eéume roots when the H2PO4; concen%rgtion in solution is
low enough to limit growth (19). However, this relationship may not be
frue for cereal grains.‘ Léggett et al. (12) found that increaéing tﬁe

Ca++ concentration Beyond,250 uM had no effect on P absorption in solu-

tions containing 1 uM P for barley (Hordeum vulgare L.).

Brown et al. (5) observed differences in the response of grain sor-

ghum (Sorgum bicolor L.) genotypes to P applications. They stressed the

importance of knowing the P requirement:of each genotype before making

. fertilizef recommendations that fully utilize thepqténtial of* soil tests.

Roots of some éenotypes,wére ﬁore efficient ﬁﬁan others in making nutri-

ent elements available inlghe soil. Both the soil and crop must be com-—

patible before maximum yields and nutrient—useefficieﬁcycxnlberealized.
My intérest in the ability of cultivated forage legumes to absorb P

from insoluble soil sources resulted from observations that sainfoin, a

" forage legume grown in thé Rocky Mountain region, seldom responds to P
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.fertilization‘(lﬁ,.lS). Quite often, on the same soil, alfalfé.responas
to P applications, but sainfoin does not. The lack of response by'sain—
foin indicated that it was absorbing P from existiné soii sources. . In
the present study, growth responses, P uptake rates, and root to:tgp
translocatibn efficiencies of P were compéred using fluorapatite‘as the

soil source of P for five forage legumes, winter wheat and buckwheat.

" The latter two species were chosen because of the wealth of data already

available regarding their P féeding power (6, 7, 11, 15, 22, 23).

R
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MATERIALS A‘;ND ME TH‘ODS
The P.feeding abilify of.5 fo?age legumes, alfalfa, sainfoin,"
yéllow sweetclover, red clover, and subterranean clover, and 2 check .
species, winter wheat and buckwheat, was st&éied in 2 separate experi-—
. ments.

Growth Chamber Experiment

P uptake from both soluble and insoluble sources was studied in

" a controlled environment chamber at a température of 21ilC with a photo-
pefiod df 16 hr at a photosynthetic photon flux density of 280 uEin- -
steins m_2 sec—l.provided by incandgsceﬁt and fluorescent lights. Six
replications of all species wefe grown with each of the following 4
treatments in a randomized complete block design. ‘

1) 32P treatment ~ Thirty—two'g-of pure fluorapatite ground to a
fine powder.énd iabelled with 60.5 mCiléf 32P?yuere prépéred for our use
by the Tennessee Valley Authorify, National Feftilizer Development Center,
Muscle Shoals, Alabama. ' The fluorapatite was’thoroughly'mixéd with washed
silica gravel using a_rotary tumbier. Indiviaual plastic‘test tubes (16
cm X 2.4-cm) were filled with the mixture, éach tube contaiﬁing gpproﬁi—
mately‘340 mg of 32P—fluorapatite. Seéds of each species were pré—germi;
nated on moist blotter paper fgr 1 day. Three germinated seeds were~
transplénted to each test tube and_fhinnéd to 1 pér tube after establish-
ment. All seedlings were watered every other day with a modifigd -~P

Hoagland's nutrient solution (9) containing, in mg/liter, N,84(73 as NO3

t
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and 11 as NH4); K,68; Ca,60; Mg,12;58,16;'d1,0.8; B{O.5; Mn,0.5; 2zn,0.05;
Cu,0.02; Mo,0.01; and Fe,l;O added ds Fe*EDTA. The nutrient solﬁtion was
adjustéd to pH 6.0 using 1.0 N HéSO4 before use. The gravel‘medium was
fluéhed periodically with distilled water to avoid salt accumﬁ}atién.

2) RP treatment - Three hundred forty‘mg of screened Idaho rock
phosphate, provided by the J. R. Simplot Co., Pocatello,'Idaho, were
thoroughly mixed with washed‘silica érével and the mixture added to each

' plastic téét tube._ Seeds of each species were planted and watered with
the same nutrient solution és in treatment 1.

3) -P treatment - Seeds were planted in individual plasfic.test,-
tubes filled with pure washed'siliéa gravel and watered with the same
nﬁtrient solution as in treatment 1.- No source of P was présent.

4) . +P treatment - Seeds were blénted in individual plastic test
tubes filled with pure washed silica gfével. ‘Seedlings were watered with
a complete nutrient solution containing 8 mg/Iitér of water-soluble P in .
addition to the nutrients listed in tréatme_ht 1.

Roots and tops were harvested separétely 29 days after germina-—
tion for'all species. Roots were thoroughly washed with distilled water

to remove any. adhering gravel or fertilizer. The surface area of each

intact root system from_the.32P treatment was estimated using a modified

differential centrifugation method (10) as described in Chepter I. ALl
roots and tops were dried in a forced air oven at 70C and weighed. Rep-

resentative samples of both roots and tops from the 32? treatment were
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ground, weighed, pressed into a thin layer in a planchet, and assayed
32 . . .
for P activity using an end-window Geiger Mueller tube ‘and scaler.

Greenhouse Experiment

Pléﬁt species were grown in sand culture in the greenhouse. using
a randomized complete block design with 5 replications. Seediiﬁgs were
grown at gfeenhouse temperatgres and supplemented with artificial light
to provide a 16-hr photoperiod. Three different P treatments were used.

