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Àbstract

The experiments described in this thesis consider the extent of genetic
variation for Mn efficiency (ie. tolerance to Mn deficiency) in cereals,
with particular reference to wheat, and explore some possibte plant factors
associated with Mn efficiency. Emphasis has been given to the growth of
seedling plants under growth cabinet conditions in pots contai-ning

Mn-deflcient soil. A long term objecti-ve was to develop a screening

technique for Mn efficient genotypes in a screening program.

Barley proved to be more Mn efficient than wheat, triticale or rye,
when grown for 4-5 weeks in small (Z¡O S crp.) pots at 15oC, having the
highest dry ma¡tr"r producti-on, IIn uptake and utitisation effi-ciency. The

higher rate of Mn uptake for barley was much more strongly associated with
root growth and root morphology (greater lateral root development) rather
than with enhanced chenical or biological modification of the rhi-zosphere.

tr'rom a study with wheat-barley addition U-nes it appeared that the Mn

efficiency of barley could be transferred to wheat, but that the mechanism

of this efficiency hras not obvious nor sirnply inherited.

Differences in growth between ¡¡heat cultivars (in particular) without
added lvìn were confounded by differences in the Mn content of sown seeds.
Nevertheless significant w'lreat cultivar variation in the rate of growth,
Mn uptake and Mn utilisation beeame apparent when a little lrtn (10 ng k¿j-1

soil) was added. Cultivar differences for a functional requireloent of Mn

in photosynthesis, as determined by r:oon temperature chlorophyll a

fluorescence, were smaI1.

tr'urther growth cabinet and fiel-d studies demonstrated that seed }in

content (natural ocurring as well- as artificially increased by soalcing in
ItrrSO4) played a vital rol-e in determinj-ng early plant productivity as well
as influencing grai-n yield. Manganese-inefficient genotypes could be

distinquished by their greater response to seed soaking in the fiel-cl.



Results of field experiments conducted mainly at I'Iangaly on the same

soil as used in the pot experiments showed that agronomic I{n efficiency
(based on relative grain yield) varied considerably between cereal
cultivars. Rye and hleeah barley were the most Mn-efficient and oats the

least Mn-efficient cereal. Considerable differences were evident between

cultivars of wheat, barley and triticale for actual and relative grain
yields. The best wheat (Aroona) yielderl about the same as the worst barley
(çatteon). Tie1ds of triticale were intermediate between v¡heat and rye.
The least Mn-efficient cultivars rrere characterised by severe plant
nortality mid-season as wefl as low grain yields per pIant.
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1.1 INTRODUCTION

Manganese was the first trace elenent to be establ-ished as essentiaf

for higher plant growth (Mcgargue 1922). In Australia, Itn deficiency was

first identified in 1927 by G. Samuel and C. S. Piper, r+orking at the llaite

Instj.tute, South Austra,lia. They correctly perceJ-ved that "road' take-al-l"

and "grey speck" disease of oats observed near Penolar South Austrafia, was

caused by a decreased avail-abil-ity of Mn due to soil alkalinity. In 1929,

they successfully produced grey speck disease in water culture, the first
l-aboratory demonstration of a known micronutrient deficiency (Sanuet and

Piper 1929).

Manganese deficiency has subsequently been encountered in many crops

groun on a wj-de range of Australian soils (Donald and Prescott 1 975), but

particularly on some soil g:-lups of high line status and pH, notably the

coastaf cal-careous aeofian sands with up to 8O'l CaCOI (pH 8.5), the

calcareous solonised brown soils (malIee soils) of uncertain origj-n,

occurring in semi-arid southern areas, and various shalfow soils over

Iimestone (eg. rendzinas). Manganese deficiency is also prevalent on

alkaline andfor high organic rnatter soils overseas (eg. Hol-land (Henkens

and. Jongrnan '1965), Sweden (Johannsen and. Eknan 1956), United States

(Cunningtran 1972) and England (eatey 1971).

Amefioration of trace element-deficient soils of the sc-cafled "90 mile

desert" of South Austrafia in the 1 950s inereased the productívity of

pasture J-egumes and hastened the deveJ-opment of cereal growing,

particularly in more marginal farming country (lonatd and Prescott 1975).

Recently, there has been a renewed interest in application of lvtn, Zn and Cu

on cereal crops in South and I'iestern Australia. This need has arisen

primarily as a result of the increasing use of high analysis fertilisers.

Recent aclvances have been nade in increasing the effj-ciency of soil and

fol-iar applied Mn (Reuter et al 1973i Hannam 1984) and in the assessment of

cultivars with increased tolerance to Mn deficiency (Grahan et al- 1987).

Current research areas include (1 ) screeni-ng of genotypes for Mn efficiency
(Graham 1984), Q) the refationship betr^reen I{n deficiency and the

I
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susceptibility of plants to disease (Graham and Rovira 1984; liilhelm et aI

1985), 3) effects of Mn deficiency on plant rnetabotism and. growth (Brown

et al 1984; Nable et a1 1984i Kriedemann et a1 1985) and (4) tfte oefinition
of critical concentrations of IvIn for growth and grain yieJ-d (Graham et al
1985).

This review seeks to (1 ) discuss those soil conditions leading to the

developnent of Mn deficiency and factors associated with plant toferance to

this stress, (Z) describe the effects of Mn deficiency on plant growth and

netabofism and (5) define characteristics of nutrient-efficient genotyPes,

with particular reference to lútn, and (4) comment on the efficacy of various

screenj-ng procedures.

1 .2 FORI,IS ÁND AVAIIABITITT OF SOIL I'TANG,ANESE

1 .2.1 Introduction

Total soil Mn content can vary between 20 and 6000 ppnl (Krauskoff

1972), However, it is known that total soil Mn is poorly correlated with

Mn avail-ability to plants (Uoff and lrlederski 1958; Page et aI 1962; Leeper

197O; Aubert and Pinta 1977).

Weathering of the ferronagnesian and secondary soil minerals releases

Mn mainly in a divalent (Un2+) form, which is then reoxicii-seo and may

become associated'with other soil fractions, notably the clay mineral-s an<l

organic matter (Taylor et aI 1964). The reactions of these fractions in
the soil deterniine the supply of Ivin avaílabte for plants. The most

inportant forrrrs of I{n in soils are (Ivlengel and Kirkby 1982)¿

1.

2.

3.
4.

Mn2+ or divalent lvin

MnO2 (un4+) or pyrolusite (crystalline)
MnZOT (Mnl+) or hausmannite (crysta1.Ìine)

MnOOH or manganite (crystalline)
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' Soil Mn potentially available to plant roots has been termed "active

Mn" (Uenget and Kirkby 1982) and refers to the contribution of divalent Mn

and easily reducible Mn "pools". Divalent Mn occurs in the soil solution

as water soluble lvln (in small quantities except in acid soils) and in

association with the colloidaL fraction (clay rninerals and organic matter)

as exchangeable lttn (Uulder and. Gerretsen 1952). Types of organic lnatter

differ in their abiJ-ity to coraplex IuIn2* and therefore in their influence

over Mn availabil-lty to plants (Mnfd"" and Gerretson 1 952). Easily

reducible Mn is the fraction of potentially reactive Mn oxides that plant

roots could have access to (L"epet 19?O).

1.2.2 Measurement of soif Mn Pools

Much effort has been d.evoted to the development and refinement of

chemical procedures for estirnating the size of soil Mn pools in ordel to

determine the soil's potential for supplying Mn to plants. Chenical

extraction of soil- Mn in ionic, reduced or chelated forms have been used

and these are surnmarised in Table 1.1 . Critical levels for a particular l'{n

fraction can then be established (Littdsty and NorvelI 1 978).

Notwithstanding this effort, soif analysis remains an unreliabfe

predictor of soil I{n availability, particularly on neutral to al-kaline

soifs. This is partly due to the arbitrary nature of the chentical-

procedures used in estinating Mn pools (ee. overestirnates of easily

reducibJ-e Mn) and partly due to changes in pool sizes that occur during

sampling, storage and analysis (Boken 1952; Bromfield 19?B; Shu-mann 1980).

Moreover, 'l;hese tests take no account of the individual requirements of

various plant species and cultivars (Cox and Kamprath 1972). t

The emphasis in tests for soil Mn availability has been on the

deternination of divalent and chelate-extractable I[n, since it has been

generally accepted that plants obtain soil Mn as luln2* (Geering et al 1969).

'!ühilst this may be the case in neutral- soils, it has been strongly argued

that plants rnust obtain Mn2* di""ctly from l.ln oxj-des by reduction processes

when grolrn on alkaline soifs (Jones and Leeper 1951a; Uren 1969; Bromfield

19?B). Therefore, since }ln <leficiency is rnost often associated with
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Table 1 .1: Chemj-cal extractants used for rneasurement of soil Mn pools.

Mn pool Extractant Reference

1. water soluble
2. exchangeable
communj-cation)

A. Divalent

B. Chelate
extractable

C. Reducible

2. less easily
reducible

Heo
ethanol

tÍ ca¡aunDTÀ (pH=B)

O.O5 Ì.I EDTA
0.005 ¡l DTPA + 0.01 M

CaCI2 (pH=7.2)
2-ketogluconic acid

Cox and Kamprath (lglz)
Urerr (personal

Beckwith (lgl>)
Skernan and Harmer (lg+z)

Sheppard and Bates (tgee)

viro (195Þl

Linclsay and l{
Berrow et aI

qrvetl- (t gZe)
(1982)

'. 1 . easily reducible O,2% hyd.roquinone 'r

ca(no7¡, Jones and Leeper (lglt¡)
CHlgoONHa Skerman a4d Harmer (lg+z)
cÑauunrÁ (pu>7.5) Béckwith (tg>¡)

_d-ilute HC1, HZSO4
HN05, HZpO¿
and HCI + HZSO4 Sheppard. and Bates (gez)

dismutation

reduction

Mn3+

(Mn20y nH2Al

l¡ausmannite

DIVALENT MN

Mrr2+

dismutation

autooxidation

oxidation

Mn4+

(Mn02. nH20)

rcduction

oxidation

oxidation

rcduction
t

Mn02
Pyrolusitedismutotion

oxidation

lígure1.1 (adapred from Dion and Mann (1946) by Mengcl and Kirkby 1982)
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alkaline soils (Leeper 1 970), more enphasis should be given in soil testing

to the easily reducibl-e fraction.

1.2.3 Mang anese availabilitv in calcareous soils

Most calcareous soils are in the range of pH 7.5 - 8.5 (Linasay 1979)

and contain variable amounts of free CaCO.5. In the presence of l% CO, ("e

around plant roots) pHs may be cfoser to 7.5 - 8.0 (Rowell 1981). Neither

the soil nor the pl-ant factors that determine the availability of Mn (and

¡e) in cal-careous soifs are well understood. (Jauregui and Reisenaeur

1 981 ).

_L Calcium carbonate added to soil dramatically reduces the amount of

eichangeable Mn even at neutral pH (Cfrristensen et al 1 950) and ihe amount

of exchangeable Mn is highly correfated with the anount of CaC01 in

calcareous soil profiles (Reuter et al 1977). A chemicaf association
' between Mn and CaCO5 cleposits was suggested some time ago by Utulder and

Gerretson (lgSZ) and Leeper (lg>Z). It is now known that CaC07 influences

- Mn availabiliiy through its effects on pH, through surface adsorption of

t"'.. (Bromfield and David 1978; IlcBride 1g79) and through precipitation or

formation of a manganocalcit" (lt"Bt:.¿e 1979). Manganocalcite (VtnCOS) t"y

be nucleated at CaCOT surfaces at feast initially, effectively coating

cafcite particles with MnCO5 (u"n"iae 1979).

In addition, soils of recent narine origin may have Mn deposited within

the calcite structure (Za¡i c 1969). I'ianganese is deposited in the

calcareous she1ls of foraminiferous spec Les feeding upon diatoms l¡hich

contain Mn. Here the Ca is replaced by Mn in the calcite structure of the

she1ls. Accretions of Mn oxides are corüton in molusc shells clue to

bacterialiy catalysecÌ precipitation of lvln in seawater (Zalic 1969)'

Bicarbonate ions per se may also reach toxic concentrations in the soil

solution of calcareous soifs (Lee and 'l{oofhouse 1969; Hutchinson 1967 ) and

l-imit root extension (Uren 1984), which will- affect nutrient uptake. For

example, uptake of Fe by beans vías severely depressed by high

concentrations of I{COz- (Rutl-anO- anrl Bucovac 1971) even in so call-eo
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Fe-efficient Plant sPecies

1 981 ).

such as sunffowers (VenLatraju and Marschner

1 .2.4 Oxidation- reduction cvc line of soif Mn

SoilMnissubjecttovalencytransformations,dependingont}æ
oxidation-reduction status of the soil systen (¡:.g.1.1). The dynamics of

oxidation-reduction cycl-ing in soils are strongly affected by hy¿rogen (H+)

ion and electron (e-) activities ie. pH and pe (Bartlett 1981). If

oxidation and reduction are occurring sj-multaneously, the Mn2+

concentration in the equilibrium solution will be governed by the relative

velocities of the oxidation and reduction reactions. Thus aLL soil factors

influencing these processes have an effect on Mn availabil-ity to plants'

The redox equation governing the rel-ative states of Mn in solution can

be represented thus (Uren 1982):

MnO* + 2xll+ + 2(x-1 )e < - >

microorganisms

The value of x depends on the relative anourtts of l'ln4+ and 1v1n1+ present

(BromfÍeld 1958). If the nost stable oxide (tUnO2) is considered, the

specific reaction is (RusseIir 1979; RoweII 1981 ):

Mn02 +

pe

492+ + 2e <-- -->
1 .23 - O.OlOlog I{n2+

Mn2+ + 2HZ0

- 0.2OpH

(") Oxidati-on of Mn2+

Both chemical and biological oxidation of Mn occur in soils (Dior't and

Mann 1 946). The contribution of chemicaf reactions to i¡nmobilisation of

Mn2+ increases as the pH increases (Dion and Mann 1946) and at very high pH

chenical auto-oxidation ,oredominates (Leeper '19?O). Microbial- oxidation is

particularly important in neutral and slightly alkatine soifs (Uren 1969;

Geering et al 1969; Ìrterrgel and kirkby 1982).
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The role of Mn-oxidising microbes in determining the availability of

soil Mn to plants is still not fully understood (Bromfield 1 978), but it is

known that the ability of soif microbes to oxidise luin2* is greatly impeded

below pH 5.5 (leeper and Swaby 1949) and at alkatine pHs (Reuter and Alston

ig1il. Biotoglcaf oxida'bion also requires an optimal- OZ/CO2 ratio in the

soíI for maximum efficiency (Uren 1969; Bromfield 1974)'

Oxidation of Mn in soils has been shown to be microbially mediated,

rnainly by studies using soil sterilisation or microbiat inhibition r¡ith

antibiotics (Gerretsen (t917) and Leeper and Swaby (tg+O) used chl-oroform,

Mann and Quastett- (lg+ø) used sodium azide and Timonin (lg+0) used calcium

cyanide). However, some doubt has been recently cast on the validity of

these studies by Ross and Bartlett (1981). These authors claimed that the

apparent inhibition of microbial oxidation is in fact the reduction of Mn

oxides by these chemicals.

Bacterial oxidation of sotuble Mn salts to insolubl.e lvln oxides has been

demonstrated in agar, liquid and solution cultures for-l-Phaerotifuq
.. discorphorus (Johnson and Stokes 1966), Arthrobacter and ?seudomonas

(Uutder and Van Veen 1968; Bro¡rfiel-d 1974) and Pseudomonas III and

Citrobacter freunclii (Douka 1977). It is important to oifferentiate

between indirect ("g pH changes or Mn adsorption onto bacterial celI

surfaces) and direct (enzynatic action) effects of Mn-oxidising bacteria

(Douka 1977). No direct evidence for microbial oxldation in soils is

avai-Iable. In fact, Rcss and Bartlett (tggl) found that none of the

Mn-oxidising bacteria isolated from soils could oxidise Mn when

reinocufated into the soil.

(u) Reduction of Mn oxides

The rate of reduction of Mn oxides is determined by the magnitude of pl{

and pe, the activity of soil microorganisms as wel.I as the reactivity of

the l{n oxi-des.
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The concentration of lvln2* in the soil solution i.ncreases 1OO-fo]d for

each unit riecrease in soil pH, due mainly to the provision cf extra protons

(T,inasay 1972) but also to enhanced oxidising power of the Mn oxides

through a clecreased redox potential (Russell 1979). Acidification may also

slow or stop microbial oxidation.

The possible sources of electrons in a soil are the exudates (Bronfield

1 958) and surfaces of roots (Brown et at 1 961 ), rnicrobial processes

(Bronfield, lg54) and soil organic matter (Mann and Quastel 1946; Leeper

1947). 0f these sources organic natter appears to be the most important in

the soiL (Uren 196ù, particularly at fower pH (leepet 1947).

There is considerable evidence that microorganisms are able to bring

about bioJ-ogical reduction of Mn oxides, particularly und-r anaerobic

conditions, where MnC2 may substitute for O, as an I{+ acceptor in bacterial-

respiratÍon (Shernan and Harmer 1942). Indirectly, products of microbial-

metabolism, such as thiol and polyphenol groups, act as reducing agents,

thus releasing Mn2+ (Mrrr.r and Quastell- 1946; tr{ebley and Duff 196ù. These
. 

compounds would be actíng in the same manner as the chemical reductants

added to the soii by Fujimoto and Sherroan (1948). Barber and Lee (lgl+)

have shown that microorganisms introduced from the rhizosphere into

nutrient solution can increase Mn uptake.

lladsley and l,lalkley (1951 ) have shown that the redrrctive reactivity of

Mn oxides was related to the oxide composition (higHer oxidation states

being more reactive), oxicle particle size (smaif particle sizes expose a

larger surface area for reduction), and the degree of crystallinity of the

oxide (amorphous forms are more reactive). Jones and Leeper (1951a)

demonstrated that Mn oxides with these specific properties (eg manganous

manganite) were best in curing Mn d,eficiency. gther oxides (eg

hausmannite) rvhich did not possess these characteristics were inert soil
amendments.

The most reactive oxides are likely to be the most freshly precipitated

ones (Uren 1969), and ín this respect they wilt be comparable to the

nicrobiaf oxide prepared by Bromfiefd (195S), which had a fairJ-y high
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v

oxidation state and was amorphous and highly hydrated. Jones and Leeper

(lg¡l¡) postulated that the loss of reactivity of the Mn oxide with length

of time in contact with the soiL was due to the reversion of the Mn oxide

to a more ordered crystall-ine structure.

The forn of Mn oxide most accessible to pl-ant roots has been termed

easily reducible Mn and is mainly Mno2 rather than Mn20r. This form of Mn

oxide can be readily converted to Mn2* by mild reducing agents (Leeper

1 9?o).

1.' MANGANESE UPTAKE AND TRÂNSIOCATION

1 .7.1 Acq uisition of Mn at the root-soif interface

Manganese avail-ability in the rhizosphere is also affected by

oxidation-reduction cycles, except that plant factors as well as microbial

and soil factors must be invoked.

. l Soil Mn enters plant roots almost certainly as Mrr2* (page et al- 1962;
s$,,

iivenbart 1961; Geering et al- 1969). In soils which are mi1d1y

Mn-deficient it is possible that diffusion of exchangeable Mn to plant

roots may provide an important pathway (Barber 1968; Hafstead et al 1968).

However in neutral to al-kaline soils, which may be rnoderately to se uereÌy

Mn-deficient, the total reactive surface of the Mn oxides (U""tt 1969) may

be a better indicâtor of Mn availability, Thus reduction of the Mn oxides

must occur at some stage before uptake.

