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Abstract. From a study of the effects of Ca ions on the nodulation of subterranean clover
in flowing culture solutions it is concluded that root infection or nodule initiation has a higher
Ca requirement than either nodule development or host plant growth in the presence of fixed
nitrogen.

Increasing Ca concentration from 246 to 720 AM had no effect on growth of the host plant
but increased the number of nodules from 7 to 24 per plant. Decreasing Ca concentration
from 246 to 4 LAM progressively decreased both plant growth and nodule numbers.

It is suggested that nodule infection or initiation required higher solution concentration of
Ca than nodule development since transferring plants after 10 days in lower Ca treatments to
720 FM Ca for 7 days did not increase nodule numbers above those on plants treated con-
tinuously at low Ca. Similarly transferring plants from 720 Am Ca to lower Ca treatments
did not decrease nodule numbers much below those on plants grown continuously at 720 FM
Ca even though growth was depressed. Once initiated, nodule development proceeded at
concentrations of Ca too low for plant growth.

The high Ca requirement for root infection or nodule initiation was not thought to be due
to effects on survival or growth of Rhizobium and could not be related to effects of Ca on
a number of relevant processes:-tap root length, root hair development, or lateral root initiation.

Ca has been thought for many years to have a
sp)ecific role in legume nodulation. However, earlv
reports (1) failed to distinguish between the Ca
requirements for host plant growth and for nodula-
tion (12). Moreover, a more recent claim that the
Ca requirement for nodulation of subterranean
clover is greater than that required for growtth of
the host plant (5) has been challenged (10).

Since rapid depletion of Ca concentrations may
accompany growth of plants in standard culture
solutions, we have re-examined the effect of Ca
concentration in solution on the nodulation and
growth of subterranean clover using a flowing cul-
ture apparatus (2) in which specified Ca concen-
trations are maintained constant. Additional treat-
ments were incluided to distinguish among the various
phases of nodulation which might be affected by Ca.
In this paper, the convenient grouping of nodulation
phases into 3 major stages-root infection. nodule
initiation, and nodule development-has been fol-
lowed (3,4,8). The stages of infection and initia-
tion include all phases prior to the appearance of
the nodule.

1 This work was supported by an Australian Com-
monwealth Scholarship awarded to the senior author who
is on study leave from the New Zealand Department of
Agriculture.

Materials and Methods

Planit Cuilture. Seeds of Mt. Barker strain of
subterranean clover (Trifoliutn stbterraneum, L.)
were sterilized with 50:50 ethanol: 30 % hydrogen
peroxide and washed with de-ionized water. After
24 hours in aerated de-ionized water, germinating
seeds were placed on cheesecloth over basal nutrient
solution of the same composition as used in the main
experiment with the exception that it contained
3 FM CaSO4. The solution was aerated, was main-
tained at 200 at pH 5.0 to 5.5 and was changed
daily. When 7 days old, 12 seedlings were trans-
ferred to each of 32 containers in each of 6 ctulture
units of specified Ca concentrations.

Details of design and performance of the nutrient
solution units have been published (2). In each
unit a total volume of 2800 liters of nutrient solution
was continuously recirculated through 32 containers
in parallel at a rate of 1300 liters container-1 day-1.
Filtered air was bubbled through the solution in
each pot and the solutions were maintained at
20 + 20. The pH was maintained at 5.0 + 0.3 by
titrating twvice daily with 0.5 AI KOH; 0.25 M K,SO4
was added to maintain equal K concentrations in all
units.

CaSO4 was added to give the
centrations in pM: 4 -+ 0.2, 9
81 +± 1, 246 +- 6, 720 + 10.

following Ca con-
4 0.5, 30 +- 2,
Ca concentrations
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were determined every third day by atomic absorp-
tioIn spectrometry after addition of Sr to 0.25 %
(w/v) to prevent interference from other elements
(11) and maintained at the above concentrations
throughout the experiment. The basal nutrient con-
centrationis were as follows (KM): Mg 1,00: N (as
NH4+) 200: N (as NO3-) 450: Na 22.5: P 2.5:
S 100: Zn 0.475: Mo 0.02: 13 3: Cu 0.1: Co 0.045:
Mn 0.5: Fe (as sequestrene 138) 3. The initial K
level in the basal nutrient solution was 250 uxt and
the addition of KOH and K2S04 gave a final level
of 310 MM. To ensure an adequate supply of basal
nutrients one quarter of each tank was drained after
12 days and refilled with fresh solution.