1) RP treatment - An identical rate by volume of screened Idaho
rock phosphate as thgt used in the breceding experiménﬁ'was thoroughly
mixed with washed silica sand. The sand-rock phasphate mixture was
added to 1800 ml pla§tic pots. Seedé of each species were pre—germiﬁated
on moist blotter paper for 1 day. Ten germinated seeds were transplanted
to.each pot. After establ;shment; the. seedlings were.thinneq:to-6 per
pot. All seedlings were watered every other day with the same -P nutri-
ent solution used in the preceding experiment; The sand medium was
flushed periodically with.tap water to avoid salt accumulation.

2y ~pP treatmenf - Seeds were planted iﬁ pots. filled with pure
washed silica sand énd watered with the same -P nutrient'solution as in
treatment 1. No.source of.P was present. - | }

3) +P treatment - Seeds were ﬁlanted iﬁ pots filled with pure.
washed siliéa sand. ©Seedlings were watered with a cbmﬁlete nutrient
solution coqtaining 8 mg/litgr of water-soluble P in addition to the

P

nutrients present in the ~P nutrient solution.
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Roots and tops were harveste& separately 28 days after germina—
tion of winter wheat gnd buckwheat, and 42 days after germination of the
.foragé legumési The longer growth period fop legumes was required to
permif their roots to spread profusely throughout the sand medium. -Réots
were thoroughl& washed with distilled water fo remove any aahering sand
or ferfilizer. - All roots and tops were dfied in a forced air oven at
70C, weighed, anq ground. ﬁepfesentative samples of both roots and tops
were analyzed for P content ﬁsing the molybdovanadophospﬁoric acid
method (1) modified for small sample sizes. Séeds of each species were

also dried at 70C, weighed, ground, and analyzed for P content using the

same method.
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RESULTS -AND DISCUSSION

Growth Chamber Experiment

With the exceptign of sainfoin and bﬁckwheat; alisspecies produced
more dry méﬁter with water-soluble P .in the nutrient solution than when
P.was absent (Table II—2)._ Both‘sainfoin-and‘buckwhéat are large-seeded
species, and P stored in their seed may have.been adéquate for‘growth
during the experiment (Table II-1). However, seed size cannot be tﬁe
sole reason for the lack of response to P by tﬁese species. 'ﬁoth winter
wheat and subterranean clover responded to water—soluple P (Table II-2).
These 2 species also have. large séed and stored P in théir seed is simi-
lar to that of sainfo;n ITable II-1). Dry matter .production for all
species éxcept'éainfoin and winter wheat-was'the same for the 2 insoluble
éoﬁrcés of P. Sainfoin produced more dry matter and Qinter wheat less
dry matter with rock phosphate than withSZP—flqorapatite (Table II-2).

An increase .in root:top ratios often aécémpanies severe P stress
(2). All forage legumes except red clover had.h;gher root:top ratios
without P than with water—solublé Plin the nutrient solution (Table II-
2). Buckwheat ana winter wheat did not differ in root:top ratios. for
ﬁhe samélz tréétments. Some ﬁlants apéear'té have an inherent ability
to divert more dry matter production into roots ratﬁer than tops when
severe P stress occurs. |

. A st?iking Aifference in root:top rétios_occurred between the 2

insoluble P sources. Ratios were twice as great for the RP treatment
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TABLE II-1. DRY WT AND P CONTENT PER SEED FOR 7 PLANT SPECIES. .

mg dry wt

P content

Plant % P Total ug P
Sainfoin 20.5 0.29 59.5
Yel;ow sweetclover 2.5 0.35 8.6
Alfa}fa 2.4 0.30 7.3
Subterranean élover- 11.9 0.46 B54.7
Red'clqver - 1.9 0.35 6.6
Buckwheat 35.5 0.23 81.5
Winter wheat 33.1 0.17. | 56.2




ERISTICS AS INFLUENCED BY

Plant Plant prowth +P RP P ~F

mg dry wt/day 6.06 b 8.0 a 5.8 b
Root:top ratio 0.83 b 1.06 a 0.47 ¢
mg dry wt/day 5.8 a 6.2 a 5.4 a
Root:top ratio 0.60 b 0.66 b 0.36 ¢
Alfalfa mg dry wt/day 6.4 a 7:1 & 6.5 a 2.6 b
Root:top ratio 0.60 b 0.57 b 0.35 ¢ 0.83 a
St nean clover mg 8.1 a 5.1 b 5.4 b 3.8 ¢
Root:top ratio 0.68 b 0.82 a 0.41 c 0.90 a
Red clover mg dry wt/day 5.2 a 3.0 b 2.8 b
Root:top ratio 0.66 bc 0.94 a 0.62 ¢
Buckwheat mg dry wt/day 15.6 be 17.5 ab 19.0 a 14.2 ¢
Root:top ratio 0.32 a 0. ab 0.22 b 0.34 a
Winter wheat mg dry wt/day 13.9 a 79 ¢ 10.1 b 7.4 ¢
Root:top ratio 0.99 b .31 a 057 © 1.05 b
All species mg dry wt/day 8.7 a 7.8 a 7.9 a 5.5 b
Reoot:top ratio 0.67 b 0.81 a 0.43 ¢ 0.86 a
5

Values within a row followed by a common letter are not significantly different at the
5% level.

we
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than for the ~ P treatment for some;speciés (Table II-2). These unex-

l .

pected differences in root:top ratids were possibly due to differences’

in particlé size of the 2 compounds. The 32P—fluorapatite was ground

.finer than the rock phosphate, and thus had a smaller particle.size. 'A.

decrease in particle size of such compounds facilitates their breakdown
and dissolution in water. Therefore, the 32P—fluorapatite was likély

more easily dissolved, ‘and its P consequently more available to plant

“roots. With increased solubilization, the ca’™ content of the bathing

solution around.the roots could increase dramatically (11), possibly

accounting for the large differences in rootftop ratios observed between

the 2 treatments.