,$t tn" ability of grorving roots to reduce Mn, by supplying electrons
\Y

through root exudates, by altering the reducing capacity of the rhizosphere

or by contact reductj.on, Í.s widely recognised (Bromfield 1958, l97B;

passioura and Leeper 1963; Uren 1982). In order to understand how these

three factors interact in determining the rate of arrival of Mn2+ at the

root surface, it is important to review sorne Ìiterature relevant to the

rhizosphere and root exudation.

(
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(a) rne rhizosphere and root exudates

The rhizosphere is defined as that zone of the soil in which the soil

microorganisms are influenced by plant roots (Russel-1 1977). This zone

overlaps with the bulk or non-rhizosphere soil and with the root surface.

The transition zone between the root surface and soil rhizosphere has been

termed the rhizoplane or rhízogel (Uren 196Ð, consisting of rnucigel (Jenny

and Grossenbacher 19Ø), which is the gelatinous material at the surface of

roots grown j-n normal- non-sterile soils (Rovira et af 1979).

Plant roots constantly release chernical substances

rhlzosphere. Substrates from roots have many origins'

have classified these as:

into the

Rovira et at (lglg)

1. Exudates (compounds of low molecular weight leaking from intact

cells),
2. Secretions (conpounds of low molecular weight as welf as high molecul-ar

mucilages releasecl activeJ-y fron cells),
7. Ivlucilages (organic materials arising from the root cap, primary cell

waits of root and root hair epidermal- celfs and bacterial degredation of

epi dermal cells),
4. T,ysates (conpounds released from autolysis of senescing cells).

Sloughed root celfs should also be added to these (Bowen 1980).

In practise, it is usually impracticabl-e to distinguish precisely

between these different processes and the interest centres in their

combined effect in providing substrates t'or the heterotrophic rhizosphere

organisms (RusseII 1977).

Rovira (geg) gives an extensive list of substances found in root

exudates, incJ-uding many carbohydrates, amino acids, organic acids' enzymes

and miscellaneous compouncì.s. The composítion of exudates can also vary

wirlely betr,,¡een species. Mucilage is d,ominantly carbohydrate and is

probably a mixtu::e of a glucan, in the form of cell-ulose microfibrils, and

heterogeneous polysaccharides, including a pectic-1ike component (Oud""
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1 9?8). The major source of exudates and mucilage is the zone immediately

behind the root cap (Rovira 1969; Oades 1978). In addition diffusibl-e

exudates and mucifage may arise along various parts of the root,

particularly between the root tip and the zone of elongation in the root

hair region (Oades 1978).

Losses of substrates from soil groïrn plants (representing a drain on

the carbon resources of the plant) can be very J-arge indeed. Using
1 4C-trUutled CO2, Barber and Martin (lgl|) showed 5-1O% Iosses of the

assínilated carbon by three-week old wheat plants into the soil. Between 5

and 9% of carbon in wheat roots was lost as water soluble substances and'

17-25% was fost as water insoluble rnaterial (lvtartin 1977).

Mucilage may have a number of inportant roles in the uptake of

nutrients and water by plants. Mucigel can vary in thickness but is

commonly up to 10 um in diameter in wheat (Oades 1978). Mucilage is

closely associated with the surface of the soÌict phase and this contact may

facilitate exchange of ions between clay particles and plant roots (Jettny

and Grossenbacher 1961) by diffusion and/or mass flow (Jenny 1966;

Passioura 1966). Mucifage is a cation exchanger because the pectic

substances contain uronic acidsr and is also an ilnportant source'of prOtons

since it is probably exuded in t-re acid forrn (Otd"" 19?B). Ivlucilage may

also exert some sefectivlty on the uptake of ions e. g. K* over Na+ (0"4""

1 978).

Organic acids such as citric, tartaric and mal-ic are all found in

exudates (Rovira 1969) and it is commonly believed that organic acids such

as these are of vital- iruportance in micronutrient availability, due to

their chelating ability (ltaltace 1961; Gardner et aI 1981). The

rhizosphere microbi-al production of poïrerful chelating agents in soil, for

example, Z-ketogluconic acid, is afso wefl establ.ished (Russell 19?8). It

has also been demonstrated that roots are capable of reducing dyes, such as

methylene blue (Uren 1969).
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Recently, the importance of anaerobic microsites in soil, associated

with the rhizosphere, in determining plant nutrient availabil-ity has been

suggestêd (Smitfr 1976). Decreases in 02 and increases in CO2 supply (due

to nicrobial and root respiration) will lower the pe and pH in these

microsites sufficiently to reduce Te and Mn and' also release P and other

nutrients. These microsites aïe seen to be rnost important j-n undisturbed

s oils.

(¡) Access to easilv reducible Mn

Easily reducible Mn is the fraction of potentially reactive Mn pLant

roots coufd have access to by (leeper 1 970),

1 . excreting reducing or chelating agents into the rhizosphere

2. direct contact exchange; here the root acts as an efectron as well as

a proton donor.

Non- contact mechanisns

Uren (lgøg) tras argued convincingì-y why non-contact niechanisms become

Iess efficient with increasing pH. Divalent Mn or chelated l¡in can be

readily oxidised (Bronrfield 1 978) and the closer the root surface is to the

oxide, the greater is the chance the oxide will be reduced and the ntore

like1y the root is to absorb the Mn2+ produced. Bronrfiel-d (f gZe) showed

that oxide particles adhered to roots in solution culture and reactive

oxides added to soils have increased uptake without increases in

exchangeahl-e Mn (Jones and Leeper 1951a)'

2. Contact mechanisms

Contact reduction as proposed by Leeper (lgl+, 1947), Passioura and'

Leeper (lgOZ) and Uren (1969, 1gB2), refers to the reduction of Mn oxides

at the root surface with the subsequent direct root absorption of the

released Mn2*. Roots can favour this reduction by (Uren 1981 ):
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(") rereasing protons (H*) and/or

(t) releasing electrons (reductants) and/or

(") absorbing Mn2* and (PossibtY)

( a) absorbing water ( therefore decreasing the moisture content in the

vicinity of the roots).

I t has aLready been indicated that procu"ses (a) and (¡) occur in the

rhizosphere and that they faci-litate reduction of Mn oxides in soil.

Contact chelation of Mn2* .woufd appear to be less efficient since the

conplex between the chelating compounds from the root and Mn2+ needs to be

stronger than EDTA to get much I{n frorn MnO2 (Uren 1969). Lindsar (gl+)

indicated that the affinity of l,,ln2+ for synthetic chefates is quite low

("e. Fe displaces Mn from applied Uin EDTA). Contact exchange, as proposed

by Jenny and Overstreet (lg1g), and later Jenny (1g00), might aid in

novement of luln2* through the nucigel after contact with the I{n oxide

surface, but would have 1itt1e effect in transfer of Mn2* ftom lvln-col-loid

system to root cell because the plant cell wall could not get cfose enough

to the soil coLloid (Barley 1 970).

Contact mechanisms may be very important in root hair Mn absorption

(Uren 1981) because, as Barley (1970) points out, root hairs cornmonly

increase the surface area of the epidermal walls by 2-10 fold' The regj-on

of greatest reducing activity appears to be associated with maturing or

recently natured cells behind the root tip (Uren 1 981 ), which is afso the

zone of maxinral production of exudates and rnucilage (see earlier section) -'

and root hair production, as well as the area of maxima'l ltln absorption

(laee 1 961 ).

( 
")

tr'e and Mn redu ction at the root surface

tr,erric oxides are more difficult to reduce than manga.nic oxides: pe's

for Fe and Mn at pH 5 and pH 7 are respectivety 170 and -180 and 640 and

410 mV (Russell 1971). Therefore any evidence which indicates that the

reducing capacity of roots is irnportant in Fe uptake can be taken as

evidence for the l{n case as well.
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A number of chemical reductants produced by roots of tr'e-stressed plants

grown in solution culture have been identified, primarily phenolic

compounds (Brown and Ambler 1971), notably caffeic acid (Ol-sen et aI 1982;

Jutian et al 1981). Reducing sugar exudates night also be involved in this

reduction process (Stenlid 1950; Katznelson et al 1955 Rovira 1965).

Reductants reduce inorganic-FJ* ("e.

( eg. tr'eHEDTA), if in sufficient quantity

Trays (Uren 19Bz)z

¡"(oH)¡) and even chefated-Fe1+

(Brown and Ambl-er 1973), in two

1. FerIIx + e ----) F"2* * þ-
¡)+---2. tr'eIIIx + 7H- + e --->

where x = an inorganic or organic "ligand".

Acid (H+) production by roots (equation 2) enhances the reducing power of

some reductants (Uren 1982) and has been shown to occur in several species

(Kashirad and Marschner '1974; Kannan 1981 ). Irrespective of the effect of

reductants, a decrease in pH will- have dranatic effects on the Fe5*

concentration through ¡e(Ott)7 solubil-isation (Jutían et al- 1987), by the

following nechanism (Ut"tt 1982)z

J. FeIIIx * 7H* <- - >

Recently, Tagaki et al (tgA+) have isolated a phytosiderophore

(mugineic acid), capable of chelating tr'eIII compounds, from barley roots.

These Fe cornplexes are then absorbed without the need for reduction outside

the plasma-rnembrane. Ilarschner et aI (tggf) described this as strateff II,

in contrast wj.th strategy I (discussed above) for dicotyledons and

nonocotyledons (except grasses).

No evidence appears to be available for specific reductants produced in

response to Mn-stressed plants, although Uren (tggl) nas demonstrated

direct chemical reduction of an insoluble hydrous oxide of Mn. l¡larschner

et aI (tggZ) irave shown enhanced reduction of lvlnO2 under tr'e-deficiency'

presumably via an Fe.-stress induced reductant production.
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In the examples cited above, conclusions have been drawn from plants or

roots grown in solution culture or other artificial media at an acidic pl{

so that reductive processes woul-d be favoured. The situation is not cfear

for rhizospheres in neutrat or afkaline soils which may be highly buffered'

tr'or example, BromfieLd's (lgfg) root exudates from oats and vetch were

unable to dissolve IlnO2 at pH ?.0 and above; they would be even J-ess Iikely

to reduce tr'e oxides at pH ?.5 to 8.0. Similarly Godo and Reisenhaeur

(lgAO) found a signÍficant role for root exudates in Mn uptake but only

considered a bulk soil pH range of 4.5 to 6.5.

I t has already been shown that roots can affect significant pH

decreases across the rhizosphere. This reduction in rhizosphere pH

probably results primaril -y from an imbalance between intake of cations and

anions across the root surface, rather than, saYr release of acidic

compounds (eg. organi-c acids) in root exudates (nye t9B1). However, Nye

(tget) nas elegantly shown on theoretical grounds that with a high bulk

soil pH (pH 8 or greater) very litt1e change occurs in rhizosphere pH

following release of H+ at the root surface. This concfusion has been

demonstrated experimentally using l{H4t vs NOr- N fertilisation with

soybeans (nir"y and Barbe't 1971) and wheat.(stitey and cock 1971; snirey

i974). Thus, if reduction processes, are indeed important in soils of low

tr'e and I{n availability (eg. alkal-ine and calcareous soils), plants

efficient for tr'e and Mn uptake must secrete rerluctants which are effective

at aII pHs but part¡-cu1arly at pHs greater than ptt B (Uren 1984).

(a) Oxidation of rhizosphere Mn

Rhizosphere organi.sms can sometitnes reduce the availability of Mn to

plants. Timonin (lg+ø) established a correlation between the severity of

Mn deficiency and the numbers of organisrns capable of oxidi-sing I{n ancl

deconposing cellulose. However, he did not show convincingly that the

absence of significant numbers of l'{n oxidising bacteria from the resistant

variety was primarily involved in its resistance since the soíI

disinfectant used (cyanogas) increased yields significantly in both

resistant and susceptible varieties. Data from Timonin and Gil-es (lg>Z)
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suggests that cyanogas increased exchangeable Mn and this would most

certainly inftuence the yields observed earlier. Bromfiefa (tgZe) found

that oats couftl not absorb l{n fron an ltlnO2 source in solution culture' in

the presence of I{n oxidising bacteria Arthrobacter s ).

(e) Contribu tion of root nembers to Mn u'otake

A dynamic picture of contact reduction is one of a reducing surface

(associated with the region of root hair development), reduci¡g because it

secretes protons and electrons and actively takes r.p Fu2* (and Mn2n), being

forced. through the soil- (Uren 1984). At any time, the total rate of Ivtn

acquisition by plant roots will be determined by the size of the actively

reducing and absorblng portion of the root system. Thus the rate of root

proliferation and extension in soil is very important in the uptake of

highly immobile nutrients such as Fe and Mn'

The zone of active root hair production (a few mms from tire root tip)

has been associ-ated with Fe uptake by barley (Clarkson and Sanderson'19?B)

and Mn uptake by oats (page 1 961 ) as wel-I as secretion of reductants

(Branton and Jacobson 1962; Anbler et al 1971i Brown and Ar'bler 1974;

Ronhel-d and lvlarscfrner 1979) and acid (n.C. Uren, personaÌ comntunication)'

Root hairs can be regarded as an expansion of the root cylinder to a

Iarger one whose surface is located near their tips (Nye 1966). Root hair

density :s conunonly of the order of 40-100 per ¡un root iength in cereals

(Drew and l{ye 1969; Bole 1 971) wifh density tending to decrease from main

axis to laterat roots of successigely higher order (Dittroer 1977)' Their

írnportance in water (Newman 197ù and nutrient uptake (Uye 1966; Lewis and

Quirk 1967i Barley and Rovj-ra 1970) nust be related to their persistance

(lartey 19TO) and the d.egree of root/soif contact nade (Dr"w and Nye 1969;

Russel]'1977).Nye(lgøø)conc]-udedthatiftherateofdiffusionand
average concentratj-o¡ of nutrient at the root surface is smal-l and the

radius of the root hair cylinder large, then the importance of root hairs

will be greater. Sole (19?5) however, could not denonstrate that root
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hairs controlled the

supply mechanisms.

supply of P where diffusion or contact v¡ere the major

seminal roots and early formed. nodal roots of wheat (Mackey 1975) and

barle¡, (Hackett 1 968) are more efficient in nutrient uptake, particularly

less nobile nutrients such as P (Hackett 1 968) than later forrned nodal

roots, since the latter are thicker and have fewer laterals (Uackey 1971)'

However, significant nodal root growth can continue until maturity (Hur¿

1974; pianthus 1969) and these nodal roots rnay therefore be irnportant in

nutrient uptake later in ontogeny. I{hilst a great deal of work has been

conducted on water uptalce by different menbers of the cereal- root systern

(see reviews by lralter 1971; Ponsana 1975i Meyer 1977)' very much less

information is available for nutrient uptake, particularly in soil systens'

No information is apparently available for uptake of Mn and Ie.

1 .7.2 ManAanes e entr¡r into roots

Manganese uptake by excised oat and barley rocts is a two-step prccess'

characteristic of the uptake of other cations (p"e" and Dainty 1964; I'laas

et aI 1968), hor,re\.er, only Maas et af (lgAg) could denonstrate a

metabolicalty mediated (ie. active) second uptake phase (after c' 50 mins

ubsorption). Active uptake of Mrr2* by excised barley roots is

characterised by multiphasic kinetics (Bowen 1981; Harrison et al 1981)' A

sharp transition occurs between active uptake and passive influx (to

equilibriuro) at 96 mM Mn (Bow"n 1981). 0n the other hand Grah.* (tgZg)

concluded that Mn absorption by sunflower roots was entirely a passive

process.

The upta.ke of Mn has been shown to be nodified by other cations of

similar charge and ionic radius. Compe'bition between slmilar cations has

been demonstrated for Ca2* (Van Diest and Schuffelen 1961; Schuman and

Ànderson 1976), f J* (Rivenbark 1961; Ì{eenan and Campbell 1 g83) , Z'?*

(Rosell- and Ulric,_ 1964), Cr.2* (Harrison et aI 1g8Ð and ¡tg2+ (Maas et aI

1 969). Manganese uptake from sofution has also been shown to be strongly

dependant on temperature (Bowen 1969) and pH (Uaas et al 1968; Bowen 1969;

Robson and l,oneragan 1970).
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Munns et aI (lgøly) proposed a moilel to account for different Mn

fractions in oat roots in sofution culture, and this remains the only such

account to date. The proilosed scheme involves three Mn fractions within

the root; a replaceable fraction ("exchangeable" Mn identifiable with free

space) and two non-replaceabie fractions that r'rere not exchangeable with

the substrate. The ]atter two were terned "Iabi1e", since Mn from here

could be transferred to the shoot and "non IabiIe", concentrated in older

regi-ons of the root, largely bypassed in movement of Mn frorn root to shoot'

except in times of Mn stress.
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.3.1 Translocation and re'fistribution of Mn

,N. Currently absorbed Mn is preferentially translocated to the activel-y

growing centres of the plant shoots (eg. young leaves or the primary shoot

apices)i largely bypassing the older Ieaves (Wittia*s and Vlanis 1957; Vose

l96Ji Amberger 1gT). Munns et aI (tgO:¡), Vose and Griffiths (1961 ) and

Vose (1 961), working with oats, have suggested that the root may act as a

reservoir for Mn translocation to the shoot, which may be important during

periods of Mn stress. trlhen external supply is adequate the "Iabile" pool

alone would be activei however, when the external supply was removed,

translocation of Mn to the tops from the "non labile" pool was accele::ated

and became substantiar (uunns et ar 1963b). However, Single and Bird

(fgfg) showed that no translocation of Mn occurred from wheat roots once a

root Mn concentration of 1O ppm was reached, even though shoot

concentrations were substaniially lower'

The evidence which is available on the actual degree of Mn mobiJ-ity and

redistribution witirin the shoot systern of plants is to some degree

confÌicting. Nabl-e and l,oneragan (1984), who showed that no Mn

""ãiut"ibution 
occurred from old subterranean cfover leaves via the phloen'

ccncluded that most studies reporting phloem mobility of Mn are

unsatisfactory eithe:: because the experiurentation llas inadequate or the

interpretation was faultY.

Single (fgfe) anrl Sing1e and Bird (1958) showed in careful glasshouse

experiments with wheai that little or no Mn redistribution occurrecl within

the plant so that early formed (older) leaves r'ebained most or al1 of their

Mn and remai'ed healthy (green), despite the development of lin deficiency

i1 late forrnecl (yourrger) l-eaves. They suggested that Mn may accumulate at

reaction centres rernote from the phloern elements when present in only

criticar concentrations antl therefore becone very iramobire. vose (t961)

denonstratecl only very smal-f amounts of un movement from expanded fower

leaves of oats to younger leaves, al.though he suggested these night be

physiologicallysignificant,andthatthedeficiencystresspersei-n
younger l-eaves is the nost powerful factor in inducing export from older

(

nü\tt' ¿''
..i ' I
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Ieaves. Heenan and Campbell (1980) reported small losses of Mn from

unifoliate leaves of soybeans growing into Mn deficiency.