Two davs (D2) after transplanting seedlings
into treatments, suspensions of Rhizobium trifolii
strain T.A l were added to give about 4000 viable
Rhizlobjin cells per ml of nutrient solution. The
platits were thinned to 10 per container on D9. On
DlO, 4 replicates were transferred froni the high Ca
level (720 jAM) to each of the 5 lower levels and 4
replicates from each of these lower levels were
transferred to the high Ca level. Extra containers
wvere maintained at the 5 lower levels of Ca so that
the nuniber of plants at each Ca treatmen;t was

identical.
Harvesting. At plaintinlg (DO) duplicate sub-

saml)les of 50 seedlinigs were divided into tops and
roots anid weighed fresh after blotting excess water
frotmi roots. On D2. pllants were selected at ran-

domii from eaclh Ca level. removed, photographed.
and replanited. Trainsferring seedlings from the
seedling solution to the exjperimental solution re-

stilted in a check in root hair growth whliclh left a

zoiie O.5; to 1.0 cnm before new root hairs appeared.
Because of this it was possible to measure, on the
photographs, the effect of Ca oIn the rate of taproot
growth als well as root hair lengthl.

Tlhe first nodules were visible under the micro-
scope by D7 (microscopic nodules) and to the naked
eye by D9 (macroscopic nodules). On D10, 4 repli-
cates were harvested, fresh weights of tops and
roots were measured and the roots stored in formalin
for root growth assessment. Root hair len,gth at
1 cm from the taproot on the second and foturtl
laterals was measuired using a binocular microscope.
The length of taproot. the number of primary
laterals, and the number of secondary laterals on
thle primary laterals were recorded.

On D17 the 4 replicates that had been trans-
planted and the 4 that had remained were harvested.
Fresh weights of tops and roots were obtained and
the roots were stored in formalin until nodtulationi
was recorded. Nodules were rated as follows:
l) small white nodules, 2) mediuim sized nodules.
3) large pink nodules. The distribution of nodules
oIn roots was recorded as those within 2 cm from
the base of the taproot anid thiose filurtilel than 2 ciii.

Results

Effects of Continuous Ca Concentrations. Plants
grew vigorously with relative growth rates of 18 to
19 % per day at the 2 highest levels of Ca (246 anid
/20 uM). At Ca concentrations below 246 Mm plant
fresh weight decreased (fig 1A) and at tihe 2 lowest
Ca levels (4 and 9 Am) Ca deficiency symptoms
similar to those described by Millikan (6) were
induced. Ca affected plant growth in a similar way
at bothl harvests.

By contrast with its lack of effect on growtlh.
Ca at 720 Mm trebled the number of nodtules per
plant at 2,46 Mm Ca (fig 1A) although virtually all
plants were nodulated at 246 Mm Ca (table I). At
Ca conicentrations below 246 Mo1 nodule ntumbers
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FIG. 1. Effect of Ca concentrations in solution on yield and nodulation of subterranean clover. A) Plants

at the Ca concentrations shown in the figure continuously for 17 days. B" Plants grown at the Ca concentrations

shown in the figure for 10 days then transferred to 720 AM Ca for a further 7 days. C) Plants grown at 720 gmcalcium for 10 days then transferred to the lower Ca concentrations showrvl in the figure for a further 7 days,
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Table I. Effect of Ca Concentration in Solution on
Nodulation of Subterranean. Clover

Ca conlc (gm )

Percent plants
nodulated:3 D17

Meani noduile size D17
Nodules <2 cim fromibase

of taproot2 D17
Noduiles >2 cmi froml l)ase

of taproot2 D17 C

4 9 30 81 24(6 720

5 12 27 98 100
2.5 2.3 2.3 2.2 2.4

0.0 0.1 0.2 0.6 6.0 11.6

0.0 0.0 0.0 0.0 1 0 12.8

Values not joined by the samiie horizonital line differ
significantly (P<0.05) by Duncan's range test.