Although buckwheat absorbed the greatest total amounf of P from
the 32P—fluorapatite,,yellow sweetclover, a small-seeded legume- (Table
Ii—l), had the greatest % P in its dry matter'(Table II-3). Sainfoin
had a lower total P uptake from fluorabatite than both yeliow sweet-
clover. and aifalfa,'and a lower % P in its dry matter than yellow sweet-—
clover, but sainfoin produced more dry matter witﬁ rock phosphate thaﬁ
with a water-soluble P source (Table II-2). This-result is diffioult to
explain, but is‘consistent with the lack of response by.sainfoin to P
fertilization on Montana soils.(lB). The efficiency of P utilization .
after absorption must also be considered.

Lindgren et al. (13) expressed the ratio of P in plant tops to

total plant‘P as the translocation efficiency (T-eff); mg P in top/(mg
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within a column followed by a common letter are not significantly different

=

e Total P basis = mg P in top/(mg P in top + mg P in roots) x 100
A=Cl1
% P basis =% P in"top/(% P in top + % P in roots) x 100

<<,Por unit dry wt = ug P absorbed from fluorapatite/mg root dry wt
“Per unit estimated surface area = ug P absorbed from fluorapatite/unit of
estimated root surface area (mg of H,0
spun off roots) &

29.5 & P 10.5 a
21 ¢ 90.2 ¢ 9.8 ¢ 0.55 cd 17.2 e 10.6 ¢ 5.1 d 4.7 cd
at the

gt
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P in top + mg P in roots) x 100. Sipce root:top ratios vary consider-
ably among plant- species, T-eff should also be corrected for differences
in dry wt to make coﬁparisons between species. Therefore, T-eff was
also expressed on a % P basis; % P in top/ (% P in top + % P in roots) x
lOQ. On a total P basis, buckwheat had a higher T-eff than all other
species (Table II-3), althéugh bﬁckwheat had a lower root:top ratio thah
the other species (Table II—Z).A When differences in dry wt betweeﬂ
épecies were removed (% P basis), séinfoin-had the greatest T—eff.

Winter wheat ;oots absorbed considerable P from fluorapatite
(Table ITI-3),, but were very inefficient in translocating this P to tops.
As a consequence, dry matter production of tops was limited b& the lack
of P. Most cereal grains, such as winter wheat, do not‘accumulate large
quaﬁtities‘of Ca++ in their tissue as legumes often Qill. The poor trans-
locétion of P observed with winter wheat mighf have been caused by exces-
éive Ca++ accumulation in the root cortex occurring frém the‘diésolution
of fluorapatite. A high Ca++ concentration in or near the root cortex
could have-caused repreéipitation of soluble P before translocation
occurred in the poot vascular ;ystem.

Root absorption efficiencyl(RA~eff) is also an index of the
ability of plant raots to extpact soil.P. RA-—eff was measured on both
a dry wt and estimated ;urface area basis and expressed as follows:
total ug P absorbed from fluofapatite/ (mg root dry wt) or (unit of esti-—

mated root surface area [mg of H_O spun off roots]). Yellow sweetclover

2
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had the highést RA-eff on a dry wt éasis, énd buckwheat on an estimated
surface area basisA(Table I1-3).
Asher and Loneragan (2) carefully examined the relationship be-
tween P concentration of the root bathing solution and the rate of P

absorption by plant roots in solution-culture. They showed that plants

grew at a maximum rate over a wide range of P concentrations. Some

legumes, such as Western Australian blue lubin (Lupinus digitatus Forsk)
absqrned R at very low concentrations and required only-a low supply
for maximum growth (4, 14f. In this study; sainfoin achieved maximum
growth at lower levels of P than thé'other‘forage }egumes tested. At
very low levels of P, the extent to which a plant can loWer'tne P con-
centration in soil solution at the root surface is very impnrtant (3,
20). A diffusion gradient of P towands‘the root surface needs to be
established.before adequate P absorptinn can occur. Lindgren et al.
(13),Ahowever, éuggested that plant roots may absorb P rapidly and
still not-be able to translocate it efficiently. They found large dif-
ferences in P'absorption rates betweén lines of snap bean (Phaseolus
vulgaris L.).  Their results suggest that one could select planfs
adapted. to soils normally lqw‘in soluble P.

Greenhouse Experiment

In contrast to the growth chamber experiment where most species‘
responded to rock phosphate, only sainfoin showed a significant increase

in the rate of‘dry matter production for the RP treatment over the -P
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treatment in the greenhouse (Table 1I-4). Since the same rate of rock

phosphate by volume was used in both experiments, the difference in

s

response appears to be related to container size. "The density of roots
per unit of‘gréwth medium was less in the pots usea'in the greeﬁhousé
‘than in the plastic test tubes used in tke growth chamber. The restric-—
tion of roots in small containers presents a serious problem when one
attempts to éimulafe field conditions with regard to nutrient uptake.

In this éxberiment, sainfoin was the only species~exhibitiné a.
greater T-eff_on both a tofal P basis and % P basis for the water;
insoluble (RP) P source than for the ﬁater—soluble (+P) P source (Table'
11-4). RA-effhon a dry wt basis wés greatest for the +P treatment for

all species as would be expected.