That Mn is fairly mobile within plants is supported by studies with

foliage applied }fn, however, as Nab1e and Lorêragan (t994) point out, Mn

painted onto (or supplied to) l-eaves may behave quite differen't1y from Mn

entering leaves via roots. Some studies have reported that ra<lioactive Mn

paÍnted onto leaves moves to other leaves and to roots, from where it may

be redistributed uprvards) (for example, in beans (Bukovac and lfittwer
1957), soybean" (Rorrrey and Toth 1954), oats (¡otutt 1960¡ Vose 1961) and

wheat (Singte 1958)). Henkens and Jongmutt (196¡) concfuded that although

significant movement of Mn occurred from MnS04 sprayed leaves to roots,

this movement and subsequent reclistribution from roots is not consirlerable

and insufficient to prevent Mn deficiency in the fol-iage olrmed after

spraying.

pate ( 1970) suggested that the nobility of Mn fro¡n leaves is
intermediate between that of the freely nobil-e elements such as K and the

, highly immobj-fe elements like Ca. In this he concurs with earfier findings

of Bukovac and tüittwer (lg>l , 1961). Tiffin (lglz) anct Mengel and Kirkby

(lggZ) concluded that there is insufficient evidence available to draw

conclusj-ons. The above findings certainly suggest that l-evel of Mn suppì-y

may substantially influence mobility and redistribution of lvln. tr'or

example, Single and Bird (tg¡A) suggested that when l-eaf t{n concenttations

are high, Mn may be deposited as silicates, phosphates or nolybdates.

These depositions may controÌ the concentration of Mn witÌrin the leaf'
without participating in Mn utilisation or redistribution. Phloem (and

xylem) transport of Mn is mainJ-y a" Iin2* an<1 not as an organic complex

(tiffin 19'12; Menge1 and Kirkby 1982; Graham 1979).

1 ,7.4 Distribution of IIn in the grain

Several studies have demonstrated a significant effect of seed nutrient

status on plant perforrnance in nutrient-defi-cient soj.l during seedling

growth. tr'or example, Massey and T,oeffel- (tgeg) shor¿ed that most of the Zn

recovered in 77 day-oId plants of I corn inbred lines, which differed in Zn
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efficiency could be attributed to seed Zn supply; however, no general

correlation between seed Zn content and plant Zn content could be

established. Hatim et al (tg6e) showed that the susceptibility of some

corn inbred lines to Zn deficiency was clearly related to seed Zn supply

but they dj-d not make a big point of this. There have also been reports of

growth effects from macronutrient seed reserves. Whitealcer et aI (lgl0)

found that seed P content ïras a source of variation in the P nutrition o'f

homologous lines of beans. Up to 98% of the P in the seed (cotyledon)

could be transfocated to the seedling. To overcome this seeds of uniforn

size were used. I¡ox (1978) found that shoot yields of corn inbred Ìines

grown for 3-4 weeks on low P soil were significantly correlated r¡ith seed

weights and P content. Approx. 75'e of the total P content of seedlings

could have cone from the seeds. Ozanne and Aschet (lg6f) foun¿ that the

development made by seetllings of various species on K-defl-ient sand was an

indication of the developrnent permitted by the reserves of K in the seed.

Therefore aspects of Mn distributj-on in the cereal grain are

considered. Apparently the two primary sources of Mn j-n the seed are the

-aleurone layer and the embryo radicl-e, at least in wheat. This has been

established from early analyses of lvln in flour products and from later
microscopic work. However, little quantitative data are avaj-lable to

indi-cate the sizes of Mn pools present in the grain.

Sone earty work of Bruere (lgl+) showed that approx. 70% of wheat grain

Mn was contained in the bran (designatecl "envelope" by Bruere), contai-ning

the aleurone layer as well as the pericarp and testai and 10%:-n ttre

embryo. In addition, Bruere (lgZ+) also found that the internal layers of

the envelope contained c. three times as much Mn as the external layer.

Presumably these internal layers include the aleurone layer.

Sorne indirect results of Hoffman et al (lg+l), show:Lng approx. 90% Ioss

of Mn in the whole grain during the milling process' concur with these

results, sincei during thls process, germr bran and residual adhe::ittg

endosperm are separated fron the endosperm.



22

More recent work by Duffus and Rosie (gle) on the Mn conposition of

barley grain, indicated a higher amount (approx. 25Ío) in the embryo and

approx. 3O/, in the endosperm (containing the aleurone layer).

I t is now known that the prirnary storage form of macro-nutrient and

micro-nutrient mineral elements in seeds is phyti-n, a cationic salt of

inositol- hexaphosphoric acid (T,ott and Spitzer 1 9BO). This phytin is

Iocated in the electron dense globoid crystal portlon of storage protein

bodies found mainly in the afeurone Iayer. According to Stevens (l9Zt) gO%

of wheat seed phytin occurs in aleurone grains. However, chemical

investigation of Mn containing globoid crystals has not been done, so it is
open to question whether these elements occur as part of the phytin

molecul-ei or r,ihether they are present in some other form. The amount of Mn

associated with phytin also varies l¡ith cereal species (A"l i,ott and r,{ifliaurs

1958).

Some recent advanced microscopy experimentation has verlfied the

localisation of l,{n in the afuerone protein bodies (Tanaka et aI (lgl+)

using efectron microscope X-ray analysis; Lott and Spitzer (tgAO) usÍng

energy dispersive X-ray analysis (nlX)¡. Lott and Spitzer (1940) 
,al-so

found IIn i.n globoid crystals locatecl in the radicle of the embryo, but

specificatly tocated in the base and mid regions of the ste1e. No or

Ij,tt1e l4n was located in other parts of the embryo. ltrarlier, Buttrose

(f gZA), using siraifar techniques, showe<i that l{n (and Fe) were definitely
Iocated in the globoid crystals of protein bodies of oat embryos, but he

did not dlfferentiate further. In a very recent paper, NIazzoIínL et al
(gA3), using proton induced X-ray emisslon (pfXn), have denonstra¡sfl f,|rat

Mn is localised in both the primary and lateral roots of wheat seed embryo,

particularly the outer cortex.

In order for mineraf nutrients to be released, ph¡rtase must hydrolyse

the insolubl-e saLts of phytic acid. Phytase activity i-ncreases in aleurone

and embryo tissue followirrg imbibitj-on. Translocation of the nj-nera1 ions

from the aleurone tissue to the embryo appears to be by diffusion through

the starchy endosperm f'olloived by active uptake by the scutellum and

redistribution to the developing axis (l,aidtan 1982). Eastwood and l,aidnan
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(l gZt ) trave studied the mobilisation of macro-nutrients in the germinati-on

of wheat grain. During the first few days, at least, the root was

predorainant over the shoot in accumulating mineral elenents. There llas a

Ioss of K and Mg to the filter paper. Presumabfy some losses (ie.

teaching) would also occur for trace elements.

1 .4 EFI'ECTS OF MANGANESE DEFICIENCY ON GROT'ITH .AND YIELD

1.4.1 Tun-ctions of Mn in p 1an'¿ growth and develoPment

( a RoIe of Mn in photosynthesis)

, .\t The most general symptom of l{n deficiency in higher plants is
(^

interveinal chlorosis followed by breakdown of bissues and the fornation of

necrotic areas. Such ext::erne breakdo¡¡n of the photosynthet-tc appa::atus

might be expected to be preceded by e reduction Ín the rate of

photosynthesis. Such a reducti-on has been observed, for example, with

Mn-deficient algae (Pirson 1977i Emerson and l,ewis 1%9), oats (Gerretsen

1949; Vose 1967) and subterranean clover (tt"¡t" et aI 19s4).

The absoLute requirement for }tn for a functional photosystem II and its

involvement in the 02 evolving step (photol-ysis) is now well documented

(Cheniae and Martin 1968; Amesz 1987). Under conditions of Mn deficiency,

the eÌectron transport activity of photosystem II is much reduced, although

never completely lost (Á.mes" 1981), whi.Le photosystem I activity is norrnal-.

There are also alterations i-n the ffuorescence induction kinetics of

isolated chloroplast membranes (Anderson and Thorne 1 968) and leaves

(Sirpson and Robinson 1984). Techniques for the measurernent of

photosyntheticfluorescencekineticshaveonl¡r¡gg.ntlybecorneavailable:
Ieaf or chloroplast preparations aïe exposed to photosynthetically active

tight enerry which l-eads to the comnencenent of the photosynthetic

reactíons. Hol¡ever some of the energ1r is not usefully consumed in

photosynthesis and is emi'bted frorn the tissue as ffuorescence in the red

wavelengths. The use of roorn temperature fluorescence, particularly as an
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indicator of PS2 activity, has been revier¡ed recently by Krause and ltleiss
(tggf). The measurement of room tenperature chlorophyfJ- a fluorescence as

an indicator of lln-deficiency has been investigated wj-th field-grown wheat

as an alternative to Mn concentration (Graham et aI 1985:. Krj-edemann et aI
1985). This technique shoufd provide a rapid., non-destructive assessment

of the Mn-status of plant tissue.

Furthermore, the ratio of chl-orophyll a/¡ is decreased, l.argely due to

a loss of chforophyll a (Anderson and Pyliotis 196oti Lerer and Bar-Akiva

1979). this loss may be due to the toxic effects of 02 radicals (Powles

1987), since a reduced activity of superoxide dimutase is 1ikeIy, orr due

to a lesion in its biosynthesis (Sirpson, personal- communication). Simpson

and Robinson (1984) have also shown a specific loss, under Mn deficiency,
of three quarters of the particles from the endoplasmic fracture face of
appressed thylakoid membranes, containj.ng the photosys uem II reaction
centres and the chto::ophyll a nolecules within thern. However, Mn may also

be involved at other sites of the photosynthetic process, particularly in
C02 fixation (Brown et af 1958; Pirson 1 958).

(¡) nor" in metabolisn

í
.1.' Manganese is consi-dered to have an important rofe in the nitrogen
:,
rnêtabolism of plants (Mengel- and Kirkby 1982) speci.ficaì-ly in NOI-

assj-r,ril-ation. llanganese may have secondary effects on N05- assimj.fation by

influencing the supply of NADH for N05- reduction or reducing equivalents
for N022- reduction (Lerer and Ban-Akiva. 'î 979). In a recent report, lüatson

and Hewitt (1980) denonstrated a 50% decrease in it_ELIo N05- reductase

activity of wheat feaves under Mn deficiency but no j-n vitro effects,
therefore suggesting an indirect effect on the activity of this enzyne.

Manganese deficiency has been reported to induce marked changes in free
amino acids of many plants (Hewitt 195i; Labanousl<as 1 970; Bowen 1987). In
general it is the nono-amino acids which increase during Mn deficiency,
since Mn2+ activates such enzymes as arginase (fottoffel and Van Dijke
1975) which catalyse,s the hydrolysis of arginine to ornithine (Greenberg

1970).



25

t,
ì$ Uatrg"nese has been implicated in a nunber of enzymes leading the theT-
synthesis of phenolic cornpoun¿s (Hirsch et aI 19?B). Many phenols with
o-dihydroxy (catecìro1) groupi-ngs have an ability to chelate metafs, for
example, Mn2+ (Harborne 19sO), and hence alter the fevel of free:bound lvln.

This ratio may be j.nvolved in growth regulation since Mn2+ is known to

affect the oxidation of IAA by specifically activating IAA oxidases

(Mumford et aI 1962; Tamazewski and Thimann 1966). For example, low levels

of Mn2+ in root tissue may inhibit root growth via IAA sti¡oulated etþ1ene

production (Thimann 1977).

J-,\ tuiune"nese has been inplicated in lignification and cell wall production
V

by*Gerret""r (1949) r¡ho attributed the effect to reduced carbon netabolism.

Several of the major regulating enzynes in lignin biosynthesis have a

requirement for Mn2+, inc'-ading phenyl alanine anmonia lyase, cinnamic acid

hydroxylase (EngeI sma 1972; Durst 1976) and peroxidase (¡.utor 1987). Mn j-s

thought to be involved in the induction of rapid lignin synthesis as a

.\ auf"nce during diseasç,invasion (Krishna and Bharti- 1gB5; Graham 1984).\ 
f 
\f ó[e 

-luStt,q][ lin \t-i çjic;'¿,[f
' 1.4.2 Svmptoms of Mn deficiency

Ìr
"Ai One characteristic that appears to be common to many cereals is the

observed "Iimpness" of plants. Gerretson (lg+g) su€gested that this

limpness wsa due to an effect of Ì4n deficiency on carbon assimilatiorr,

cellurose producticn anti' urtirnatefy ce]l -trall production' specific

synptoms vary with cereal species: for example, in wheat and rye leal'es

are chlorotic with interveinaf white streaks (Wall-""" 1961- Batey 1971;

Graham et aI 1987); in bqrlgy., chlorosis in you-nger feaves leads to the

d.evelopment of grey-brown necrotic spots (Reuter et aI 1971); and in oa'bs,

grey specks and lesions near the middle of the leaves leac1 to severe

chLorosis (hialhce 1961¡ Brown and Jones 1974). In sever€-cases- of Mn

_ {eficiency, Ieaf necrosis and plant death occurs (Grahan, personal

coinrnunication) .

Degrees of symptom expression between genotypes can be characterise<1 by

a qualitative score, especially in the fie]d (l"tey 1971). Symptorns i.n the

,,{,
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fieltt are frequently evident by early to ¡nid tillering (Reuter et al 1971),

although subclinicaL deficiency nay occur.

There is apparent variation in the incidence and. severity of }ln
deficiency from season to season (Bok.t.1952i Batey 1971; Graham personal-

communication). Deficiency often appears worst in col-d and wet seasons

(nrt"y 1 9?1 ). This may be due to reduced root activity affeciing I{n uptake

(latey 1971) al-though it has been demonstrated that increased soil
ternperatures wifl increase the amount of exchangeable Mn (Boken 1952). The

effect of poor drainage appears to be variable: perhaps the effect of poor

drainage is to restrict root developrnent which woufd tend to counteract any

increase in exchangeable Mn in lower layers of soil (lat"y 19?1). It has

also been observed that åeficiency symtonis are often much worse when good

growing conditions follow a cold spell (lut"y 1971). This could be clue to

the inability of the roo+ system to obtain sufficient l{n to neet the sudden

increase in metabolic requirements (l"tey 1971)



27

1.5 GEI{OTYPIC DIFFERENCES TN MÀNG¡,NESE EFFICIEI{CY

1 .5.1 Introduction

l{hilst differential tolerance of plant species and cultivars to soils

of lo1¡ nutrient status has been establÍshed for many yearsr advances in the

understanding of mechanisms associated with such tolerance have occurred

only relatively recently. The term "nutrient efficiency" has been widely

used in papers dealing with responses to nutrient deficiency but there ,is
much latitude in its application.

'!'!

;,i In bioJ-ogical terms plant efficiency for the use of a nutrient is most

simply described as dry matter production "çelative 
to the amount of that

nutrient in the soif or other medj.um (Loneragan 19??). Ihus a

nutrient-efficie_nt genotype is one having a high dry natter production at a

low concentration of that nutrient in the medium, and conversel;r for a

nutrient-inefficient one (Sari-c 1g82). Someti*u" (especially in the case

of Ie deficiency), symptom expression rather than growth is em,ohasi-sed

rwn19e2). \,tt'lr^/\\ 
, '' l'

Because of time and space limitations, vegetative growth under

controfled conditions is the parameter most frequently considered, even

though economic yield (ie. nutrient efficiency expressed in agronomical

terms) should ultimately be the most important criterion' (T,onetagan 197'l;

Graham 1984). Therefore, studies which consider nutrient efficiency only

during seedling and early growth stages may not necesssarily r:elate welf to

field perfornance.

An index of nutrient efficiency can be conveniently obtained b¡'

comparing growth under nutrient-deficient with nu,trient-sufficient
conditions: Graham (tgg+) proposed that nutrient-efficient genotypes would

have relative y1eIds approaching 1OO% ot better, whilst inefficient ones

would be in the range of O-5O%. It is thus possible to conpare genotypes

for degrees of nutrient efficiency, in a similar way as degrees of

sensitivity and tolerance to nutrient deficiency, but this is seldorn done.
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Rather, the distincbion between efficiency ancl inefficiency is usually

sharp. It is also important to distinguish between efficiency for the use

of a native nutrient (as in this thesis) and efficiency for the use of an

applied nutrient.

1 .5.2 Extent of Mn efficiencv in cereafs

Differences 1n tol-erance of cultivated plant species to Mn deficiency

have been reported for many years (Vrt"h and }fcDonnell'1956; Gerloff 1961)'

Cereals are generally ctassified as ruedium to highly sensitive, with oats

being the most susceptible and rye the most tolerant (Gal-lagher and Walsh

1945; puckridge 1958; Nyborg 1 970). However, definitive conparative

studies are lacking.

Differences between cultj-vars have also been widely reported' Ior

exampJ-e, such observations have been nade for oats (Timonin 1946i Vose and

Griffiths 1961 i Deb and Scheffer 1970; Brown and Jones 19741, Berkenkamp et

at 19?B), wheat (Gattagtrer and Walsh 1947; Neenan 1960; Nyborg 1970; Grahant

et at 19ü) and bartey (Gallagher and Walsh 1943; Graham et al- 19Ú) .

Significant vari-etal differences are also present in so¡rìreatts (OtLi et al

19BO; Heenan and Campbell 19BO) and lupins (Perry and Gartrel'l 1976; l{a1ton

1 9?B; Radjagukguk 1 981 ).

I .5.7 Factors associ a ted witL Mn efficiencY

At least three interrelated plant characteristics determine the degree

of nutrient efficiency (Lonelagan 1977; Clarkson and Hanson 19BO):

1. adjustment of growth rate to make it compatible with nutrient supply

2. efficient nutrj-ent uPtake

1. efficient nutrient utilisation or internal econorny'

In the foll-owing sections, these three characterisics will be discus;sed

in relation to tr'e, P as welf as Mn deficj-ency, since, 'on1y linite'J
imforniatj-on is availabl-e for Mn-efficiency mechanisns. Like lvln, Fe also

participates in oxidation-reduction cycling, whil-st P also exj'sts in a

t,

\r
'il'
st

\

\
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number of plant available anil unavaitable soil pooIs. AlI three nutrients

have decreased sol-ubility at alkaline pHs. Most emphasis has been given to

mechanism 2. since uptake is probably the primary liniting factor in
nutrient efficiency at least for agriculturalLy important genotypes (Graham

1 984).

1 . Growth adjustment

The nutritional responses of wild plants adapted to less fertile

habitats differ considerably from those of ill-adapted cultivated

herbaceous plants eg. they do not have high relative growth rates and they

do not respond well to nutrient supply (Chapin 1 980). Pl-ants uith
inherently 1ow growth rates are parti-cularly tolerant of low nutrient soils

since they have a lower nutrient demand than those with high growth rates

(Ctrapin 19BO). This strategy would be fess suitable for agriculturally

useful plants bred for high growth rates. tr'igure 1 .2 shows the two major

types of strategies that are adaptive under conditions of high and Iow

nutrient supply.

Genotypes may differ in efficiency for a certain nutrient partly due to

differences in growth rates or response to another nutrient such as N

(Loneragan 1977), depending on the rate of nutrj,ent uptake.

2. Nutrient uptake

The ability to absorb nutrients has long been ackowledged as a major

factor associated with differences arnong plants in their nutrient

efficiency. and thus it is not surprising that nost studies have

concentrated on this. Ernphasis ]ras been given to absorption by the root

rather than acquisition fron the soil-root interface because solution

culture studies have been most frequently used. But if access to soil
nutrients is a limiting factor (as is mostly tbe case for Mn, Fe and P),

norphological and biochemical aspects of roots wiIl be critical and the

efficiency of ion uptake nechanisms will be of secondary importance

(Gerloff 1977; Grahan 1984). Therefore soil cultures are preferable for
genotype screening for Mn efficiency over solution cuftures.
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a. Nutrient absorption

Kinetic parameters of rrutrient uptake have been obtained largely by

short-terrn ion absorption with intact or excised roots over a wide range of

ionic concentrations in solution cultures. Uptake efficiency can be

expressed in terms of Vr"* or l¡1s)c (maxinum uptalce rate per weight or

Iength of root) and K* (affinity of roots for the nutrient). Nielsen
(lglg) also proposed that cmin (the mininum concentration of nutrient at

the root surface for zero uptake), L (root length) and r (root radius) were

inportant considerations where diffusion gradients existed (eg. for P)'

On soifs of low nutrient status the "affinity strategy" woufd be the

most appropriate. However, several studies have shown that efficient
genotypes of cultivated pI:--ts appear to employ the "velocity strategy"
("e. for p (Schenck and Barber 1979), S (Cacco et aI 1976) and I'tn (landi

and Fagioli 1 9Bl ). This is because most of these nutrient efficient
genotypes have relatively high growth rates: use of the "velocity

stratery" would be predicted from the influence of growth rates on 1on

fluxes (Clarkson and Hanson 19BO). In contrast, wJ-Id plants on infertile

soils are characterj-sed by both a low Vmax and low I{m (Cfiapin 1980).