2 /ntt 1 transformationi uised for analy sis.
Arcsitn transformation used for analysis.

)rogressively decrease(d uintil at 4 tUM Ca there were
nonle. Apart from a fe nlodtules on the distal tap-
root of plants at 7221 /M Ca all ilodilles occurred onl
the primary laterals. As well as increasinig the
littmber of nodtules, 720 Mm Ca had a strikinlg effect
o11 increasing the distribution of nio(lules over the
root system. At all lower Ca levels inodtules ere

largely conifilned to a zone niear tile ilase of the root
(table I).

Although Ca increased the number of nodules it
did not affect the growth of individual nodules
(table I).

The strikinig effects of 72() Ca oni nodulation
of subterranean clover lplants collillared with 246 Mm

couild iiot be explained by chaiiges in relevant
processes of root developmnent which were mleasntre(l.
It had nio effect on the rate of taproot development
over tlie initial 48 hoturs aii( little if any effect on

tal)root lengtlh at the first harvest (table II). it
also had no effect on the numiihbel- of secondary
laterals, but increased the nluminber of primary laterals
to a snmall extent (table 11).

Similarly, increasing Ca fromi 246 to 720 uim had
1no effect oni lengtlh of root hairs onl either taproots
or primlarv laterals. However, as the Ca level Nas
(lecreased below 246 pmI root hair length progres-
sivelv(decreased on both taproot an(l lateral roots
(table 1I) . At all Ca lev els the r-oot hairs on the
tap)root were longer than,] those onl the primiiary
laterals. Thutis the effect of Ca on root lhair letngth
lid nlot parallel its effect onl nodulation. Nor was

there anv observable (lifference ill root hair density

at 720 :\i compared withl 246) M Ca.
IEffect of Tra ospla iting From1n Jowre Concentra-

tiols to 720 tA Ca. Transplanltinig subterranean

Table II. Effecl oJ Ca Concentration in Solution on Root Development of Subterranean Clovert7?

Ca coIc (/NrM)

Rate of taproot developmiient
(mmn/24 llr)

Length taproot (cm /plant)
No. priniary laterals

per plant
No. primary laterals

per cm taproot

No. secondary laterals

per plant
Length root hairs Ol1

taplroot (A1)
Length ro)t hairs oll

laterals (,u)

4 9 30 81 246 720

2)2

1) 1i)

D)10

1)10

1)10

D)2

1)1(

4.2' 4.0
6.7 6.9 5.8

7.4
8.9

10.3 10.1
12.7 13.6

28.0 26 5 25.1 29.1 39.8 47.5

4.2 3.9 4.3 3.3 3.2 3.5

553 551 823 822 734 807

270 340 360 430 440

51 74 77 120 177 177

Valuies niot joinie(l by the sialle hlorizontal inc differ sitni ficantly ( P<0.4)A)5 )b Di) anai'. range test.

Table 111. Effect of Ir(lnsplantin!I I ro7 Lower (one entrations of Ca (A. t
Nodulalion of Subterranean Clover

1)1O) , fN2(NCJ on Yield oanid

Couic of Ca (,um)
DO to D10 4 9 30 81 246 720
D1O to D17 4 720 9 720 30 720 81 720 246 720 720

Percent plants 01 3 5 15 12 10 27 30 98 100 100
nodulated2 D17

Mean nodule size D17 ... 2.0 2.5 2.2 2.3 2.5 2.3 2.2 2.2 2.4 2.4

Values under each initial (DO-Dl10) Ca level not joined by the same lhorizontal line differ significantly (P<0.05)
by Duncan's range test.

2 Arcsin transformation used for analysis,
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clover plants after 10 days' treatment at lower Ca
concentrations to 720 ptM Ca did not increase nodule
numbers per plant (fig 1 B) or number of plants
noddulated ('table III) in a ssubsequent /7 day period.
Since the first nodules became visible in continuous
720 MM .Ca on the seventh day after innoculation,
this subsequent 7 day period should have been long
enough to have permitted any nodules initiated at
the time of transfer (D10) 'to have developed macro-
scopic nodules by final harvest (D17). Hence the
result indicates that the Ca-sensitive process is one
of root infection or nodule initiation rather than
nodule development. Further support for an effect
of Ca on infection or initiation rather than develop-
men't is seen in the absence of any effect of trans-
planting on nodule size (table III). It is note-
worthy that this same treatment produced sharp
responses in the fresh weights of plants transferred
from the 3 lowest Ca treatments (fig 1 B).