TABLE I1I-4. P UPTAKE AND DISTRIBUTION IN THE PLANT AS INFLUENCED BY DIFFERENT SOURCES OF P
IN THE GREENHOUSE.
2 3
Plant growth whole plant T—eff RA-eff
Treat- mg dry Root:top P content Total P % P Per unit
Plant ment wt/day ratio % P mg P basis basis dry wt
Sainfoin +P 6.1 al 0.94 a 0.46 a 1.15 a 41.5 b 39.7 b 9.6 a
RP 8.3 & 0.97 a 0.24 b 0.55 b 58.3 a 57.8 &, 5.0b
~-P 3.2 b 0.86 a 0.28b 0.36 b - 63,7 a 60.1 a 6.1 b
Yellow sweetclover +P 4.2 a 0.27 b 0.50 a 0.90 a 79.5 a S5l.9 a8 24.1 a
RP 12D 0.49 a 0.23 b 0.11 b 49.0 c < b LR 7.2 b
-P 0.8 b 0.43 a 0.21 b 0.07 b 61.0 b 39.8 b 7.4 b
Alfalfa +P 2.4 a 0:31 ¢ 0.54 a 0.54 a 78.8 a 53.2 a 23.4"a
RP 0.6 b 0:77 & 0.16 b 0.04 b 52.9 b 47.2 a 3.9 b
-P 05D 0.54 b 0:.16 b 0.03 b 57.2 ab 41.9 a 4.8 b
Subterranean clover +P 4.3 a 0.48 a 0.55 a. 0.99 a 66.6 a 49.3 a 17.3 a £
RP 1.8 b 0.60 a 0.14 b 0.10Db S4.7 b 41.3 b 4.0 b o
-P Y2 b 0.59 a 0.16 b 0.08 b 60.6 ab 47.3 ab 4.6 b
Red clover +P 1.1 a 0.50 a 0.54 a 0.24 a 72.8 a 57.0 a 16.5 a
RP 0.3 b 0.58 a 0.22 b 0.03b ®54.6 a 44.9 a 6.1 b
-P 0.3 b 0.52 a 0.17'b- 0.02 b 65.2 a 59.6 a 4.3 b
Buckwheat +P 19.4 a 0.21 a 9318 - 1.65 a 86.1 a 57.6 a 17.8 a
RP 10.6 b 0.24 a 0.20 b 0.58 b 67.5 b 34.6 b 10.2 b
-p 6.7 b 0.27 a 0.19b 0.35 b 78.2 a 49.7 a 9.2 b
wWinter wheat +P 7.6 a 0.48 b 0.36 a 0.75 a 77.8 a 64.5 a 11.3 a
RP 3.5b 0.76 a 0217 b 0.16 b S1i.4°8 44.4 b 4.0 b
-P 2.8 b 0.81 a 0.15b 0.12 b 66.5 ab 62.1 a 3.4 b
All species +P 654 A 0.45 b 0.47 a 0.89 a 71.9 a %3.3 a 12.3 &
RP 3:3 b 0.63 a 0.19 b 0.23 b S5 sbae 43.1 b 5.8 b
-P 2.2 b 0.58 a 0.19 b 0.16.b 642.6 b 51.0 a 5.8:b

lValues within a column for each individual species followed by a common letter are not
significantly different at the S% level.

ZT_eff<:::Total P basis = mg P in top/(mg P in top + mg P in roots) x 100

% P basis =% P in top/(% P in top + % P in roots) x 100
3

RA-eff = ug P absorbed from fluorapatite/mg root dry wt
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CONCLUSIONS
My results show that yellow'sweetclover.absorbed more P and.had a

higher % P in its tissue than all other forgge legﬁmes tested wheﬁ fluor—
apatite was the only'source of P;- The ability of yellow sweetclover to
absorb P efficiently from insoluble calcium-phosphate combounds in the

soil may partially explain its rapid establishment on recently disturbed

land such as new road cuts or mine spoils when it is one of the -first

" invaders. Sainfoin, although absorbing less P from fluorapatite than

both yellow sweetclover and alfalfa, translocated P absorbed from fluor-
apatite from roots to tops most-effipienfly. "Yellow sweetclover, alfalfa,
and sainfoin produced maximum dry matter while feeding on' either pure
fluorapatite or -rock phospﬁate in small, restrictive contaiﬁers, but only
sainfoin responded to rock phosphate When the root density was much less.
Subterranean clover and red clover were the least efficient legumeé in
absorbing and utiiizing P from puré fluorapatite or roék phosphate. My

data, in agreement with other investigators, show that buckwheat absorbs

P from rock phosphate very-efficiently. Winter wheat roots absorbed con-

siderable P from fluorapatite, but were very inefficient in translocating
this P to.topé.

Fbrage legumes differed'in their ability to absorb and utilize P
from insoluble soil sources. Thus, the potential_exists to better match
the proper forage legume with a soil, and to possibly increase P uptake

and utilization within a species from insoluble soil sources.
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INTRODUCTION

Plant species diffef in their abilities to obtain P from unavail-
abie forms of soil phosphate and survive on soils low in available P (4,
5, 7, 8, 12, 13, 15, lé). The'ability of plants to grow successfully in
less fertile situations is bééoming increasingiy more important because
of the limited suppl& and high cést of fertilizer. Making better use. of
the less a&ailable forms of résidual nutrients surviving from earliér -
épplications of fertilizer by planté would decreaée our depéndence‘on
repeated fertilizati;n. |

The dissolution of rock phosphate by plant roots has been attri-
buted to numerous factors. Plants with ﬁigh qation exchangé capacity

root systems usually obtain P more effectively from soll and rdck phos—

phate than plants with low cation exchange capacity root systems (4, 5,

.6)f Truog (18) claimed that the increased Ca uptake by high exchange

capacity roots -caused greater mobilization of P in Trock bhosphate'éySA
tems.