The only published account of genotypic dii-ferences for the rate of Mn

absorption by whole plants is for two oat cultivars grown in solution

culture (Morrn" et al 1965 a). I{owever, these studies used unrealist-tcal-Iy

high solution IIn concentrations.

b. Nutrient acquisi'tion

Perhaps the most complex processes are those which determine nutrient

avail-ability at the root surface (tlye 1977), Several ptant factors cåtr

determine genotypic efficiency at tlris level, for exanple, radius, length,

dens-i-ty and geometry of roots, root haj-r density, root exudates,

adaptability of roots to soil- microbes and mycorrhizal associations
(Nielsen 1979; Lafe.¡er 1981 ).
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Plant induced facuLtative reduction in rhizophere pII and release of

reductants are primariì-y responsible for tr'e-efficiency (Brown 1978), whilst

acidification of the rhizosphere also has consequences for P solubi-lisation

with p-efficient genotypes (gekele et al- 1981). Many studies dealing with

exudates as a factor in genotypic differences in Fe-stress response have

utilised mutants ("e. Brown et al 1971; Brown and Ambfer 1971), but

cornmercial cuftivars have arso been considerea (eg. Brown and Jones 1977)'

I,lhilst the use of mutants facititates the el-ucidation of genetic cor:trol

(i". single vs. multi-gene), the response of nutants is considerably

different from adapted genotypes.

A role for reductants has afso been

tolerance to Mn deficiency (eg. between

between cereal species (Loneragan et aI

lupins (Gardner et a1 1982)). Only one

Scheffer 1970), has related differences

exudate production.

ascrrbed to species clifferences in
vetch and oats (Bromfield 1958),

(cited by Brown et aI 19?B) and for
study, with oat cultivars (le¡ ana

in l{n uptake between cultiVars to

Effective exploration and exploitation of the soit are ensured by the

rapid elongation of mai-n root axes and the subsequent proliferation of

lateraf branches. However, it is difficult experimentalì-y to ascribe a

pri-rnary role to growth or chemical- modification of the rhì-zosphere

enhancing growth through lncreased ìIn uptake.

Species adaptect to low nutrient soils frequently have high roo'b: shoot

ratios (Clarkson and Flanson 19BO). Presumably, increased root growth I'i11

improve nutrient supply and therefore alleviate the stress, so switching

reserves back to shoot growth. However, wiJ.d species adapted to infertj-Ie
soil-s show much less phenotypic plasticity for shoot: rcot ratios (Ctrapl-n

1 9Bo).

Soil culture studies commonly consider root length or weiSht (eg.

P-efficÍent genotypes are often associated with higher root lengths (Fawole

et aI lgl1i Coftman et al 1985) or root radii (Schenck and Barber 1979)).

Uptake per ìlnit root length or weight has not been cfeally linked v¡ith P

efficiency (Coltman et aI 1985), ancl certainly not with Mn efficiency'
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I¡ühere nutrient solubilisation (eg Mn, tr'e, P) or transformation (eg' Ivln,

Fe) are important factors limÍting nutrient availability in soifs, the

extent of actively excreting root surfaces will be ínnportant' This has

been shown for Banksia sp. (¡eff rey 1967) and Lupinus sp. (Gardiner et al

19,82. Where diffusion to the root surface is inportant (e8. for P),

density of roots and their geometry wil-l also be important, especially

where competition occurs between roots (tlye 1 977) '

Apart from a solution culture experinent dealing with Cu uptake by

seedlings of several- cerea1 species (Graham et al 1 981 ), these

morphological parameters have not been related to nutrient efficiency'

Root development in solution cuftures may be very different from that in

soit due to phenotypic plasticity of the root system (EpsteLn 1972).

Even fess attention has been given to the possible effects of root hair

density or mycorrh1za1 associations in deterrnining differences in nutrient

efficiency. No clear picture emerges for a positive association between

root hair density and P-efficiency: for example, although the higher P

uptake of Brassica napus compared with Allium cepa was refated to root hair

abundance (¡frat and Nye 1974)' no correlations were found between root hair

density and p uptake by wheat genotypes (¡ot" 1g7Ð. Uren (lgaz) nas

- suggested root hairs may be irnportant in maximi-sing root/soil contact and

therefore plant access to reduclble Mn but there is no experimetrtal

evidence. In contrast r^rith P nu-trition, no benefit would be expected for

Mn nutrition from enhanced mycorrhizal associations lrith plant roots

(e¡¡ott and Robson 1984).

J. Nutrient utilisation

The efficiency of utilisation of a nutrient depends on both the plant's

abiJ.ity to move that nutrient 'bo functional sites as lsell- as the functionaf

requireroent of that nutrient Ín the plant's metabolism (Loneragan 1977).

Although a genotype witli efficj.ent nutrient u-ptake characteristics may also

have efficient usuage of that nutrient, this is not necessar.ily so"
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( a) t"rrr"location

There appear to be few studies which differentiate between the rates of

absorption and xylem translocation in explaining observed differences j-n Mn

contents betrveen genotypes under Mn deficiency. OnIy one study (Munns et

aL 1967c), with two oat cuftivars, has demonstrated differences in rates of

transport from root to shoot. Differences also exist between geuotypes in

their capacity to retranslocate Mn in phloerr. For example, Hocking and

pate (19?B) indicated that seed of Lupinus "lþq"-t"quired 
a greater

proportion of Mn from vegetative parts than did seed from L.

angustifolius.

( b) ¡'unctional reo uirement

There is no cl-ear evidence that Ì'ln efficiency ari-ses r'rolll â fower

functional requirement of l,!n in the shoot. There appears to be a lack of

evidence which makes genotypic colnparisons of the refationship between Mn

concentrations in cefls and actj-vity of Mn rec¡uiring enzymes in plants

grown under the same conditiorLs.

Because of the complexities associated with biochenicaf assays'

critical nutrj-ent concentrations (ie. nutrient concentrations in plant

tissue corresponding to 90% of maximum pJ-ant growth (Utricit and l{ills 1967)

are often resortecl to since they have been considerecl related to (but not

the same as) functj-onal requirements of plants (Lonerogan 1968). There are

conflicting reports regarding the constancy or variation of critical
nutrient corl.centrations with genotype, and there is certainly an inadequate

knowÌedge at the cultir,'ar 1evel (Graham 1981 ).

llhilst dramatic examples exist for species variation in critlcal Mrt

concentration (eg. Labanauskas (1g00) cites critical tevels in feaves of

Tung and Avena as )1 OO and 1 O-1 5 Pg C-1 I{n respectively) , most examples are

Iess dramatic.
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The significance of tliese variations in critical Mn concentration with
genotype may be vi-ewed with suspicion, however, as factors such as choice

of tissue, physiological age of tissue, plant age, nutrient interaction and'

culture nedium (solution, sand, fj-eId) may impact on the derivation of

crj.tical levels (¡ate" 1971). Certainly comparisons shoufd be made with

plants grown under the same conditions, and, since Mn behaves as an

immobil-e nutrient under conditions of limited supply, younger leaves should

be sampled (Loneragan et al- 1976).

1 .5.4 Genetics of Mn efficiency

The only report dealíng with the inheritance of lvln efficiency concerns

F2 studies with barley (Sprttow et aI 19ú). The results of this study

suggested refatively simple genetic control but more infornation is neede<l.

Much more is known about the physiology and genetics of Fe efficiency than

for Mn efficiency. Early work of lteiss (943) with soybeatr rnutants

reveafed single major gene control, but subsequent studies have j-ndicated

contribution of minor genes also (Btow.r and Ì*rann l9B2; Fehr 1 982). l'iuch

less is known about the inheritance of P deficiency: emphasis has been

placed on quantitative inheritance owing to the imporiatrce of root

extension parameters (Gabelntan and Gerl-off 1982).

.There are many difficulties associated with determining the mode of

inheri-ta¡ce of n¡trient efficiency factors. The foflowing exanples are

pertinant:

(t ) it is important to decide what the assessment criteria wil-l- be eg.

symptorn ex,rression, dry natter production, grain yield etc..
(Z) it is important to decide which plant mechanisms (eg. cheinical,

biological and/or physical) are primarily responsible for d-eterrnining

efficiency,
3) it is necessary to determine precisely which soil factors are

responsible for inducing the deficiency stress, and,

(+) it is advantageous to assess the extent of genotype x environment

interactions operating in the fielri and glasshouse sj-nce it is the

phenotype thab is being corrsidered.
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1 .6 THESIS PROTOGUE

Interestinthisresearchprojectwassparkedbyfietdobservationsof
Iarge differences in tolerance to Mn deficiency between wheat and',

particularly, barley cuftivars on chronicalJ-y Mn-deficient calcareous soifs

of the lower Eyre peninsula, S.A. (Grahan et al 19Ü). A number of other

sites were also known to be marginally Mn deficient (n.l' Graham and D'

Reuter, personal communications). It was felt that selection and breeding

for Mn efficiency (see section 1.5.1) could' provide a better alternative to

the continued application of lvln containing fertilisers' ft has already

been pointed out that very little nas known about factors contributing to

Mn effici"o"y (see section1.5.7) and virtually nothing'was known about the

inheritance of Mn efficiency (see section 1 .5.4). The developnent of a

rapid sreening technique for Mn efficiency that refied on, seedling

performance under controffed environment conditions rather than field

evaluation Íras desirable, and therefore most pot experiments were conducted

for approx. 4 weeks.

Thisprojectinitiallysetouttoinvestigatetheextentofcultivar
differences for and nechanisms of lvln efficiency in wheat, however' other

cereals were included when it became obvious that the seedling studies

uncovereil very little variation for Mn uptake under lvln deficiency in wheat

(chapter z). Genotypic differences in the ability to acquire Mn fron the

soil (rather than plant utilisation of acquired Mn) were considered to be

prinarily responsible for variation in Mn efficiency (see secti-on 1 '5'7)

and therefore this project concentrates on identifying mechanisms

associated with seedling Mn uptake (Chapters 2 and 7) ' Two cuftivars of

barley (Weeah and Galleon) and tritical-e (Venus and Coorong) were used

becausetheyhadbeenshowntovaryconsistentlyíntheirMnefficiency
(n.1. Graham, personal conmunication)' This thesis also considers the

effect of seed Mn content on apparent Mn efficiency (Chapters 5 and 7)'

since the j-nportance of this factor became obvious in the early experiments

(chapter 2). An attenpt was also nade to deternine if there were any

differences in the utilisation of Mn by wheat cultj-vars of differing Mn

efficiency in photosynthesis by examining the kinetics of chlorophyll a

fluorescence (Chapter 4)' Field experinents have been included in this

thesis (crrapter 6) because it was inportant to evaluate genotypic

differences in agronorni-c Mn efficiency and to determine uhether Mn uptake

per se or other factors llere associated with these differences'
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CFIAPTBR 2

TOLERA\TCE OF !{HEAT, TRITICALE, RYE AND BARLEY SEEDI'INGS

TO MANGANESE DEFICIET'ICY



6L

2.1 SUMI.TÀRÏ

Àn attenpt was mad.e to quantify the Mn efficiencies of wheat, barley,

tritical-e and rye during the seedling stage. In particular, genotypic

variation within wheat has been emphasised. Except for one smal-I nutrient

solution culture experinent, plants were grown in smalJ' pots containing a

Mn-deficient calcareous sand over a 4-week period at 15 c.

Barley proved to be the most lln-efficient cereal' having the highest

dry matter production, Mn uptake and util-isation efficiency' The higher

rate of Mn uptake for barley lras stongly associated with greater lateral

root development. Differences in growth between wheat cutivars without

adtled Mn were confounded by diffeïences in the Mn content of sot'n seeds'

There appeared to be little genotypic variation for Mn uptake between these

cultivars.

The results obtainecl from the screeni.ng of wheat-barley additi-on lines

suggested that l,Ín-effíciency characters could be transferred from barl-ey to

vrheat, since relatíve growth at MrO was significantly greater for some of

the addition lines than for wheat. However, mechanisros for higher

effíciencies were not clear.
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2.2 INTRODUCTION

This Chapter describes several experj-ments which were ained at

quantifying differences between cereaf species and cultivars for tolerance

to IrTn deficiency (ie. for Mn efficiency) at the seedling stage. Large

cultivar differences in tolerance to IIn deficiency had already been

d.emonstrated by R. D. Graham and associates at the Waite institu'be for'
barley, and, to a fesser extent for wheat, on a Mn-deficient soil near

Wangary, S.4., in the periotì 1980-1982. The extent of genotypic

differences in the field wiÌ1 be considered in Chapter 6.

Since the initial objective was to concentrate on Mn efficiency in
wheat, more emphasis has been given to cultivars of wheat than of any other

cereal. A long-term objective of this work was to devel.y a successful

bioassay for I{n efficiency in wheat during seedling growth, i-n order to

short cut the time and effort involved in field screening. This was

considered feasible since goorì correfations had already been obtained

between seedling growth in small pots and field performance under Mn

deficiency for different ba:rley cultivars (n.1. Graham, personal

comnu,n j-cation) .

Three factors lrere considered to be primari J-y responsible for
determining Mn efficiency during early growth: efficiency of l4n uptaÌ<e'

transport of absorbed Mn to the shoots and the utilisation of this
transported l'!n for growth. A detailed understanding of these factors as

they affected genotypic differences in seedling performance woltlrl have

important implications for the conduct of a breeding program.

Experinent 2.1 was concerned with cluantifying growth and Mn uptake of

wheat, tribicaler rye and barfey during seedling growth under deficient and

adequate soil IIn supply, using soif coflected fron \Iangary.
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Experimenl 2.2 was designed to calculate rates of Mn uptake at

deficient and adecluate soil Mn supply in order to gain more understanding

of the species differences observed in Experiment 2.1.

Experj.ment 2.5 was undertal<en in order to determj.ne lrhether seedling

Mn-efficiency characteristics of barley could be transferred into and be

assessed in a wheat background by the use of wheat-barley disornic addÍtion

lines developed by Drs. A.K.M.R. Islam and K.1,I. Shepherd at the ltrraite

I nstitute.

Experimenl 2.4 compared. the rates of Mn uptake for wheat, triticale and

rye plants grol¡n in nutrient solution, using a suitably low Mn

concentration.

2.7 }MTHODS ÀND MATERIAI,S

2.5,1 Generai procedures for soil cultuTe experiments

This section ou'blines methods and materials that were colnmon to the

soil culture experiments described in Chapters 2, 7 and 4. These are

presented together for ease of reference; specific methods and rnaterials

for individual- experiments are described separately.

The following cereal species were used in these experirtents: wheat

Triticun aestivum), triticale Triticosecale x r rYe Secafe cereale and

barley Hordeum ¡¿Ie-æ.).

( a Seed gerrnj.nation and sorving)

Seeds were surface sterilised for approx" 10 nin

several tirnes with distill-ed, double deionised water

germinated for 2 days in glass petri-dishes at room

Gerninated seeds of uniform vigour, with coleoptiles

then carefully planted ínto the soil.

with 1É waoct, ri-nsed

(lllr u29¡ and.

temperature.

just emerged, were
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(¡) soir description

A sandy calcareous soil from near wangary, Eyre Peninsula, S.A.' lras

used in these studies since an earlíer study (Graham et al' 1981) had shown

this to be suitabe for detecting differences in Mn efficiency between

cuftivars. This grey sand (Principal Profile Form Uc1 .1 1 (XlnS and Alston

19?5)), was deveLoped on shell- fragments aud has the following properties

in the O-10 cn (top) and 1o-20 cm (sub) rayers, respectj-vely: pu (1:5 H2O)

of B.$ and 9.1; 62 and' 76% CaCOtt 2.5 and 0.5/' organic C; O'55 and 0'25 ppnt

DTPA extr,actabJ-e Mn; 11 and 5 ppn availabÌe P (U"HCO3 extractable); 100 ancl

50 ppn available K; 6.8 and 2.3 ppn nitrate l{ and fiel-d capacity moisture

content (o.a, basis) of approx" 25(Ä.

(c) soi1p reoaration and totting

I t was not possible to use the same ba'bch of llangary soil f or all

experiments and this factor, coupled l¡itli duration of storage, resulted in

small- differences in soil- Mn avaiLability belveen experiments. In

experiments 2.1-2.5 and J.1 top and sub soil r¡ere mixed in equal

proportions, whilst in experiment 3.2r 3.7 and 4.1 onJ-y top soÍI ua.s used'

A1I soils r,rere sieved through a 2 inm stainfess steel screen' after air

drying, to remove concretions and coarse organic matter'

Basal nutrients were thoroughly íncorporated into thè soil by hand

nixing specified amounts of stock solutiols with 4-5 kg amounts of soj-I in

plastic bags to gi-ve the following rates of nutrient addition: 450 ug

ca(tlo1)2.4r,r20, 52 me K2so4, 70 ng l{eSO4.7H2o, 65 mB KH2P04, 6 
^g

I'eSO4.7II2o, 2 mg1\803, 3.2 mg CuSO4.5lIzo, 20 rng ZnS04"-l¡120, 0'4 m8

coso4.7H2o, 6 rg Nacf ancl 0.4 mß H2Mo0{.Hzo kg-1 a'd' soil' These rates

were the same as those given by Graham and Rovj-r'" (t 9a+) except that twÍce

as much Zn was added, since these authors had observed somewh¿it low Zn

concentratj-ons in harvested plants.
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Manganese was added as MnS04 in solution to the soil and again

thoroughly mixed to give rates of either O (ltnO), 4 (Un+), lO (U"tO) or 40

(U"+O) mg un kg¡1 a.d. soil. Grahan and Rovira (t9S+) observeC that

maximum wheat seedling grorvth was attained at }ln40.

In experiments 2.1-2.1 and,5.1 clear plastic cups of J00 ml capacity

(fiffe¿ with 250 g a.d. soil)'were used, whereas 500 mI cap. cyJ-indrical

plastic containers (fitte¿ r¡ith 450 g a,d. soil and covered with black

plastic), r¡rere used in experiments J.1 , i.2 and 5.3. All pots were

thoroughly washed with detergent and rj.nsed with DDDI H29 prior to potting.
The soil- was maintained at approx.25% r¡/w moist¿re content (o.d' basis),

except for experirnent 5.2 where 30% w/w was used. Evaporative loss was

ninimised by covering the soil surface v¿ith inert black alkathene beads.

( a) uarvesting procedures

At harvest, Mn-deficiency symptoms were noted, shoots were cut a'b soil
levef and fresh weight, tilier nunber (ie. stems other than the ruaín culm)

and leaf number (fr¡fly expanded blades ie. with ligules showing) recorded.