EIffect of Transplanting Fromn 720 uM' Ca to
LozTcer Concecntrations. The effects on nodulation
of transplanting young plants from 720 Mm to lower
Ca concentrations confirms the concluision that root
infectioni or noduile initiation rather than nodule
developmenit is a Ca sensitive process. Transplant-
ing had no effect oil the number of plants nodulated
(98-100 %) or the size of each nodule (2.3-2.4)
and little effect on the number of nodules per plant
(fig 1iC). The slightly lower ntumber of nodules on
these planits requires explanation since evidence
above indicates that the period after transfer is too
short for development of noduiles de novo in 720 MM
Ca. Therefore it is suggested that the critical
Ca-senisitive stage may not be completed for 1 or 2
days after the first stage of infection and that the
small proportion of nodules whi,ich had not completed
this Ca-sensitive stage at time of tranlsplanting from
720 Mm to lower Ca concentrations would not de-
velop to completion within 7 days as thex did if left
in 720 uM Ca for the wvhole period. Since trans-
plan,ting to the lowest Ca concentrations sharply
decreased fresh weight of plants (fig IC) it appears
that onlce initiated at high Ca, nodule developmenlt
is evsen less sensitiv,e to low Ca levels than is plant
growth.

Discussion

The results presented in this paper confirm pre-
viou1s reports (5) that nodulation requiires a higher
Ca concentration in the environment thani host plant
growth when fixedinitrogen is suipplied. The re-
stilts are also in agreenment wvith those of \Vrhite (10)
for stibterranean clover at pH 5.0. However, WVhite
(10) has emphasized the parallel effect of Ca on
both nodulation and host plant growth at pH 6.0.
The reason for his failure to show any discrimina-
tory effect at pH 6.0 probably lies in the small range
of Ca levels used.

The presen't work indicates that infection or
initiation phases of nodulation are particularly sen-

sitive to Ca. Once the nodule is initiated develop-
ment proceeds unhindered even by concentrations of
Ca too low for plant growth. How root infection
or initiation is increased by Ca is not apparent.
However, a suggested causal relationslhip between
root hair development and nodulation (10) is re-
jected since in the present vork the greatlv increased
nodule number at 720 Mm compared with 246 uM Ca
was not accompanied by any increase in root hair
lengtlh or density. Moreover, at the lower Ca con-
centrations where effects oni root hair development
paralleled nodulation, plant growth wvas also affected.
Nor was increasing Ca at these levels accompanied
by any increase in secondary lateral root initiation
as would be expected if the Ca-sensitive process was
related to the numtber of foci for nodule initiation
present, on the assumption that both nodule and
lateral root initiations share common foci (8).

The larger number of nodules per plant at 720 Mm
coml)ared wvith 246 'Mj Ca was accompanied by a
change in the distribution of nodules, aild it was
only at 720 Mm Ca that nodules wvere distributed
videly over the root system. At 246 /M, Ca they
were largely restricted to a zone near the base of
the root. As microscopic nodules were spread
widely over the roots 5 d,ays after inoculation at
720 Mm Ca, infection must have occurred shortlv
after inoculation. Therefore the greater number of
nodules at 72{0 ,Mp Ca caln not be attributed to a
longer period of infection due to enhanced Rhizobiun
survival. Contamination prevented the determina-
tion of Rhizobiuvt numbers by direct counts but no
differences in Rhizobiunt survival or multiplication
xvould be expected as their Ca requirenment is small
(7,9) and less than that for plant growth (5).

Apart from the indication that Rhizobimn num-
bers are probably not inivolved, the presenlt experi-
ment does not distinguish which lphase in the com-
plex series of interactions between Rhizobiosn and
the host plant (8) in noduile initiation is specifically
affected by Ca.
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