Récen£.investigations have shown thgt plants able to reduce the
Ca++_concentpation in the rhizosbhere are‘thé'most effective feede?é
from roék phospﬁéte (12, 13).° Two.mechaﬁisms of removing Ca++ from
solution are adéorptiSn.on the root exchange cémplex and ébsorption

across root membranes. Therefore, plants such as forage legumes that

" have high root CECS, as well as high Ca++ bonding values (5), will

adsorb more Ca+f’on the root exchange complex. Buckwheat and most
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forage legumes can accumulate large quantities of Ca++ in their tops,
or as sainfoin does, in the cortex of older roots near the soil surface

(16). High root CECs and large quantities of ca’ " absorption are 2

important factors in allowing the dissolution of rock phosphate to con-

tinue before reprecipitation of soluble P occurring from high Ca++ con-—
centrations can occur (Chapter II).

In early research, scientists often attributed variation in the

feeding ability of .different plant species for rock phosphate to differ-—

ences in the size of their root‘systems. P uptake by plants'is often‘
limited by the rate of'diffusion to the root‘surface.--Plantsihaving an
éxtensive root system are offen able to maintain a sufficient continuous
uptake of P under limiting conditions'(l3). Since the dissolution of
rock phosphate by plant roots is confined to a microenvironment near the
root surface (12), increasiﬁg the amount of root surface area exposed in

a soil should enhance the ability of a plant to feed on rock phosphate.’

Soil P may also be present in the form of organic phosphates.

-Acid phosphatase activity at the surface of roots can cause the hydroly-

sis of organic phosphates to more available forms (13). Phosphatases

are adaptive enzymes. Their activity increases with increasing P stre;s.
McLachlan (13) obtained a strong inverse relationship between root exo-
cellular acid phosphatase activity and plant production when available

soil P was low. Phosphatase activities could prove useful in predicting

plant species with potential fordeveloping;lowavailableP soilsituations.;
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Plant roots modify the pH of surrounding .soil solution through -

the release of H' and OH™ or HCOs~ ions into the rhizosphere when a dif- '

'
1

ferential uptake of cations and anions occﬁré (17). The!dissolution of
fluorapatite, a major qonstituent pf.rock phosphate, is a sensitive func-
tion of soil pH (12).. Plaﬁté such as buckwheat that maintain a low rhi—
zosphere pH are usually effective at causing the.solubilization of rock
phosphate (13).

Although'factoré such as mycorrhizal relationships (1) and root
surface area are importapt in de%ermining the feeding power of plants
for rock phosphate, the belief that a chemical pfocess occurring at the
root—minerai interface facilitates the dissolution process has beeﬁ well
verified experimentally (7, 12, 13). It would be desirable to screen
for plants pqssessing this capability. -

The:objectives of this study were to evaiuate the responses of
root cation exchange capacity, gstimateq root surface area, root exocel-
lular ac;d phosphatase activity, and rhizosphere .pH to different sources
of P. Possible screening technique; which might_bé used to predict a -
plant's ability to survive and produce in low available P situations are

also considered.
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MATERIALS AND METHODS

Experiment 1 - - - '

. . t .
Five forage legumes, alfalfa, sainfoin, yellow swéetclover, red

cidver; and subterranean clover and 2 check species, winter wheat and
buckwheat,'Were.grown in gravel culture in a controlled environment
chamber at a_tempergturé of 21ilC with a phétoperiod of 16 hr at a
photosynthetié photon f;ux density of 280 uEinsteins m_z sec provided
by incandescent .and fluorescent lights. Six replications of all species
wére grown with each of the fol;owing 3 treatments in a randomized com-
plete block design.

1) RP freatment — Three hundred forty mg of screéned Idaho roék
phosphate, pfovided b& the J. R. Simplot-Co., Pocatgllo, Idaho, were
théroughly mixed with washed silica gravel and the mixture added to
plastic test tubes (16 cm x 2.4 cm). Seeds of each species were'pre~
germinated -on moist blotter paper for 1 day. Three germinéted seeds
were transplanted to each test tube and.thinned toll per tube after
establishment. All seedlings were watered every other day with a modi-
fied ~P Hoagland's nutrient solution~(é) containing, in mg/liter, N,84
{73 as NO

and 11 as NH,6); K, 68; Ca, 60; Mg, 12; S, 16; Cl, 0.8; B,

3 4
0.5; Mn, 0.5; Zn, 0.05; Cu, 0.02; Mo, 0.0l1; and Fe, 1.0 added as Fe-
EDTA. The nutrient solution was adjusted to pH 6.0 usiﬁg I.0N HéSO4

before use. The gravel medium was flushed periodically with distilled

~ water to avoid salt accumulation.
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2) -P tréatmept -~ Seeds were planted in individual plastié test
tubes filled witﬂ pure waSth silica gravel and watereéd with the same:
nutrient solutién as in treatment 1. -No soufce éf P waéfpresent.

3) +P treatment ~ Seeds were planted in individual plastic test
tubes filled with pure washed silica gravel. Seedlings were watered
with a complete nutrient.solution including 8 mg/liter of water-soluble
P in addition'to the nutrients listed in treatmént 1.