In some cases the youngest expanded bl-ade (yS¡) was removed from the rest

of the plant. Plant height vüas recorded as the height above the soil
surface of the |ip of the YEB when extended. Roots, including adhering

seecl coats, were thoroughly washed from the soil lsith deionised.¡'aterr

using a small- stainless steel- sieve, and fresh r¡eights recorded' Dry

weight"s of YEB, shoot and root tissue were obtainecl after oven drying at

approx. TO'C for at feast 24 h,

Subsamples of seeds used to gro',,r plants were al-so taken for each

cultivar f'or clry weight determination and subsequent NIn anal-yses af Ler

rlnsing in DDDI H20 fo" approx. 1 O min.
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e) Á.nalytical procedu res

Analysis for Mn (as well as other mj-cro- and macro-nutrients) was by

flame emission atomic absorption spectrophotornetry (l'nS) following

nitric-perchloric acid digestion. Details of the methods used (after

Heanes (tgeo)) are shown berow:

Sample dry
weight

p
o

Digestion
flask cap.

mI

Volume of nitric:
perchlorie acid

mI

tr'ina1 volume
of digest

mI

0.00 - 0.50
0.50 ' 1 .00
1.00 -

50
50

100

621
11 :1

17 .5 22.5

5
10
25

Shoot and root naterial was cut into small pieces with stainless steel

scissors prior to digestion whereas seeds were digested whofe (usually 1 O

seeds per sanple). Care was taken to avoid contami-nation. Samples were

digested in Erhlenmeyer flasks placed on frypans for heating'

AII analyses TÍere performed. on a Phillips SP-9 AAS, with background

correction used for Mn, Zn, Cu and Ie determination' One standard plant

reference sample of known Mn concentration and 1 or 2 acid blank' solutions

were included per 7O-4O samPles.

(r) Statistical. analyses

Most of the data was subject to analysis of variance or regression

analysis using programs written in 'basic' for the Hewlard-Packarcl or Lpp1e

II micro-computer. In some cases data were 1cg-trarrsformed' where

non-norrûality of variances associated with the rrrean was suspected.

Significance of tabula'bed neans is indicate<l in most cases by the use

of the least significant difference (T,SD) at the 5rÁ Leve¡ (p<O.Ol) and by

the F-ratlo (NS = not significant; x = P(O.O5; 'x'x = 319.91 ; àÊrÊ'rÇ = P<O'OOI )'

In some instances presentation of standard errors associated with the rnean

v¡as deemed ¡nore aPProPriate"
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2 .t .2 Experiment 2.1

Eíght wheat cultivars (loAattin, Gatcher, Ha1berd, Bindawarra, Dundee,

0x1ey, Gluyas Early and Bayonet), two triticale cul-tivars (Venus and

Coorong), two barley cultivars (hieeah and GalLeon) and rye (S.4.) were

used. They were chosen for comparison on the basis of results of an

earlier experi-nent (Appendix 2.1). Sources of seed are indicated i-n

Appendix 2.2.

The experiment was conducted in a growth room at a constant 15'C and a

photoperiod of 1 t h at an average photon flux density of 240 ¡rmo1e quanta
¡o-2 s-1 at plant height. The experiment had a factori-al, completely

randonised design, comprising 1J genotypes, 2 Ieve)-s of lvtn (UnO and Mn4O)

and J replicates. Each pot contained three plants. Germinate<l seeds Trere

soi,rn approx. one week after soil potting. Plants were hr-vested 22 days

after so'¡ring.

Synpton expression r,iras scoretl as follows: nil, nild (slight to
distinct paling of YEBs), moderate (as above but with noticeably smaller
plants, watery marks and.for necrotic spotting cn YEBs) and severe (necrotic

streaks and leaf collapse).

Net Mn uptake (¡rS plant-1 ) *u= calculated by subtracting seed Mn

content (¡rS seea-1 ) fron whole plant Mn content at harvest. Utilisation
efficiency (un) was calculated according to siddiqi and Glass (gez) as:

uE = Dhr / [u"] (g2 ¡rr1 )

where DW = whole plant dry weight and [ftf"] = whol-e plant Mn concentral:iorr

2.7,7 Experi.ment 2.2

tr'our genotypes were used: luheat cv. Bayonet, barley cv. Galleon,

triticale cv. Venus and. rye cv. S.A. Except for rye, for which a low seed

Mn source was not avail-abre, seeds of row Mn status were chosen (see

Appendix 2-.2) .
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This experiment was conducted in a growth cabinet at a constant 15"C

and a photoperiod of 1 O h at an average photon flux density of 400 ¡mo1e
quanta n-2 s-1 at plant height. The experiment had a factorial, completely

randornised design, comprising 4 genotypesr I Ievels of Mn (MtO, Mtt4, lvin4O),

J harvest" (6, 16 and 26 days after sowing) and 7 replicates. Each pot

contained two plants. Gerninated. seeds r{ere sown ! days after pots were

filled with soil. synptoms ïfere scored as for experiment 2.1.

In addition to those measureüents made in experiments 2.1, Iengths of

main axis and l-ateral roots were obtained by the line-intercept nethod

nodified by Tennant (975), after spreading the roots in a large petri dish

containing a litt1e water and placing a grid of lines (1 cm diameter

spacing) underneath. Average root dianeter (n'ur) was calculated from the

relationship:
12=Rtr'lJ/nl,xl

r¡here r. = avelage root radius, Rtr''tìi = root fresh weight and RL = root

length

Root specific gravity was assumed to equal 1.

Rates of Mn uptake were calculated according to Wiflians (t g+e):

orr(r_n w2 _ In H'1 ) / $z _ l¡1 ) * (Me - Ii1 ) / (tz - t1 )
(rnr,2-rnL1 )/(tz-11 )*(uz-M1 ) /(tz-t1 )

where lù1 and lf2 = root dry weight at Ìrarvest t1 and t2

\ and L2 = total root length at harvest t1 and t2
II1 and II2 = whole plant Mn content at harvest t1 airA t2

2 .3 .4 Experiment 2.3

Seed of barley (cv. Betzes), wheat (cv. Chinese Spring) and 6 addition

Iines were obtained fron Dr. Islaru (Writ" IrrstiLute). One addj.tion tine
(containing chromosome no.5) was not avaifable because of sterillty (ls:-am

and Shepherd 1 981 ). An attempt was nade to sefect seeds of similar seed

weight (and therefore l,In content) ¡ut this lras not possible because of

inherent seed size differences betn,een these llnes (appendix 2.9).

Experimental procedures, cultural conditions and harvest measurements were

the sarne as f or experitnent ?-.1 .
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2.7.5 Experiment 2. 4

wheat cv. Bayonet, Bodallin and Gatcher, triticale cv. venus and

Coorong and rye cv. S.A. were used. Seed of each genoty.oe was obtailed

fron the same source as experì-ment 2.1. Twenty uniform 6 day old seedlings

of each genotype, previously grown in 1 /10 x Hoaglands solution containing

0.65 uU Mn, were transferred to an acid washed plastic container holding

approx. B 1 of 1/Z x Hoaglands solution with 0.65 irM Mn added. Solution

pHwaskeptintherangeofpH6.5-l.o"fronwasadded.atarateof
O.OO4 ¡lvl FeSO4 (M,rrrn" et al 1961), until iust prior to the fi-rst harvest

when chlorotic symptoms were noticed on young leaves' After this period Ì'e

was added as tr'eEDTA. The experi-ment was conducted under the same

conditions as clescribed in experiment 2.2

six plants ¡rere harvested at 18, 2J anð.25 days from germination.

Shoots ïIere separated from roots and roots were washed for I min with DDDI

H2o, lhen 7-4 min in 0.5 nII Cu(n05)2 at 5 c (to r"*ove free space Ì'1n) and

then for 1 min in DDDI2O (to remove excess Ca(wO1)2 before they were

blotted <Ìry. Shoot and root samples \llere oven d'ried at 7Oo C for 24 h and

'assayed for Mn and tr'e using AAS. Rates of l¡In uptake were calcrrlated as

before (experiment 2.2).
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2.4 RESULTS

2.4.1 Experiments 2.1 and' 2.2

(") Ma e-deficiency symptoms

specific symptoms of }tn deficiency were generally evident only on

leaves of the r+heat cultivars, and did not occur when adequate l'In had been

added (ie. at Mn4O). In experirnent 2.1, only mild symptoms tçere observed,

on young leaves. Contrary to this, symptoms observed in expetiment 2.2

varied from mild to severe and were first evident on the oldest (t st) leaf

rather than on younger leaves. Grey specks and lesionst as observetl by

Brown and Jones Ugl+) fot oats' were found in the niddle of the leaf for

some vrheat cuftivars.

(¡) Shoot and root srowth

Plants generalty had.2-J fu1ly expanded leaves and. 0-1 till-ers. There

lfere no effects of added Mn on tiller and lea.f number. shoot fresh and dry

weights were highly correlated ( Q = O.95 and above) and thus fresh weights

are not presented.

Significant variation was founù between wheat cultivars in experinent

2.1 for shoot dry matter production at both deficient and adequate I{n

supply (faUte 2.1). However, the outstanding performance of Bodallin at

Mno was apparently associated r¡,rith its high seed Mn content. The

responsiveness of cul.tiva.rs to added lvln (ie. their relative ¡rields) also

varied considerably. The two barley cultivars and Venus triticale were the

nost productive genotypes at MnO, and. these and rye were feast responsive

to added lln. The poorer performance of Coorong triticale conpared wi-th

Venus triticale was afso apparently related to seed. Mn content'



Table 2.1:

7T

shoot and root dry weight and the ratio of shoot: root dry

weight after 24 days growth for genotypes studied in

experiment 2.1. Data are means of J repticate pots. Relative

yields (per cent of Mn4O) """ indicated in brackets'

Genotype Shoot dry weight
-,|mg plant '

Root dry weight
_.t

ng plant '

Shoot: Root

ratio

MnO Mn4O MrO Mn40 MnO Mn4O

Bodal-1in
Gatcher
Halberd
Bindawarra
Dundee
0xley
Gluyas Ear1y
Bayonet

54 (gz)
41 (81)
15 (zg)
41 (tt)
44 (zt )
3+ (65 )
44 (6r)
1+ (¡a)

55
47
44
56
62
52
67
59

e4
55

79
B4

'57

24
20
22
20
17
22
16

46 (go
æ (105

1.45
1.69
1 .75
1.Bt
2.17
1 .go
2.O4
2.17

1 .87
1 .91
2.O7
1.91
2,11
2.54
1 .86
2.17

07
B6

(tz>
(g+
(g+
Q>
(og
(aa
(oo
$t

(l
(

)
)
)
)
)
)
)
)

)
)

30
26
t1
20
79
21

76
27

Venus
- Coorong

S.A.

!leeah
Gafleon

77 lrrz) 52 21 (r+r ) 15 1 .79 2 .16

75
50 9

90(
(

)
)

52
28

1 .62
1.82

1 .61
2,O9

71 ßt)
71 (84)

51

49
1

1

)
)

49
57

60
4B

4+
4+

LSD 5% G

Mn
G xMn

5
2
7

6
2

9

åç.tt*

i&lç{-
.:çtçtT

rÉ*tf
tçå.Àåç

{ÊtfiÉ

o.2+
0.10
o.72

.x.lÊ.ìt

t?tÉ

åÈ
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. Root fresh weights were also highly correlated with d.ry weights (ee.

12 = O.B5 for experLment 2.2) and are not presented. Significant variation
was afso found between wheat cultivars for root dry matter production
(ta¡fe 2.1). Responses to added Mn and ranking of genotypes for root
growth, with and without added Mn, were simíIar to those for shoot growth.

Thus, differences between cultivars in shoot: root dry weight ratios
between cultivars were small. However, genotypes with higher relative
yields generally had lower shoot: root ratios. Only sma1l increases in
shoot: root rati-os Trere f ound with lrin addition. Ratios for barfey were

consistently smaller than those of the other genotypes.

Root lengths, measurerl in experiment 2.2, are given in Iigure 2.1.

,Large differences r{ere found between cereals in main axis (eg. barley

vs. wheat) and lateral (barley vs. the other cereals) root developnrent.

Main axis roots were predomÍnantly seminal since there l''as l-ittle nodal

root development. Barley had the greatest total- root length at alf feve1s

of I'In supply and at each harves'b. Bayonet had the smallest nain axi-s root

Iength at day 26. Addition of lvln had no effect on the length of main axis

roots but resulted in significant increases in lateral root length for rnost

genotypes by day 26. There rras a diminished contribution of main axis

roots to the total root length with increasing plant age and Mn supply.

Linear regression equations betl.¡een root fresh weight, main axis and

lateraÌ root length are given in Appendj.x2.J, whilst Apþendix 2.4 shor+s

the correlation coefficients. Reliable predictions of root J-ength fron the

deterruination of root weight coul-d onl¡r be rnade for wheat and rye.

Diameters of root members were not measured for experiment 2.2;

however, calcul-a.tions f'rom the formula gi-ven in section 2.2 showed that

average root cliameters did not vary with genotype or Mn suppJ-y (Appendix

2.5) .
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barley
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rye
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Days from sowing

Increase in nain axis (cl-osed sl7nbols) and Iateral (open

slmbols) roots, between 6 and 26 days after so,'ring, for
wheat, barley, triticale and rye plants grq,l¡n at MrO

(circles), Mn4 (squares) and l'4n40 (triangres), in
experirrent 2.2.
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(") Manganese concentration

Shoot and root Mn concentrations for experirnent 2.1 are given in Tabl-e

2.2. Data for YEB l{n concentrations are not incl¡ded since they were very

sinilar to and highly correlated (12 = 0.92) with shoot Mn concentrations'

0f the wheats, only cv. Bodallin and. Gatcher had significantly greater

values at MnO and MnAO than the rest' Overall, rye had a greater shoot Mn

concentration at IrÍrO and I{n4O than wheat, barley and triticale' but this

was not the case for root i,!n concentrations, which were simifar for all

genotypes. ZLnc analyses on shoot material indicated that all plants were

in the sufficiency range (>25 ye c-1 ).

(a) Ilanganese content

significant genotypic .'^riation was found for shoot and root l{n

contents at MnO and Mn4O in experiment 2'1 (t"¡te 2'2)' Bar1ey' tritica'l-e

cv. Venus and wheat cv. Bodallin had the highest plant Ì'[n contents' There

were significant clifferences between the wheat cultivars at both I{rO and

ìtn40.

. There were significant differences between cultivars iu the ratio of

shoot: root l¡In content at lvlrro (for exarople, Bayonet had a low ratio and

Gluyas had twice that ratio). Rye also had a high ratio but barley and

triticale did not. At I{n40, only rye and uheat cv' Halber'l had a

significantly higher ratio than the others. The ratio increased for all

genotypes, except Gluyas, with the addition of it{n ie when Mn supply was

adequate relatively more Mn was transported to the shoot'

Shoot I{n content and shoot dry weight rr'ere highly correlated (12

O.'91 ) at MrO and thus ranking of genotypes trag similar using both

paranteters.
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Table 2.2: Shoot and root ItIn concentration and content, and the ratio of
shoot: root Mn content for genotypes studied in experiment 2.1

Cultivar Shoot Mn

conc.
-1

Fec

Root Mn

conc.
-1

118 I

Shoot Mn

content
-,1

)rB plant '

Root Mn

content

pB Plant

Shoot: Root

lvln content
-1

MnO Mn4O MnO Mn4O MnO Mn40 MnO Mn40 MnO Mn40

Dundee
Halberd
0xley
Bindawarra
Gluyas E.
Gatcher
Bodal-1in

Venus
C oorong

S.A.

Weeah
G afleon

11.6
17.7
12.O
3+.1
16.6
76.1
47 .2

9.7
9.9
9.6
0.0
0.6
2.7
8.3

27.6

2

56.9
42.O
46.8
60.6
51 .7
53.5
68.1

0.40
o.14
o.t2
0.41
o.46
0.50
1 .00

2,O7
1 .60
1 .65
1 .91
2.42
1 .78
2.54

4.49
1.97

4.26
4.26

o "55
0.41
o.56
o.55
o.41
o.75
1 .70

1 .71
0.85

o.77
0.8,
0.87
o.7+
1 .11
o.67
o.75

0.88
0.61

0.86
o.71

1 .20
1 .Bg
1 .70
1 .05
1.10
1.18
1 .25

1 .47
1 .41

2.47

1 .54
1 .24

2r.2
20.7

55
60

.1

.5
22
22

26.9
5c.7

5+.5
15.5

15.0
10.5

24.4
27.9
72.5
36.1

.27

.81

.87

01

o4
7B

57 .9
54.5

.50

6 0.96
0 0.85

1 .27 1.
0.87 1 .

1 .1 'l 2.77
1 .11 5,58

f .i2
o.51

17 .g 69 "1 71 .O 61 .g 0.66 2.18 0.60 0.90 1 .O4

5+.4
49.4

1t.t
11 .9

LSD 5% G

Mn
G xMn

7.9 NS
z o +$åË{É

11 .0 NS

1.1
1.1
4.5

tårËtÊ

t(åÊtË

äfË

o.26
0.10
o.76

-)çàsrÊ

-Fi'çtç

tFt6åÉ

o'l+
o-oL
a.2o

tt*
;t1
**t

0.41 åÈllâç

0. 1 6 *rÊ-x

0..57 *{Éås
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(e) uengunese uptaJce

l, high correlation (r2 = O.g5) *u* found in experiment 2.1 between seed

l{n content and whole plant ItIn content, except for barley. In fact, only

the two barley cultj-vars showed significant net Mn uptake at MnO (ta¡te
2.7). Venus triticale Ìrad almost twice the Mn uptake of Coorong at Mn40,

rye had only a relatively poor Mn uptaÌce, whilst the two barley cultivars
had the highest uptake.

The rate of Mn uptake between 1 6 and 26 days, calculated in experiment

2.2 ís given in Table 2.4. Barley had twice the rate of actual Mn uptake

than the other cereals at al-I levels of Mn supply. However, the rate of l.In

uptake per unit root weight or length (relative uptake or efficiency of
uptake) was similar for wìre^l and barley at 1ow Mn supply, and greater for
these two cereals than for triticale and rye. With Mn addition barley
maintained a higher rate of actual Mn uptake per plant. All genotypes had

equal eff iciencies of I'ln uptake at I'In4, whereas at Ifn4O wheat was clearly
least efficíent.

. Figure 2.2a shows the effect of genotype on net Mn uptake at !lr0 as a

function of time. Little Mn uptake occurred until after 1 6 days.

Manganese uptake for rye was negligible even at 26 days. This is also

clearly evident in the data for shoot l,In concentration at I{nO (Iig. 2.2b),

whicl: shows a decrease in Mn concentration between 1 6 and 26 days for rye,

r¡hilst there is an increase for the other genotypes over the the same-

period. Barley had the greatest uptake rate after 1 6 days: this ¡ras

associated with a rrruch higher lateral rcot producti-on bet'¡¡een 16 and' 26

days growtfr (fie, 2.1). However, the differences between wheat, triticale

"tta ryo rÈere apparently not associated with differences in lateral root
growth.
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Table 2.J: Mn content of sown seeds and whole plants, net l,In

uptalce and utilisation efficiency for genotypes studied

in experiment 2.1. Data are means of I replicates.

Genotype Mn content Net Mn uptake Utilisation
E fficiency

)rB seed-1 pc plant-t p* plan¡1 4 ¡re-1x1oo

MnO Mn4O IInO Mn4O MÑ Mn40

Bayonet
Hal-berd
0xley
Dundee
Bindawarra
Gluyas
G atcher
BodaIIin

Venus
C oorong

S.A.

Ïleeah
G alIeon

o.45
o,75
o.76
o.75
O.78
0.84
1 ,55
2.99

2.17
1 .30

BB
1 .71
2.70

2.+1
1.40

2.Og
1 .98

2.9+
2.47
2.95
1.o5
7.7+
4.77
7.52
4.61

7 .60
7.34

7.10
7.71

o.01
o.20
0.04

-o.24
-o.69

0.28
0.10

2.49
1 .7+
2.19
2.54
2.96
5.+9
7.21
1 .62

5.47
2.O+

6.52
7.09

1.8
1.7

2.2
2.2

.79

.75

.69

.76

o
0
o
o
o
0

o.B
o.5
0.5
0.6
0.6
0.7
0.6
o.5

0.9
1.2
1.2
1.2
1.2
1.5
1.5
1.1

o.14
o.02

-0.07

9B

0.7
0.6

o.g5 1.51 7.11 0.76 2.16 0.8 O,2

0.7
o.B

0.58
o.62

1 .51
1.76

LSD 5% o.5o 1 .15 (cxlrn) o'Z (Cr*ìnn)
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Table 2.4: Rate of Mn uptake, between 16 and 26 days' for genotypes

used ln experiment 2.2. Data are means of 5 replicates

Genotype Mn
supply

mg kg-1

Rate of Mn uptake

)rB ltant-l aay-1 lrc c-1 day-1 PB n-1 da¡1

wheat

barley

triticale

rye

0
4

40

0
4

4O

0
4

40

0
4

40

0
0
0

05
o9
22

I .94
2.54
5.82

2.O2
2.67

11 .76

1 .17
2.17

10.69

o.61
2.76

15.12

o.o17
o.o25
o.060

0.020
o.o2g

o.014
o.o22
o.114

o.006
o.o22
o.151

0.10
o.17
o.69

0.o4
0.08
o.37

o.125

0
o
o

.02

.07

.47
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(") Utilisation efficiencv

l abl:e 2.1 shows that barley had the highest uE at Mno, followed closely

by Venus triticale. The other genotypes had considerably fo1'er UEs' 0f the

wheats, Bayonet had the fowest value and Gluyas Early had the highest' Â1r

genotypes had simil-ar uEs at Mn4O, except for rye which had the lowest uE

at both I{nO and Mn40.

2.4.2 Experiment ?-.3

Tables 2.5 and.2,6 show that Betzes had significantly more gro-Ylth and

Itn uptake than Chinese Spring at both defi-cient and adeq.''te l[n supply, but

a higher UE only at l,tnO. Betzes also had a lolqer ratio of shoot:root dry

weight and a slgni-ficantly higþer ratio of shoot: root Mn content at both

Mno and Mn4o. At1 the addition l-ines had simil-ar actual dry rveights, Mn

uptake and the distribution of l']n between shoot and root at IInC and' I{n40,

and uE at Mro, to chinese spring rather than to Tletzes. However, relative

dry weights (except tines 5 and 6) and the ratios of shoot: root dry i^reigÌrt

at lvlnO (except line 1) ¡+ere more rÍlce those of Betzes. The relative clry

Treight of line 2 was particularly hi-gh.

2 .+.1 Experiment 2 "4

The two triticale cultivars, Venus and Coororrgr hacl the highest shoot

and root dry weights, despite having the lowest IIn concentratj-on" (Ttb'l"

2.7). This resulted in much hj-ghe:: Ultrs for these cuftivars.

Shoot:rool, dry tveight ratios were similar for all genotypes. Rye had

considerabty lower shoot lln contents and higher: rcot Ì'ln contents than the

other genotypes, resulting in u much fower ratio of shoot: root l"In

content, Net Mn uptake and the rate of uin uptake per plant were

essentially similar for all genotxpesr however, coorong triticafe was

noticeably least efficient for Mn gptake, anil had a fower net l'[n uptake

than Venus.



Tab]e 2.5:

8l

Shoot and root dry weight and the ratio of shoot: ratio dry

weight at deficient and. adequate Mn supply for Betzes barÌey,
Chinese Spring wheat and 6 addition lines (experiment 2.7).
Relative yietds (percent of Mn4O) """ 

given in brackets.

l, ine Shoot dry weight

I Plant-l

Root dry weight

I Plant-1

Shoot: Root

ratio

-Mn +Mn -Mn +Mn -Mn +Mn

Betzes
c.s.
Add 1

2

7
4
5
6

214
112
162
149
106
141
1t7
127

0>
(¡o
0z

110
264
221
{ ¡F

141
192
210
206

125
55
65
69
54
a2
81
67

289
185
162

B5

9B
170
1+6
188

2.OO
2.42
2.67
1 .97
1 .99
1.72
1.74
1 .go

1 .08
1 .41
1.57
1 .78
1 .+7
1 ,25
1 .4.4
1 .47

(t
(
(
(
(

o1
74
71
65
62

)
)
)
)
)
)
)
)

Gt)
3o¡
(+o¡
(el )
$j)
(+a¡
$5)
(J0)

LSÐ 51¿ lines
Mn

. Iines x I{n

lt I 'lÊà+àÊ+l
20 -:çtÉ.x

58 xxx

*tçtç
.¡É.)êtT

{ÉåÊtÊ

16ã

¿çåS:F

åçåêr(.

51
25
65

76
.21
.+9

o
0
o
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Shoot and root Mn contents, ratio of shoot:root Mn content,

net Mn uptakq and utilisation efficiency for Betzes barley,

Chinese Spring wheat anct 6 addition lines (experimenf 23)'

Line Shoot Mn

content

Root Nln

content
-1

FB Plant

Shoot: R oo t
Mn content

Net lvln

uptake
-1 )

fB plant ' I' -1
P8

U.E.

x1 00
/tB llant

-Mn +Mn -Mn +Mn -Mn +Mn -Mn +Mn -Mn +Mn

Belz
C.S.

es1
0

10
20
5o
40
60
7O

.01

.44

.58

.65

.40

.51

.49

.5C

5.85
1 .78
1 .50
1 .61
1 .40
I .51
1 .46
.1 .62

1 .17
o.77
1 .O5
1.28
0.91
1 .40
1 .25
0.80

4.99
7.25
4.37
2.26
2.78
5.60
1.26
4-.80

o.94
0.58
o.65
o.55
o.46
o.t7
o.54
o.62

1 .17
o.56
o.35
o.7 4
0.51
o.26
o.46
o.7B

o.+1
0.58
o.22

-o.66

9.22
+.11
1.94
2.4+
7.30
5.56
3.20
4.+6

5.85
2.91
1.20
2.46
1 .95
2.57
2.73
2.go

3.28
4.01
2.50
1 .76
1 .59
1 .go
2.59
2.42

1 .58
o.27

-o.24
0.48

ddA

TSD 5ø- lines 0.
Mn 0.
1 x'Mn

z li tË,ilçlt)+

*.)Êitç

NS

0.BB åÊrÉ'rc

NS

O.15 l+*lÊ

NSB tÉåçlð
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Table 2.7 : Shoot and root dry weight, Mn concentration and Mn content,

utilisation efficietrcy (uU) and Mn uptake after 28 d.ays

growth, and the rate of Ì{n uptake (between 1 8 and 28 days)

for genotypes studied in experiment 2.4

Genotype Dry weight

Shoot Root

mg plant-1

IrTn conc.

Shoot Root
-1

Pcc

Mn content

Shoot Root
_l

7uB plant '

UE* Net Mn

Uptake
-1

)rB plant

Rate of I{n
Uptak#
I. II.

Bayonet
BodalIin
Gatcher

Venus
C oorong

S..4.

111
161
1Bi

123
241

51
60
64

172
140
115

295
29t
706

2.Bg
2.87
2.84

7.06
2.57

o. og
0.08
o. 07

0. 07
0.05

81

91

98
B4

198
190

0
o

19.2
15.9

16.8
17.4
19.6

26.4
22.4
24.1

25.O
22.O

0. 10 42 .7
o.12 16 .B
0.14 42.1

.4O 42.1

.2a 37.9

177 50 75 511 17 .O 26 .4 o .15 78.4 2.51 o.o9

LSD 5% 56 16
lÊrÊrË l(-*{Ê

14 119 5.4 7.5
NStÊ*-àÉ lç*',ç t(--FtÊ

x UE units """ *2 ug-1 x. 1 oo
# t. units aïe ps brgnt-' gflu-'

II. units are pg g day '
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2.5 DISCUSSION

These experiments have demonstrated that young barley plants had

considerably more capacity for Mn uptake from an acutely Ìtn-deficient soil
than young wheat, triticale and rye ptants (T"bte 2J). The higher UE'for
barley also suggested a greater capacity for plant utilisation of the

absorbed Mn. These two factors were associated with barley's high

Mn-efficiency (1s. it s hieh relative yields). Relatj-ve yield assessnent

was the best method of ranking for: Mn efficiency since it d.emonstrated the

relative ability of genotypes to perform under deficient Mn supply.

Á,lthough Venus triticale had similar actual yields to barley, and

triticaler rye and Bodal-lin r,t¡heat had simil-ar relative yreJ-ds to barley
(t"¡t" 2.1), these genotypes apparently reJ-ied much more on their seed Mn

rather than liln uptake to produce this growth.

Seed Mn contents were only determined at the concfusion of experimetrt

2.1 . It then became clear that much of the var'iation in growth, Mn

concentration and content between genotypes (parti-cuJ-arly wJ-thou,t added I'ln)

was apparentty related to the use of diffelent seed sources (and therefore

seed luin contents). Tor example, seeds of Bodal-Iin had the potential to
supply five times more Mn to developing seedlings tharr seeds of Bayonet

(see ,A.ppendix 2.2). Slmitar conclusions Ïrere reached b)' comparing the Mn

content of scwn seeds with seedling shoot dry weight and Ì{n content for the

16 wheat cul-tivars studied in a preliminary experiment (Âppendix 2.1 ).

The reserve of seed IIn proved to be very important in 'bhese studies
because this soil was acutei-y lÏn-deficÍent. r{part front the facts alrearly

hiehtighted above further evidence is proviCed in Appendix 2.8. These

results cl-ear:ly shor^i t.at the reason for not obtaining any signifi.cant
differences between rpprtutt Mn efficieny for Galleon and l¡rleea.h barley in
experiment,2,1 r,¡as because of the seed source chosen (in contrast with
results obtained by R.Ir. G::aham and J. Ascher (personr+l communication) who

used other sources)" In nost stuclj-es that have investigated nutrient
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efficiency, nutrient contents of the seeds used would not have been as

important because the soils used were not as deficient for the nutrient

under consideration as that used here. Even for nutrient-inefficient
genotypes, the nutrient content of sown seeds coul-d be irrferred to several

tirnes fower than that determined for the harvested plants (for example, in

studies concerning Ì,In efficietrcy (tlyUotg 1970; Brown and Jones 1974),

Cu-efficiency (llambiar 1976) and Zn-efficiency (Sttri.t" and' Raj 1976)).

However, in other studies, seed nutrient content was shown to be a

significant factor in apparent nutrient efficiett"y (for example, studies

concerning Zn-efficiency in maize (Halim et al 1968; I'lassey and Loeffel

1969), P-efficiency in beans and maize (Wtr:-teater et af l9i6; Fox 1978) and

K-efficierrcy (O zanîe and Ascher 1965). A fufl-er discussion of the efects

of seed. Mn on cereal growth and yield is left until Chapters 5 and 6.

It might be expected tha.t seedling root vigour would ',e greater for
those seedlings der:Lved from seed.s of high seed Mn in the llnO treatment,

and that 'bhis greater root proliferation might allow it tc absorb more I{n

and therefore procluce more growth. However, the extrerne I'{n deficiency of

this soi-l apparently preclucled an¡' benefit in lln uptake. The amount of l'{n

absorbed by most genotypes at MnO in these experÍments was clearly small

even though calculated values for net Mn uptake could have under,estimated

real uptake because Mn potentialJ-y leached frorn the seed was not

determinecl. This smal-L amount of lfn uptake is consistent with the

hypothesis that the predonrinarrt souïce of IIn avaifable to these plants was

from reducibÌe rather than labile soil Ìvln. The extrene I[n deficiency of

thj-s soil was also hiehliehted by the fact that I{n uptake by Bayonet wheat

was not increased by variation of soiJ- moisture content and temperature

(,A,ppendix 2.8).

llith Mn addition (ie. Utt4O) rnuch greater uptake was observed.

lvlanganese added to this soif became rea<ìily unavailable (Appendix 2-7)z

presumably tliis l'[n was oxidised, adsorbed. onto I{n02 surfaces or

precipitatecl as I4nCO1. However, there ¡rould still have been considera.bf e

quantities of Mn2+ avaiiable in these experiments for uptake at least for

the first half of the grow !:ìr perio<l. Presurnably the lln taken up by plants

was nostly l{n2+ via diffusion to the root su-rface, but some Mn
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solubilisation from freshly oxiclised or precipitated Mn nay have occurred.

Results from experiment,2.2 (1.¡t" 2.4 and Fie. 2.1) shor,,'ed that under

Mn deficiency the greater Mn uptake by barley compared with wheat,

tritícal-e and rye Tras associated rrrith a greater amount of root (in
particular lateral- root length) rather than more efficient IIn uptake (per

unit of weight or length of root). This experiment did not definitely
prove that the greater root abundance of barley r{as Tesponsible for its
increased Mn uptake. However, indirect evidence that this rnay indeed be

the case comes frorn the observation that barley also had a greater root
length and higher Mn uptake at adequate Mn supply (Uo+O). That is, barley

has an inherentfy more vigorous seedling root system than the other

cereals.

A higher percentage and total arnount of finer lateral roots in barley

would result in more contact between root surfaces and soil constituents.
This contact is probably tlie important limiting factor in IIn uptake from

oxi-de and. carbonate surfaces in calcareous soils (M" B.id" 1979i Uren

1981), Since mean root diameter was found to be no larger for barley than

the other cereals, extension growth appeared to be the major mechanism

whereby barley increased its total root surface area for Ì4n acqu,isition in
these experiments. The smal.l size of the pots r.rsed restricted root growth

verticalLy and hor:izontally, and thus, the genetic potential for extensioir

growth, particularly at adequate l,ln suppty, Dây not have been real.ised.

The only root morphological measurements maile in this experirnent were

length and dianeter. However, the degree of branching and fateraÌ root
number (and therefore contact wibh the soil solid phase) may also be a

rel-evant factor in lln efficiency. There is evi-dence that branching of the

root system is positivelir ccìrrelated with length in barley (Hackett and

Barbl-er;t 1971). Total root length and surface area have been associated

with the uptake of other less mobile nutrients, such as P, where diffusion
to the root surface is a lirniting factor (SchenL anrl Barber 1979; Coltrnan

1985). Although root hair parameters were not mea.sured in these

experiments, they may well have been involvecì in l,In uptake, as suggested- by

Uren (tlat¡, since the rate of diffusion of Mn and the average
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concentration at the root surface would be snall (iVye t 966).

The importance of plant-induced rhizophere effects, such as H+ ion
extrusion and secretion of reducing and chelating agents, in determining

genotype diffe:rences in l4n uptake cannot be discounted. These factors have

been evaluated in fu.rther experiments that are discussed in Chapter 3.
Both these and no::phologicaf characteristics may be very important Ín IIn

acqui-si-tion from soifs deficient in Mn, in contrast to the inportance of
root absorption characteristics for Mn uptake from solution culture (Munns

et aI 1967).

The UE under Mn d.eficiency was shown to be considerably higher for
barley than for wheat and rye in experíments 2.2 anð.2.i (lables 2.J and

2.6), bu-L Venus triticale also had a high ratio. The ratio as used here is
according to Siddiqi and Glass (tg8t) i". biomass/ nutrient concentration.
This is differenr; to the more accepted rati-o of biomass/nutrient content
(presumably absorbed) used by most workers eg. Loneragan and Àscher (tg67).

The former ratio takes into account growth dependent on tissue
concentration and may ref'Iect differences in a functional requirement for
Mn. However, a smaller value for UE, reflecting a slower growth rate (eg.

for rye), could also be regarded as an adaptive mechanj.sm (Ctrap:-n 19BO),

since less ]t[n woufd be required for mai-ntenance of growth.

Experiment 2.1 showed that Mn efficiency could be transferred from

barley to wheat. l,lhilst all the wheat-barl-ey addition lines had a similar
yield potential to their wheat (Chinese Spring) parent, most of them had a

simifar Mn efficiency to their barley (getzus) rather than to wheat parent

since they had a better relative yield than wheat (fat¡te 2.5).
Conf'jrmation of the high Mn efficiency of line 2 is warranted. These

Iines, however, had a sÍmiÌar Mn uptake and UE to their wheat rather than

to their barley parent. Thus it appears that these fa.ctors are not
mechanisms invol-ved in determining Mn efficlency in these lines. The

resulbs obtained here do not clarify the basis of genetic control of Mn

efficiency,
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some differences were found between the behaviour of genotypes i-n

experiment2.4comparedwithexperinents2.l-2.3.tr'orexample,in
experiment 2.4, Bayonet wheat had similar Mn uptake to Bodallin, and rye

had a l-ower rate of Mn transport to shoots than wheat and triticale' The

Mn concentrations and contents of plants in experiment 2.4 were much higher

than those found in experiments 2.1-2.5. In retrospect, a lower solution }ln

concentration than 0.65 )rM should have been usecl because plant I{n contents

were far too high for comparison with uptake effíciency in soils' Only one

concentratlon w¿s used owi-ng to limitations of labour and space' However'

most short-term l,ln absorption studies have considered solution Mn

concentrations greater than 2.0 ui\l (eg. Maas et ar 1968; Ranani anù Kannan

lgBZ). Barber and Lee (lgl+) used a fower concentrat:-on (O'2 P¡'i Mn), at

rEhich 5 week-ol-d barley plants had shoot and root I{n concentrations of 11

and 45 ug tr1 , very slmifa: to the I.[n concentrations observed in

experiments 2.1-2.5, Such differences highlight the importance of cultural

factor(s) in deterrnining growth, Mn uptake and transport by dlfferent

geno types.

2.6 CONCLUSIONS

Several conclusions cen be made on the basis of the results of these

experiments. Iirstly, barley seedlings l¡ere showrr to be more Hn efficieut

than those of wheat, triticale and rye. Secondly, barley's lvln efficiency

was primarily related to greater l,[n uptake (but a]-so apparently to I{n

utilisation). Thirdl.y, tlie arnount of I{n uptake Íras corretated wiih the

extent of seedl.ing lateral root grovth. Fourthly, the Mn content of sown

seeds nust be determined in order to properly calcufate Mn uptake'

ï'ifthtJ'r the fact that wheat (as well as triticale and rye) seedlings had a

net zero Mn uptake on this soil (in contrast to barley) means that any

seedling screening technique to detect genotypic differences for l'In

effjÉíency requires a soil fess severely Mn deficient than is suitable for

barley.
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Âppendix 2.1: Preliminary screening of wheat cultivars for Mn efficiency
during seedling growth

Sixteen wheat cultivars (as well as rye and barley) *e"e grown in s¡ua1l

pots containing IIn-deficient caÌcareous sand (see rnethods section) for
24 days in a glasshouse (average 22oC/15"C day/night teroperature). The

table below shows the original seed ltîn content as well as the symptom

score, shoot dry weight, Mn concentration and content of harvested plants.
Data are neans of three replicates. Relative yields (per cent of Mn4O)

are indicated in brackets.