Roots an? tobs were harvested separately 35 days after germina;
tion of the forage legumes and é5 days after-germinat;on of winter whéét
and buckwheat. Roots were thoréughly washed with distilled water to
remove any adhering gravel or fertilizer. |

Each comple%e root systém was asséyed for exocellula£ acid phos-
phétaée activity by adapting the colorimetric techniqﬁé of Bessey et al.
(3) to the mgasurement of acid phosphatase activity. Roots were immersed
in 6 ﬁl of 0.1 M acetate buffer, pH 5:0, in 25 ml test tubes covergd with
aluminﬁm.foii and equilibrated for 15 min in a 37C water bath. The -
reaction waé initiated by the additiop of 6 ml of p-nitrophenylphosphate
disodium salt (50'mg/lOO.ml H20)° Aliquots of 0.2 ml were taken at 15,
30, 45, and 60 min. The reaction of each aliquot Qas stopped by the

addition of 3 ml of 0.1 N KOH. The amount of p-nitrophenol-released was

" determined colorimetrically at 400 mu.

. The cation exchange capacity of each complete root system was

determined using the acid-washing technique (2) modified for small sample
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sizes. Root su?face area was estimated using the differential centrifu-—
gation method (11). Both techniques are described in Chapter I.--All
roots and ﬁops,Qere dried in a forced air oven‘af 70C and weighed.
Experiment 2

Changes in rhizosphere pH induced by sainfoin seedlings were
evaluated in éolution culture. Seeds from a commoh source-were‘gegmina—
ted and'grown in moist vermicg;ite for 5 days. 'fhe seedlings were

watered with distilled water while in vermiculite. After 5 days, 45

a

uniform seedlings were transferred to 25 mm x 200 mm test tubes, 1 seed- -

ling per tubé, éovered with aluminum foil. The seedlings were supported
By a layer 9f aluminum foil with a hole in the center. Thé.test tubeé
were filled with the same complete nutrient solution as that used in
treétmgnt 3 (+P) of experiment 1. The nutrient solution was adjusted tp
pH 6.0 using'l.o N HZSOA before use. All soiutions were aerated and
ﬁixed vigorously every 12 hr. |

The complete nutrient solution was changed in eacb test tube at
8 and 10 ﬁays.after germination. Stafting at daylll, the pH of nutrient
solution in each tesﬁ tube was measured ever§‘24 hr for 3 days. Solﬁ—"

)

tions were mixed vigorously before each pH reading. After pH readings
were taken on day 13, the solutions in each test tube were replaced by
the same -P nutrient solution used in treatment 1 and 2 of experiment 1.

The pH of all solutions was again measured every 24 hr for 3 days. After

pH readings wecre taken on day 16, the solutions were replacéd with -P
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nutrient solution again. Three more pH readings were taken every 24.hr.
The average of solution pH-readings for all 45 test tdbes'was calculated
T

for each time of measurement. Maximum and minimum pH readings were also

compiled for each time of measurement.
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Experiment 1

RESULTS AND DISCUSSION

Sainfoin, yellow sweetcloyer, alfalfa, and buckwheat all grew
well with fpck:phosphate as the only'sburce of P (Table III-1). Sainfoin
aqd buckwheat actually produced more dry matter with rock phosphate
than with a water-soluble source of P. .Root:top ratios generally iﬁ—
creased with increasiné P stress.

Increasing the amount of roof surface area exposed for P uptake
to éccﬁr would be ad;antageous in low available P situations (13). In
this study,'fotal estimated root surface area for most species decreased
as P étress increased (fable.III—Z). This would be expected éince dry °
matter productign also decreased when P stress occurred. Root surface
areé index (RSAI) generally increased as available P became more limit-—
ing for the forage legumes, but not for buckwheat apd winter wheat. Roéts
éppeared thinner and more lateral root branching occurred as RSAI in-
creased. The magnitude of change in RSAI appeared to be more a function
of the amount of available P in-solution than a response to the presence
of inéoluble P. |

The level of P nutrition;may influence the cation exchange capa-
city of roots (105. Mclean et al. (14) observed that the influence of
plant nutrition upon rooﬁ'CEC wés most notable in'plants having low root
exchange papacitiesl For all forage legumes except sainfoin in this

study, root CEC expressed per unit of root dry wt increased with decreas-
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TABLE III~1. PLANT GROWTH CHARACTERISTICS AS AFFECTED BY DIFFERENT

SOURCES OF P.

Plant growth

P treatment

Plant +P RP ~P

. Sainfoin mg dry wt/day 6.1 bl 7.4 a 6.1 b
root:top ratio 0.47 b 0.49 b 0.66 a

Yellow sweetclover " mg dry wt/day 9.8 a 8.8 a 4.0 b
root:top ratio 0.32 a 0.39 a 0.43 a

Alfalfa mg dry wt/day 10.2 a 8.1 b 2.2 ¢
root:top ratio 0.36 a 0.38 a 0.40 a

Subterranean clover mg dry wt/aay _ 6.5 a 3.1 b 3.1 b
root:top ratio 0.41 b 0.51 a 0.47 ab

Red clover mg dry wt/day 8.0 a 2.2 b 1.0.¢c
robt:top_ratio 0.43 a 0.47 a 0.51 a

Buckwheat mg dry wt/day 10.9 b 12.8 a 11.0 b
root:top ratio 0.21 b 0.20 b 0.29 a

Winter wheat mg dry wt/day 9.3 a 6.6 b 6.3 b
root:top ratio 0.57 a 0.51 a 0.53:a

All species mg dry wt/day 8.7 a 7.0 a 4.8 ¢
' root:top ratio 0.40 b 0.42 ab 0.47 a

lValues within a row followed by a common letter are not significantly
different at the 5% level.. : '