G enotype Seed

Mn cont.
_1

Pg seed '

Shoot

Mn conc.
-lPee'

Shoot

Mn content

/rB plant-1

Synptom x Shoot

score dry weight
ng plant-l

MrO MnO Mn40 I'InO Ì1n40 MrO Mn O

- Purple Straw
Dundee
G atcher
Bindar¡arra
Bencubbin
Gabo
0 lympic
S ongl.en
0xIey
H alberd
Lance
Nabawa
Egret
K ite
Gh).yas Early
Bayonet

s.Â.

hleeah
GalIeon

o.96
o.B1
1 .60
0.78
o.92
1 .05
o.65
0.50
o,76
o.7t
0,58
O.BB
o.67
0.82
o.84.
o.45

o,95

0.58
o.62

57
41

48
4'5

,5
51

71

41

44
78
,1
57
75
57
60
54

(8e) i7
(eo) 67

10.4
10.'7

91 .9
70.0

.26

.t I

"42
.19

ZO

.29

.14
"22
.2'5
.18
.16
.26
.t I

"29
.28
.21

0.58
o.51

1.84
1 .82
1 .66
1 .70
2,17
2,O9
1 .12
1 .50
1 .68
1 .68
1.16
1 "78
1,11
2.O3
2.65
1 .87

5.19
4.41

t2 (e5
14 (al
19 (er
17 (ze
41 (t+
77 Q+
22 (lz
29 Gg
2e G>
24 (aZ

t2 (02
75 (er
22 (61

11 (¡e
70 (¡o
27 (¡o

o.5
2.5
0
0.5
1.5
2.O
1.0
7.o
2.5
2.5
2.5
1.5
1.5
1.0
2.5
2.5

)
)
)
)
)
)
)
)
)
)

56
76
t4
40
50
41

)o
15
58
44
27
t9
48
7B
49
)õ

9.7
5.0

10.7
5.6
9.6
7.8
6.2
7.6
7,7
7.4
5.0
9.0
7.9
9.8
oz
7.7

2
2
8
5

ô
0
o

1

B

5
4
7
¿

9
o

c
0
0
0
o
o
o
0
0
0
0
0
O

0
0
0

o

0
0

zB (too) zo 14.8 99.0 0.41 2.56

50
51

9
6

NS

LSD 5/" G

Mn
G xMn

4.6 'rrål'

1 .6 *r'
6,6 'lÉ'1"'

0
0

å{'åç.x.

t+r(.
BB
7O
NS

åF 0 = nil, o.5-1 .0 = niLd, 1.o'2.0 = moderate, 2.0-7.0 = severe
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Seed dry weight, IIn concentration and Mn content of
cereal genotypes used in experiments 2.1'2.7. Data

are means of 5 replicates of 1O seeds. Standard errors
are given in brackets.

Cultivar Exp. no. Source Dry weight
ng seed-1

Mn content

)rB seed-1

Mn conc.

Pc e-1

Dundee
G atcher
Bindawarra
0xley
HaÌberd
Gluyas E.
Sayonet
B odallin

Venus

1

1

1

1

1

1

1

1

1

¿

1

1

,2 r7

1 12r7

1 @.+)
2 (2.9)
g (o.z)
z (o.1)
5 (.1)
e (o.s)
7 @.+)
e (4.6)

81 (o.or )
60 (0.06 )
?B (0.01 )
76 (o.oz )
71 1o.ot )
84 (o.oa)
45 (o.or)
95 (0.++)

0
1

0
0
o
0
0
2

18. o (t "t)
77.6 (o.Z)
41 .4 (r .g)
17.+ (o.z)
35.e (r .o)
7e.7 Q.+)
11.4 Q.+)
78.5 Q .s)

(u)
(¡)
(")
(")
(a)
(")
(")
(r)

2.11

1.10

o.95

0.58
o.62

(o.o+ )

lo.or )

(o.or )

lo.or )
(o.or )

21 .
40.
18.
20.
20.
20.
17"
76.

76 "9

to.6

42.8

12.8
12.2

(t.z)

(r.o)

(2.'t)

(o.e)
(0.5 )

I

7¡)

,5

,1

(")
(a)
(")

57.a (r .+)

42.4 ( .Z)

22,4 (O.g)

C oorong

S.A. Rye

hleeah
Galleon

(")

(r)
(r)?_

45.1 (t .a)
50.7 (r .r )

.F (") n,tarrl, S.A. (marginally Mn-deficient site)
(¡) no"u*orthy, S.A. (Mn-adequate site)
(c) Urrbrae, S.A. (lun-adequate site)
(d) Yaninee, S.A. (marginally Mn-deficient site)
(e) uo¿gus Seed Co.

(f) Strathalbyn, S.A. (Mn-adequate site)
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Appendix 2.J: Relationship between root fresh weietìt (Y)

and main axis (X1 ) ana lateral (X2) root
tength at ?-6 days (experimenf 2.2)

Genotype Equation

llheat
BarIey
T riticale
Rye

T = O.24 + O

y=-0.48+O
Y = -0.14 + O

Y= o.47+o

.06X1 + O.O6XZ

.61X1 + O.O4XZ

.14\ + 0.o4xz

.01X1 + O.O5XZ

Appendix 2.4: Correlation coefficient (12) letween root fresh
weight (Y), main axis (X1) a¡d tateral root length (x2)

at 26 days (-rperiment 2.2)

Genotype YvsXl YvsX2 Xt vsX2

I'lheat
SarIey
T riti-ca1e
Rye

0.56
0.09

-o.36
o.77

o.r4
0.18
0.71
o.66

0.86
o.47
o.26
0.90

Appendix 2.5: Mean root diameters for wheat, barley, trj-ticale and rye
after 26 days growth (experinent 2.2)

Genotpye

llheat
Barley
T ri ticale
Rye

Diarneter (nm)

MnO Mn4 Mn40

0.17
0.1 5

o.1B
0.1 5

o.17
0.15
0.15
o.15

0.15
0.17
0.15
o.15
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N
100

6

2

c

o
-o
CÚ

o
(d
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80

40

0

Appendix 2.7:

r 10 ppm Mn

o 50 pprn Mn

o 10

lncubation t¡me (days)

20

Rate of dissapearance of divalent Mn, added as MnSO

to 10 g sanrples of tl-e I'{rrdeficient calcareous soil

used in erçeriments 2.L-2.3, aL rates of I0 and 50

p¡rn Mn, incubated at l5oc'
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Appendix 2.8: Effect of seed source on the growth and Mn uptake of two

barley cultivars under Mn deficiency.

A small experiment was undertaken to determine the effect of seed

source (see¿ fron ltangary, Charlick and Urrbrae, S.A.), Pot size (250 and

45O g soil cap. ) anA plant density (2 and 4 plants per pot) on the growth

and Mn uptake of seedline (27 day oId) plants of 'lrleeah and Galleon barley.

I t was intended to resol-ve the discrepency between the similar Mn

efficiencies for these cultivars found in this thesis (Chapter Z) and the

higher efficiency found for l¡/eeah by Grahan et al (unpublished). Growth

conditions and analyses were the same as described for Chapter 2

( experiment 2.1 ).

The higher plant density resulted in lower dry weight- per plant only

for the smalfer pots. The dominan't effect on bionass production r¡as seed

source and this is shown in the table below. Thus when seed from Charfick

was used there was no difference between Galleon and Lreeah at MnO (cf.
table 2.1, Chapter 2), but there were when seed from l{angary and }laite were

used (cf. J. Harbard, R.D. Graham, personaÌ cornmunications).

Seed source Cuftivar Seed l{n

content
Shoot dw Shoot Mn

content

f8 seed-1 mg plant-, pt plant-1

1,üangary

Charlick

Galleon
lleeah

Galleon
1'üeeah

Galleon
Tleeah

o.0B
0.18

o.62
o.61

0.69
0.99

45
76

0
o

25
55

94
82

B4
107

ltraite o.65
1 .12
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Seed dry weight, Mn concentration and TvIn content of
genotypes used in Experinenf 2.3. Data are means of
J replicates of 10 seeds each. Standard errors are
given in brackets.

Addition
L ine

Dry weight
._.1mg seec '

Mn concentration Mn content
-118 I' l8 seed-1

0.60
o.97
1.95
1 .47
0.90
1 .34
1 .55
2.O1

(o.z )
(o.r)
10.+ )
(o.a)
(0.¡)
(o.z )
(o.e)
(t.t )

16.6
76.7
59.+
61.5
77.7
52.6
52.A
60.4

(o.a)
(o.o )
(o.z )
10.+ )
(o.o )
(o.e )
(o.g )
r1.4)

76.O
26.6
72.8
27.1
24.O
25.5
29.4
77.2

.s.
dd1
"2',r7
"4
11 ro
"rl

B

c
A

etzes
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I.ACTORS ASSOCIi\TED MTH IÌ1ÀNGANBSE ACQUISITION

BY WHEAT AND BARLEY SEEDLINGS
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t.1 SUMI,IARY

This chapter describes several smafl experiments which attempted to

identify some possible mechanisms associated with the greater acquisition
of Mn by barl-ey compared with wheat when seedling pJ-ants were grown in
Mn-deficient cal-careous soil (Chapter 2). Qualitative observations

indicated that neither the degree of rhizosphere acidification nor

reduction of lvlnO2 per unit root were very different betr"¡een wheat and

barley, and that there was sj-milar root infection with VA mycorrhiza. The

higher Mn efficiency of barÌey in Mn-deficient soil may result from a

greater total root surface area avail-abl-e for chemical- modÍfication.

'.2 
INTRODUCTIOI{

Several srnafl- experiments were undertaken in an atternpt to identify
mechanisms associated with the higher Mn uptake of barley compared with
wheat under I{n deficj-ency as observed in experiments 2.1 anð.2.2 (Ctrapter

2). Bayonet wheat and Gal-feon barley were compared because they were shown

to have cluite different Mn efficiencies in these experinents. The

experiments reported here consj-der ''chree possible factors associ-ated. with
Mn acquisition at the soil-rc¡ot j-nterface:

(a) aci¿ifj-cation of the rhizosphere: this would be expected to increase
the amount of sol-uble lfn (Utr2*) in the soil sofution of the rhizosphere.

For example, acidification of the rhizosphere has been demonstrated to be

an important Fe-stress response for tr'e-efficient plants in conjunction with
reduction and. chelation (¡rown 1 978).

(t) reduction of MnO2: this r¡ould afso be expected to render more Mn2+

availabl-e for absorption (Uren 1 981 ).

(c) the degree of vesicul-ar*arbuscular (VA) mycorrhizal- infection: this
might be expected to affect Mn uptake by altering the anount of contact
made between roots and soif solids a.ndfor soil solution.
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'.7 
I{^ô,TERI]\LS ÄND I'mTHoDS

Experiment 7.1

Pregerruinated seeds were sown into plexiglass boxes, lrith internal
dimensions of 140 x 128 x 6 run (after lvlarschner and Romhel-d 19Br),

containing Mn-deficient cal-careous sand prepared as before (Chapter 2).
Four boxes Here assigned for each cereal. Pl-ants were grown for 2 weeks at

r-2 
"-1 

. At the end of the
experiment, 2 boxes ïrere infiltrated with agar containing phenol red (made

up to pH 8.5) and colour changes observed, whereas plant roots fron the 2

other boxes lrere harvested j-n order to separate strongly adhering
(rhizosphere) soil from bufk soil. Soil pH was deternined after shaking
O.5 e soi]- samples 1n 2.5 nI CaC12 for approx. 50 min.

E eriment ¿

Roots of B-1 2 d.ay otd sol-ution-grown (l /lO x Hoaglands) plants r^rere

embedded into agar, containing 1 /lO x Hoaglands and broncresol purpÌe pH

indicator, in fÌat transparent plexiglass boxe, (lZ x 25 x 1.5 "r), after
Marschner et aI (tggz). The N source used was NOl- since this was the forn
of lrl used in the soil studies (Ctrapter 2). The agar pH used was either pH

6 ot'( . In one case, the agar was more strongly buffered by usj-ng 2 mlvl

KH?PO4/ K2HPO4 buffer.

Experiment 7.1

tr'our to five day o1d solution-cuftured wheat and bar.l-ey plants were
giown in a 'sendwich' of chrornatography papers i-mpregnated with l{nO2 after
the method of Uren (lggt ). PrelÍminary studi-es showed that soaking papers
in 5 x1O-2 tq KllnO4 so}.rtion for t h produced the optimal shade of brown

for observing reduction, Plants were grown for 4-5 days, after placing the
sandwich in a plastic bag and placing this bag inside a dark box at an

angle of 85 , so that only the seedling shoot rias exposed to 'bhe light.
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Experimenf 3.4

Roots of 8-1 2 day old solution-grown (¡'e-a"fi"ient and tr'e-adequate) and
soil-grown plants were embeclded into agar, containing 1/10 x Hoaglands and
finely dispersed MnO2, prepared according to Marschner and Romheld (lggz).
I t was thought that tr'e-deficient roots should have a greater ability to
reduce Mn02 than tr'e-adequate roots. The ¡redium r,ùas adjusted to pH 6. Three
KMn04 concentrations (1, 0.5 and 0.1 rrM) were used to prepare the MnO2.,

Photographs of roots from experiments j.2 and. 3.4 were mad.e after
placing the plexigÌass boxes onto a 1ightbox.

Experiment ?Ë

Plants were cultured, and harvested (after 24 d,ays grc.rth) as described.
previously (see Chapter 2, part 1 ). Three VA mycorrhizal- fungi, Glomus
mosseae (CU), Gigaspora coralloidea (GC) and EJ were introduced into the
soil prior to sowing using infected root material, but no attempt was mad.e

to standardise propagule numbers. Treatments were not replicated. Root
systems were cleared in 10% XOU for 1.5 days at room temperature, washed Ín
distilled water and 1N HCI and staj-ned in O.O5"þ trypan blue in Lactophenol
for 1o-'15 nin at Booc (s. p. smith, personal comrnunication). rnrectior ty
VA mycorrhiza was simpJ-y scored as per cent total root length infectecl by
hypha.e, vesicles or arbuscles using the modified 1íne method of Tennant
çtSlS), with the aid of a binocutar ruicroscope at 1 25x magnification.

,"4 RESUTTS

llhilst wheat plants showed mild to rnoderate Mn-deficiency synptoms,
barley plants were usu¿tlly quite healthy.

Experiment 1.1

There was no change in wheat or barrey rhizosphere pH measured ei_ther
directly by pH meter on mechanically separateci bulk and rhizosphere soil
fractions (ta¡re l.l) or in vivq as cletermined by colour changes in the
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rhizosphere (photograph 1.1).

Experiment, 7.2

Distinct colour changes were observeil around roots embedded in agar
both for wheat and barley, although the effect appeared to be slightly
greater for barley. Most changes observed r+ere due to acidification, ie.
purple or red to yeIlow (photograph 7,2), al-though this was dependent on

the initial pH of the agar as wel-l- as the degree of buffering. Most
acidification occurred. in the zone of eJ-ongation and in the area of lateraf
root production. Roots of lupins, included for comparison witÌr wheat and

barley showed a much greater rate of acidification (photograph 1 J).

Exper:iment 1.3

Narrow cl-ear zones were apparent for roots of both wheat and barley.
No consistent differences were found between several wheat cultivars.

Experimen t 7.4

. Distinct clear zones were evi-dent aroìr.nd both wheat and barley roots
after 7-4 days, partircuJ-arì.y in the region of maxinum lateral- root
production (photograph 3,4), rron-deficient and Fe-adequate plants
appeared to be able to reduce Mn02 to the same d.egree. Roots of lupi-ns,
included for comparison, showed a mtr-ch greater ability to reduce IinO2 thal
r¡heat and barlef (photograph 7.4).

Experiment 5 "5

' Percentage root length infection under cor:.troi conciitions .[ras higher
for wheat than for barley, in contrasb to plant fresh wejght (tr¡1" 7.2).
Levels of infection were increased. for barley but not for wheat with
addition of VA mycorrhizal fungi into the soil. Pl-ant fresh weights were
sj-milar for al-l treatments. Manganese uptake was not rreasured.
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Table 5.1: l,rheat (trayonet) and barfey (C*fteon) rhizosphere pH

' compared with bulk soil pH. Data are means and

standarrl errors of 5 replicates.

SoiI pH

G enotype
Rhizosphere Bullc

Bayonet

GaIIeon

7.88 lo.or )

7.9e (o.oz)

7.e6

7.99

(o.or )

(o.or )

TabTe 3.22 Percentage VA nycorrhizal infection and growth of wheat
(Bayonet) and barley (catteon) after 24 days growth in a

Mn-deficient calcareous soif from Ìlangary, S.A. Data for
percent infection are means and standard errors of J

neasurements.

Percent

infecti-on
Total fresh

weight

I P1anfltr'ungaI

species

Bayonet Galleon Bayonet Gall-eon

.66

.87

.96

.26

7
5
z

¿

2.25
1 .75
2.17
1 .69

(t.z)
3.+)(t.z)
3.o)

5.7
12.3
11 .0
15.7

ß.+)
ß.t)
(2,7)
(r.r)

15.3
11 .1
5.7

10.7

C ontrol
GM

GC

E3
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cv 0i:lYoNF- 1
'jattt oil

No visible difference
( experinent 3. I )

Both wheat and barl.ey roots
("*periment 3.2)

PhotograPh 3.2

in pl{ between rinirzosphere and bul-k soil

Photograph 3.1

can ac i d i f Y e,ga-- me clium at Pll 7
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Lu pin
barley

PhotograPh 3'3
roots can acidify agar medium
(experiment 3.3)

roots show much bet.ter abilitY
( experiment 3.4)

ÞhotograPh 3'4

at PH 6 better than wheat and

.l

Lupin
barley

to red'uc e Ì4n02 than rvheat oÏ
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'.5 
DISCUSSION

Fron these studies it does not appear that seedling plants of barley

and wheab can significantly lower their rhizosphere pH when grown in the

calcareous soil used in experiments detailed j-n Chapter 2. It is still
possible that more subtle changes occuï at the rhizoplane which cannot be

detected by the methods used here. These changes might occur' for example,

in anaerobic micro-sites, as suggested by Smith (tgZ0). However, it does

not appear that pH reduction woufd be an important factor related to lln
uptake. Sinilar conclusions have been drawn for other well buffered

alkaline soifs (nif"y and Barber 1971; Srniley 1974; Nye 1981). Uren (1984)

pointed out that Fe and Mn-efficient plants on cafcareous soils must

secrete reductants at all pH's but particularly at pH's greater than B.

Marschner and Romheld (1985) also founri that addj-tion of CaCOl to the soil
resufted in a much reduced pH drop in the rhizosphere than without CaC03.

Results frou the agar studies showed that roots of both wheat and

barley appear to have a si-mifar potential to acidify thej.r rhizospheres and

to reduce MnO2. However these experiments had insufficient replication and
' lacked cluantitative data. The superior ability of J-upin roots to

chemically modify their rhizosphere i-s j-n ag::eement r+ith data of Gardner et

af (1982). As the buffering capacity of the rnerliu-rn increased, pll changes

were less dramatic. It is interesting that pH decreased for the first fevr

hours, foll-owed by a slor.rer pä increase. This may have been due to a

greater cation uptake compared with NO7- up.taì<e because only a low strength

nutrient sofution r^rås used. Such a sugges'cion i"Ias proposecl by Marschner

and Romheld (198]) to account for rhizosphe::e acidification of maize

seedlings" The stress of Fe-deficiency did not enhance the ability of

roots to re<luce Mn02.