TABLE III-2 OT SURFACE AREA AND ROOT SURFACE AREA INDEX (RSAI) AS AFFECTED
5> OF P
P P treatment
Plant +P -P +D -p
be
—Total mg H20 spun off roots—— -—mg HZO spun off/mg dry wt3-_
i 4
Sainfoin 257.2 ab 249.3 b 334.4 a 3.93 a 2.97 b 4.14 a
Yellow
sweetclover 264.2 a 275.2 a 169.2 b 3.19 b 3.16 b 4.26 a
Alfalfa 215.8 a 221.4 a 110.6 b 2.45 b 2.87 b 4.93 a
Subterranean
clover 253.1 a 114.1 b 158.1 b 4.14 ab 3.20 b 4.62 a
Red clover 278.2 a 11360 48.2 ¢ 3.34 b 4.35 a 4.40 a
Buckwheat 71.5 a 87.0 a 73.5 a 1.54 ab 1.61 a 1.21 b
Winter wheat 214.7 2 94.4 b 1125 b 2.57 a 1.68 b 2.02 b
All species 222.1 a 164.7 b 143.8 b 3.02 b 2.83 b 3.65 a

1

“Values within a row followed by a common letter are not significantly different at the 5% level.

2

Total mg HZO spun off roots = total estimated

root surface area.

dmg H,O spun off roots/mg root dry wt= root surface area index (RSAI).
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ing levels of available P (Table IITI-3). RSAI also increased as.avail-
able P decreased (TableAII—Z). If root CEC is expressed‘pér unit of RSAT,
the resulﬁing value should be a good esfimate of the aensity of exchangé
sites along a root surface (Chapter I). With severe P stress (-P treat—-
ment), the density of exchange sites aecreaéed dramétically for yellow
sweetciover, alfalfa, subterraneanAcloyer, and red clover. Sainfoih
showed no significant difference in the density of exchange sites between
.the P treatments, indicating that severe P stress did'nof occur. If total
dry natter production (Tgble I-1) is compared with root QEC expressed as
meq/RSAT (Table.III—S), a strikingly'éimilar pattern of response is evi-
dent for all species except buckwheat.

The response of roqt exocellular acid phosphatase activity to dif-
ferent sources of P is reported in Table‘III—4. An inverse.relationship
getween phosphatase activity and dry métter prbducfion (Taﬁle 111-1) was
evident for most speciés. This is in agreement with other data (13) show-
ing an increase in phosphatase activity with decreasing levels of avail—‘
able P.

Experiménf 2

Since tﬁe dissolution. of rock phosphateﬁis a éeﬁsitive function of
the pH of surrounding édlution (12), I exahined'chgnges in rhizosphere pH
induced by‘sainfoin seedlings. If sﬁfficient var;ation exists among a

species, then rhizosphere pH.measurements might be used as a screening

technique to select plants adapted to low available P soil situations.
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TABLE III-3. ROOT CATION EXCHANGE CAPACITY (CEC) EXPRESSED PER UNIT
OF DRY WT AND RSAI AS INFLUENCED BY DIFFERENT SOURCES
OF P.
P treatment - P treatment
Plant +P RP -P +P RP -P
—-meq/100 g dry wt—- ~—meq/RSAI——
Sainfoin 58.7 a 42.9 b 46.4 ab 10.1 .a 12.3 a 10.4
Yellow
: sweetclover, 31.8 b 35.8 ab 39.8 a 8.8 a 9.8 a 4.0
Alfalfa 29.3°b 34.7 b 46.4 a | 11.5 a 9.5 a 2.2
Subterranean : ‘
clover 42.7 a 42 .8 a 45.6 a 7.7 a 5.3 ab 3.4
Red clover 33.1 b 44 .2 a 46.7 a 8.3 a 2.5 b 1.2
Buckwheat 26.9 a 27.1 a 23.0 b 8.4 b 9.2 ab 12.5
Winter.wheat 13.4 a 10.4 b 10.8 b 4.5 a 3.5 ab 2.9
33.7 a 34.0 a 37.0 a 8.5 a 7.5 a 5.2 °

All species

lValues within a row

different at the 5% level.

followed by

a common letter

are not significantly
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TABLE III-4. ROOT EXOCELLULAR ACID PHOSPHATASE ACTIVITY AS INFLUENCED
) BY DIFFERENT SOURCES OF P. .
i

i

P treatment

Plant +P RP . —P
—-uM PNP2 (g dry wt)-~l (hr)—l——

Sainfoin 0.44 al ‘ 6.33 a 0.37
Yellow sweetclover - 0.32 b 0.34 b 0.73
Alfalfa 0.25 b 0.31 b 0.94
Subterranean clover 0.58 b 0.82 ab 0.91
Red clover 0.38 b 0.97 b 2.78
‘Buckwheat 2.02 a 2.10 a 2.31
Winter wheat 0.40 a I 0.53 a 0.49
0.58 b "~ 0.72 b 1.18

All species

Yalues within a row followed by a

different at the 5% level.

2PNP = p—nitrophenol

common letter are

not significantly
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A wide range of pH rgadings in resbbnse_to P stress among 45 sain-—
foin seedlings was obtained (Figure III-1). At days 13 through 19 after
germination, using a —-P nutrient solﬁtion, pH values tended to drop below
the initial pH of 6.0 durihg thé lst day, and increa;e during the 2nd ana
3rd days after a solution change. The réngé of pH values increaséd with

increasing plant age. Sufficient variation in rhizosphere pH values

existed among sainfoin seedlings to wafrént'further investigations into

" the use of rhizosphere pH as a possible means of identifjing plants

adapted to low available P soil situations.
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Figure III-1. Changes in rhizosphere pH induced by sainfoin seedlings.
The vertical dotted lines indicate solution changes.
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CONCLUSIONS

Root CEC -expressed per unit of dry wt increésed'as’the levels of
available P decreésed fof all forage legumes except Saiﬁfgin. The den-
sity.of cation exchangeé sites aloné the root surfaqe decreased for yellow -
swegtclovér, alfalfa, subterranean clover, and red cléver, but not for
sainfoin, when grown for 35 days with no source of P. Estimated root
surface area per unit of dry wt (RSAI)‘génerally increased as available
P became more limiting for the fdrage legumes, but not for winter wheat
and buckwheat. ﬁo&t exocellular acid phosphatase activity was inversely
related to-total dry matter proauctibn for most. species. A wide range
of fhizosphere pH values for 45 sainfoin seediings wés obtained when the-

plants were subjected to P stress. The ﬁost promising indicators of a

plént's feeding power for rock phdsphate appeared to be rhizosphere pH

-

changes 'in response to P stress and Ca++ accumulation by -plants from

insoluble calcium-phosphate compounds.
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SUMMARY AND CONCLUSIONS

The dissolution of fluorapatite, a major constituent of most rock
S

phosphate reserves, can occur as follows: Calo(PO4)-6F2 % l2H+——>lO CA

+ 6(}?2904*) + 2F .  Theoretical considerations predict .that the solubility.

++

. . + . . :
of fluorapatite should increase as the H concentration.increases (decreas-—

ing pH), and as Ca++ and H P04~ concentrétions in soil solution decrease.

2
Any plant characteristic which énhances.any of these conditions should
increase a piant's.P feeding power from fluorapatite. -
To initiate the dissolution of fluorapatite, plant roots apparently
lower the pH of rhizasphere soii solution. The réleaég of HT from piant
roots may be a hormonal response to P stressl As fhe.pH'of rhizospheré
solution decreases, though, 2 antagonistic‘phenémena would be faking |
place{ the dissolution of fluérapatite due to decreasing pH and the re-—
precipitation of soluble P due to increasing Ca++ concentration. There—
fore, plant rgdts must also remove a significant amount of Ca++ from
solution to allow the dissolution of fluorapétite and release of soluble
P to continué.. '
Plant roots can remove Ca++from'soil solution by adsorption on
the root cation exchange complex or by absorption across root meﬁbranes.
Therefore, plants possessing high root cation exchange capacitieg and the
abilit& to accumuiate Ca+f in their tissue should Ee good P feeders from
rock phosphate.

The absorptibn and utilization of P from insoluble tricalcium-
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phosphate compounds by alfalfa, sainfoin, yellow sweetclover, red clover,

subterranegn clover, winter wheat, and buckwheat were studied in gra&el
culture in a controlled énvironmenﬁ chamber. - Yellow sweetclover absorbed
more P and had a higher % P in its tissue than the other forage legﬁmes
tested when 32P—fluorapatite was the only source of P. Sainfoin trans—

located P absorbed from fluorapatite most efficiently from roots to tops.

Yellow sweetclover, alfalfa, and sainfoin produced maximum dry matter

while feeding on either pure fluorapatite or rock phosphate in small,
restrictivelcontainers, but only sainfoin. responded to rock phosphate
whén the root density was much léss. Subterfanean clover and red clover
&id not absorb and utilize P from fluorapatite or rock phosphate as effi-
cientlf as.yellow sweetclover, alfalfa, and sainfoin. Buckwheat was an
efficient P feeder from rgck phospﬁate. Winter wheat roots absorbed con-
‘siderable P from 32P—flu§rapatite, but were vefy inefficient in tfanslo—
cating this P to tops.

Plant characteristics that éllow plants to adapt to low available
P soil situations inélude higﬁ roét cation exchange capécities, excretion
of organic acids or H+ from roots into surroﬁnding soil solution, abéorp—
tion or adsorption of Ca++ from solution by roots, root exocellular acid
phosphataée activity, inCreésed root surface area, chelate secretion by
roots, and mycorrhizal relationships. The responses of root cation ex-
change capacity, root exocellilar acid phosphatase activity, root surface

area, and rhizosphere pH to different sources of P were evaluated in this
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|
study. The density of cation exchange sites along the root surface de-

creased dramatically for yellow sweeﬁclover,'alfalfa,.subterranean
clover, and red clover, but not for saipfo;n, when grown for 35 days

with no source of P. An inverse relationship between root exoceliular
acid phosphatase activity and dry matter-production occurred for most
species. Estimated root surface area per unit of dry wt (RSAI) geﬁer—
ally increased as available P became more limiting for the forage legumes,
" but not for winter-wheat and buckwhegt. A wide range of rhizosphere pH
values was obtained among 485 sainfoin seedlings when subjected to P
stress in solution. culture.

Both Ca,++ adsorption and abéorption by plant roots-are important
to the continued dissolution of rock phosphate in the rhizoéphere. If
they do not occur, high levels of Ca++ ih solution can cause reprecipita-—
tion of soluble P. To initiate the dissolﬁtidn process, though, it is
likely that plant roots must lower the pH of soil solution in the rhizo-
sphere. Therefore, rhizosphere pH changes in response to P stress and
ca*® accumulation from insoluble calciﬁm—phosphate compounds by plants
appear to be thexmost-promisiﬁg indicators of a plant's P feeding power

from rock phoéphate.
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