If acidification and reduction are mechanisms associated with l{n
efficiency of barley in soil it appears that this may be a corrsequence of

total surface ar..ea available for chemical modification rather than more

efficienL rnodification per unit area root" Holvever, until a m.etìrod is

available for qrrantl.fying the degree of acidificaLion and reduction,

definitive statements cannot be made as to f,þs jrnportance of tlic-:se
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nechanisms in determining genotypic differences in Mn uptake efficiency'

The greater ability of barley to absorb more I{n than wheat from this

calcareous sand is apparently unrelated to a greater association with vA

mycorrhiza, This is agreement with experinientaf evideuce suggesting that

vA nycorrhiza only modify nutrient acquisition by plants for nutrients that

diffuse slowly towards the root, for exampÌe, P, Zn and Cu (¡¡bott and

Robson 1gB4). Since l{n is extremely unavailable in this soil it s uptake

would be unlikeì-y to be influencerl by roycorrhizal activity' hlhile there

are some reports of solubilising and chelating properties of mycorrhizal

fungi, hard evidence is facking (Coleman et al 1985)'

Nevertheless, the fevel of infection was quite high consid'ering the age

of these plants (1.5 weets) and the level of P suppJ-y (adequate for normal

growth). I'or example, Jens-^. (ggz) only found up to 10% tnfection for

barley at 4.5 weelts. She also found that growth was not correl-ated wi'th

intensity of infection. Graminaceous plants generally have l-ow Level-s of

infection compared wi'th cl.over and onions (S. n. Smith, personal

communication). lrrheat plants may not be significantly' colonised iu the

field untij- after anthesis (Het"icL and Bloom 1987)' Under conrlitions of P

adequacy roots may be only sparsely infected and the degree of infec tion is

unlikely to enhance the uptake of another liniting nutrient ('q'bbott and

Robson 1 984).

It has been suggested that high levels of availabfe soil Mn can linit

mycorrhi-zal growth (Meng. et al 198?-; P. Mc(ìee, personal communication), so

that, conversely, low avaifabfe Mn may encourage mycorrhizal activltyt

ir::espective of P status. Certainly levels of infection in roots of wil-tl

oats (Averrq fatua) , colJ-ected from the field (at Ìtranga::y), Ì¡ere much

higher (>lo%),
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CHAP'ÍER 4

GENoTYPICVARIATIoNFoRMANGANESEBT"E.ICIENCY

I}I WHEAT SEBDLINGS
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4.1 SUMMARY

Six r¡heat cultivars ïrere grown in a growth cabinet at 15"c fo" up to 50

days in pots containing a mangane"" (Utt) deficient calcareous soil with 0,

10 and 50 mg Mn kg-1 added' Measurements r'¡ere uade of shoot and ::oot

growth and Mn concentration, as wel-1 as Mn concentration, chlorophyll

concentration and room tenperature chl-orophylf a fluoÏescence of the basal

region of the youngest expanded blade. significant differences were

apparent betrveen cultivars for shoot and root dry matter production, I¡ln

uptake and Mn utilisation efficiency with added Mn' Manganese deficiency

was accompanied by distinct changes irr fluorescence induction kinetics (a

large increase in the ratio ¡o/¡v and a decrease in the ratio fv/lp), which

reflected photosyntneiic ¿ysfu.cti-on, as well as a decrease 1n total

chlorophyll content (Cnf a+b). However, there were only small differences

for these parameters between cultivars, suggesting only small cultivar

differences for a func'bional requirement of Mn in photosynthesis' The

critical- Mn concentration for Fo/Fv, I'v/l'p and ChI a+b r¡as in the range

17-15 pe ç1, whilst that for shoot dry weight, although similar' appeared

to differ with cultivar response to added Ïln'

4.2 INTRODUCTIOIT

The pot experiment describecl here r,las conducted in order to cletermi'ne

if wheat cuftivar differences for ]vin efficiency during early growth could

be detected using more levels of soil Mn addition than were used in eal'fier

studies (see Chapter 2). Tìre soil used in these earl1er studies had been

too deficient for the screening of wheat cultiva::s. This experinent was

commenceil after a suitable soil-rnix had been identified following the

screening of a number of soils and soil mixes (Appenclices 4'i, +'2)' Three

wheats which had rrot been previously examined we::e included. It was

intended to measure several factors related to l']n efficiency e8' yln

acquisition, transport of Mn to shoots and lvln utilisation'

Measurements of photosynthetic fluorescence kinetics were also made

because very little information was availabfe concerning cultivar
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differences for utilisation of Mn in physiological proc""""" ("g'

photosynttiesis) under ¡ln deficiency. Manganese deficiency is known to

result .in reduced oxygen evolution frcm photosystem 2 (Amesz 1981)' Room

temperature photosynthetic fluorescence is a useful indicator of

photosystem 2 activity (Krause and. lleiss 1984) and the value of the

fluorescence ratio Fv/¡'o is well correlated uith Mn concentration (Graham

et al l91j, Kried,emann et af 1985). The ain of these measurements was to

ascertain whether cultivar differences existed for a critical Mn

concentration for photosynthesis and growth. sone emphasis has also been

given to highlighting the relationships between chlorophyl-l a fluorescence'

totat chlorophyll concentration, ratio of chlorophy1l a/b and Mn

concentration of the youngest expanded bl-ades (fUSs).

4.5 MATERIAIS AND METHODS

Six wheat cul-tivars (Bayonet, Bodal-lin, liillewa' Bindawarra' 1'lT10B and

Red Tife) nere used. Red tr'ife, an historical- Canadian cultivar, I{as

included because of its supposedly high tolerance to Mn deficiency

(Caltagtier and ltralsh 194^. The renaining wheats were sel-ected on the

basis of previous pot experiments and of field trials at \'Iangary and

KarÌ<oo, S.A. during 19BJ (Grahaur personal corornunication). Seed was

obtained frotn plants grown at Urbura. (gA7) and I{n contents are indicated

in Appendix 4,7.

The experiment was conducted at a constant 15o C and'a 12 h photoper5-od'

tr'our sodiunr vapour lamps and B x 60 r,¡att incandescent bulbs provicì.ed an

average photoflux density of 5OO ¡mole quanta m-2 s-1 at pJ-ant height' The

experiment had a factorial, completely randomised clesign, comprising 6

genotypes, J levels of soil Uo (O (nnO), tO (uttlcl) and 50 (UøO) mg Mn

kr1 soil), 2 harvests (22 and JO days after sowing) and 4 repiicates'

Each pot contained 2 plants. Pots contained a 1 :1 rnixture of

calcareous and siliceous sand (the latter soil has been described by Hannan

1984) and were filled 10 days prior to sowing. This mix was used j-n an

attempt to decrease the severity of soil Mn deficiency. The follovring

rates of basal nutrient applicat5-on vlere used: 155 ne NH4N05, 78 ng I(2S04t
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50 nrg ¡lgso+.2H2O, 100 nS KH,POO, 25 mg CaSOO'

Na2lvloOO .2H20, 7 ^* II1BO5, 0.7 mg CoSOO '?HZO,

ZnSO4.7H2O kg-r a.d. soil.

IHZO, 9 mg FeSO4.2HZO, 0.9 mg

4.8 ng CuS04 .5H2O and 1 5 mg

Root length neasurements were made (as for experiment 2'2, Chapter 2))

only for Bayonet and Bodallin. Root member diameters wer.e determined' with

a Leítz bj-nocular microscope at 1 6x magnification using a microraeter

eyepiece. Relative growth rate was calculated' as:

((rn wz - rn ll1 ) / (tz - t)) x lr, - Ìü''

Rates of Mn uptake were calculated again as for experiment 2'2 (Chapter 2)'

A number of neasurements were made on the basal region of the YEB of

one plant from each pot (ie. 4 leaves per treatrnent):

(") the induction kinetics for chlorophyl-l a fuorescence were measured on

the adaxiar surface of attaclied YEBs, in the dark, at22oC, after at least

JO min dark ada.ptation, using the same equi.pment and operating conditions

of Simpson and Robinson (fga+). tieht from a 100-W halogen larup, filtered

by a blue cut-off filter, had an intensity of approx. 600 ¡rno1e quanta m-2

at the sample. The ffuorescence was measured by a photodiode' The change

in fluorescence yield with tine was displayed by a two pen rec'orcler, and

the fast kinetics (O-ZOO ms) tvere captured by a microprocessor and stored

for later analysis on a Hewlard-Packard HPB5 microcomputer.

(¡) total chlorop¡yl1 and the ratio of chlorophyll a/b v¡ere determrned on

leaf segments (50-'l 50 me fresh weieht) taken frorn the leaf portion used for

f luOrescence neasu::ement by absorbance rnea,surements at 663, 652 and 645 nm,

after tissue extraction in cold BO % acetone (Arnon 1949), followed by

centrifugation at approx. 1 000 rpm for J mLn'

(") the Mn concentration of simi-lar amounts of leaf tissue as (b) w"s

determined by atonric absorption spectrophotonetry (lerkin Elmer model- 4OO),

using the grahite furnace (HC¡ 21OO) techniclue, after digestion of oven

dried rnaterial with conc. HNOI (D. Paslcett, personal cornmunication)' The

following control- settings were used for the furnace:

Stage 1 DrYing 10 sec' at 11OoC
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Charring 15

Atomisation

o
sec. at 1OO0 C

o

5 sec. at 2600 C

Stage 2

Stage J

curves were either fitted by least squales regression or by eye using

treatment means as a guide. Critical }ln concentrations for the parameters

neasureil were estj-mated as those associated with 90% of the ntaxirnurn value

(utr:.ctr and Hills 1967).

4.4 RESULTS

4.4.1 Growth

syrnptoms of Mn deficiency ïre]'e evident for most cultj-vars at }lno and

MnlO: they ranged fron chforosis per se to chforosis with interveinal r'vhite

streaks (as observed by Ìlaflace (gøl) and Batey (gll) fot wheat ancl

rye).

significant differences were found for shoot and root growth between

cultivars at alt levels of Mn supply at H2 (ta¡te 4.1). Data for H1 are

given in AppendLx 4.4. The poorest growth ÏIas general'ly made by Bayonet'

whereas Red tr'ife had the lowest dry matter procluction at l4n0 but highest at

Mn1 O ancl liln5o. There were no cultivar dif f erences in the ratio of

shoot: root dry weight.

Shoot and root relative growth rates are shown in Ïi,gure 4.1. Bayonet

had the lowest rates at all levefs of Mn supply whereas Red Fife had tire

highest rates of shoot growth at MnlO and Mn5O. There was no root growth

at MnO be{;ween 22 and JO days. Thus, at MnO, shoot growth was apparently

at the expense of root growth. Subtantiallly more growth was made by

Mn-adequate plants than Mn-deficient ones between 22 and 50 days, and

therefore relative yiel<ls at Mno nere much smal-Ier for H2 than for H1 '

Root lengths and diameters were only measured for Bayonet and Bodallin

(ta¡tus4.2and'4.Ð.BodallinhadahigherrootlengththanBayonetat
aII leveJs of Mn supply. This was associated predominantty wi'th a greater

lateraf root length development. There were no significant differenceg in
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Table 4.1: Shoot and root dry wei-ghts for 6 wheat cultivars after J0

days growth. Data are means of 4 replicate pots'

Relative yields (per cent of IIn5O) are in brackets.

Cultivar Shoot dry weight Root dry weight Shoot ¡ Root

ratio
mg plant-1 mg plant-1

MnO Mnl O Mn50 IInO Mn10 Mn5O I4n0 I{n1O Mn5O

Bayonet

Bodallin

Red Fife

!lillewa

tIT108

Bindawarra

257 171
(oe)

740 474
0z¡

461 617
Qz¡

72O 598
(eo)

147 421
(81)

t26 418
(za)

92 142
(>r )

2+ 377 446(r) Q>)

5.6+ 2.e4 2.11

4.O2 1.44 1.45

7.60 2.O7 1 .41

4.26 1.+6 1.64

1.74 1.97 1.77

119
3z¡

170
ße)

97(r¡)

156
3g)

11'
3z)
151
3ø)

17
(t a¡

47 164 272 3.57 2.19 1 .78
(rz) (00)

44
(r+)

167 723
(>z)

77
(t z¡

248 242
(aa)

2O4 2+7
(ez )

42
(rz)

l,SD ji¿ cv
Mn

cvxMn

74
2A
68

***

.'ÊtÊ+ç

47 |Ê.:Ëå?

74 åç,lrl(

35 t&tçrtç

NS
o.74
NS

âçY,-lÉs*$
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Main axis, lateral and total root lengths for Bayonet and

Bodallin after 22 (nf ¡ and 5o (ttz¡ davs growth

Cultivar I{n

SuppIy

Main

axis

Lateral Total

n plant-1 n plant-1 n ptant-1

H1 H2 Hl W H1 H2

Bayonet

Bodal-lin

Mn0
Mn10
t4n50

Mn0
Mn1 0
Mn50

1.11
1.39
1.51

1 .51
2.O1
2.70

1 .58
1 .55
2.54

2.48
15.65
11 .OB

4.14
15.11
16.85

5.57
16.17
29.gB

.80

.71

.58

4.X--?
15 tJTt
12.59

6.95
17.75
72.52

11.40
28.95
75.86

2.61
3.25
5.17

10
25
12

LSD 5%

Table 4.7:

cv o.1o o.66
¡tËlþ+É l(llx-

Mn o.16 NS
åÊåçtç

cvxMn o.72 NS
tË¡tç{T

NS

4.++
åçtçtl

NS

5.95
x

*tçàç

NS

4.60
åç-)É*

NS

tcttåt

6.48
tÉ

7.917.21

NS NS

Diameters of main axjs (iur.l.) an¿ lateraf (lat) roots for

Bayonet and Boda1lin under Mn-deficiency (lUttg) or with added

Mn (average of I4n1O and M,,-5O) , after 22 (nt ) and 10 (ttZ¡ days

growth. Standard errors are given in brackets'

Diameter (nm)Root Cultivar
Member

-Mn +Mn Average

II1 H2 H1 H2

M.A.

L at.

Bayonet 0.55 (0.02)
3z)"

Bodallin 9.59(o.ot )
(t e¡

Bayonet 0.25 (0.02 )
$4)

Bodallin 0.22(0.01 )
(27)

e.54 (0.01 )
(+o)
0.56 (0.02 )
(+z)

o.zo(o.oo)
(+t)
e.1 9 (o.or )
(io ¡

0.62 (0.o2 )(tt)
0.67(0.01 )(tt)
0.24 (0.02 )
(r +)
o.25(o "o2)(ri)

o.7o (0.05 )
3e)
s.77(o.o1)
(¡o )

o.20(0.01 )
(+z)
o.20(0.01 )
(z>)

o"¡a(o.ol)
(rzr )
o.62(o.o2)
(ro¡)

0.22(0.01 )(ttt)
o.el (0.01 )
(r r g)

IF nurnber of observations
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o.16

o.'12

o.0 8

0.10

o.oo

-0.o5

Shoot

10

Root

10

tr

50

A

50

o
(ú

-c

3
o
o)

o
.:
$
o
(r

o.0 4

o

o.20

q

mg Mn added per kg soil

Figitrre 4.1. Relative shoot and rooL groartl- rates for 6 wheat cultivars in

response to added Mn between 22 arñ.30 days afLer soving. Slmtbols refer to

Bayonet (e ), Bodallin (t ), RedFife (a ), Millewa (A), Bindawarra (o )

and WIIOB (o )"
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diarneters of main axis and lateral roots betl'¡een these cul-tivars'

Diameter,s of lateral roots weïe sonewhat Ìarger at H1 than at H2,

fewer finer seeondary Lateral- roots Ïiere pl'esent at H1 .

probably

4.4 .2 Manganese uptake, translocation and utilisation efficie4çY

Table 4.4 shows the shoot and root l,ln concentrations at H2.

A significant reduction in shoot but not

root Mn concentration was observed between H1 an<t H2, irrespective of

cultivar. This refLected a dilution of Mn in shoot tissue. Significant

cultivar differences were only e.rident for root Mn concentl'ations at MnO;

however, shoot dífferences Cid occur with added Mn (eg' Bayonet had lowest

and Red Fife and hlflOB had highest vafues). Figure 4'2 shows the

rel-ationship between relative shoot dry weight and shoot Mn concentration

at H2 for three of the cultivars studied. The cri-tical' Mn concentration

appeared to vary from approx. 12-17 Pg ç1'

Signifícant differences between cultivars in shoot and root I'ln contents

weïe found only at MnlO and Mn5O (tn¡t" 4.5). Ratios of shoot:root lln

content were significant betrseen cultivars at al-l- levels of Mn suppJ'y'

Signjficant differences betweel culti-vars were found for the absofute

and relative rate of I{n u,ptake ¿.t l{n1O and rlróo (n:-g. 4.1) . The

performances of Red Fife and Bayonet are particularly well contrasted'

Util-isation efficiencies (Un) for these cultivars are indicated in

Figure 4.4. Bodallin had the highest value at i'1n0, but Red trlife had the

highest value at MnlO and Mn5O. There was a clear decline in the UE after

Mn10 for al-l cultivars.

4 .4.1 Chlorolhyff fluorescence

Chlorophyll a flu orescence induction kirretics

The roorn temperature fluorescence induction Ì<inetics of control,

Mn-deficient a.nd severely l¡ln-deficient leaves are shor'rn in Iigure 4.5' Tlie
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Table 4.4: Shoot and root I{n concentration for 6 wheat cultivars after

lO days growth. Data are means of 4 replicate pots'

Cultivar Shoot Mn conc.

Ps e-1

Root Mn conc.
_1

J'e8'

Mrro Mn10 Mn50 MEO Mnl O I'ln5O

Bayonet
SodaIIin
Red tr'ife
Millewa
]lJr1 08
Bindawarra

1+,9
19.2
2t.7
19.1
22.O
20.7

.1

.5

.8

.8
,9
.4

5
5
4
+
5
5

8.0
9.5

13.8
10.9
15.O
10.o

27 .1
11 .4
57.1
29.4
55.1
tÇ.e

1 6.8
14.1
16 "7
20 "1
2+.6
19.2

48.4
59.9
62.3
51 .4
76.7
55.6

LSD 5iÁ cv
Mn

cvxMn

.1

.B
4

+.1
7.6
8.6

2
1

4

It,F*
r¡tlç{i

itçtçlÉ

*tÉ{t
Irå(-ti

**lF

-O}-+A-{-100

 
t¡
o

'
o
o
Éa
o

4
o
ú

I

a

¡
80

60

+o

2þ

^ ^

CDL

sh@t ùrn concentration

Fignrre 4.2: Relative shoot dry weight vs. shoot' [4n concentration

for the estj¡ation of ttre criticat deficienry level (Cpl) ' Slmbols

representBayonet (A), RedFife (o) anaBcdallin (Ð)'
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Table 4.5: Shoot and root Mn content and the ratio of shoot:root Mn

content for 6 wheat cultivars after J0 days growth.

Data in brackets are log-transformed' values'

Cultivar Shoot Mn

content

PB Plant-1

Root Mn

content

PB Plant-1

Shoot: Root

ratio

MnO Mn1 0 Mn50 MnO Mn10 IIn5O MrO Mn10 lvin5O

Bayonet

Borlallin

0.45 2.O5 9.41
(-0.57) (o.oe) (z.ze)

o"a3 7.16 14.15
(-0.1r) (t.te) (z.zo)

o.53 4.o1 15.51
(-0.67) (o.ze) (2.t5)

o.64 7"19 16.40
(-0.+o ) (t .l o) (z.te)

o.44 7.58 27.57
(-0.85 ) (z.oz) (t.Yt)

o.8f 7.26 15"76
(-o.re) (t.og) (2.?o)

1.12 5.2O 20.60
(-o .27 ) (t .o+ ) (z .gg)

o,7B 7.88
(-o.zi) (t .za)

1 .11 1 .55 1 .2O

r .50 1.1O 0.94

1.O9 0.82 0.77

0.s8 1.20 0.78

1.OB 0.82 1"18

Betl tr'ife o.47 6.16 20.88
(-o.Te) (t.ez) (t.oz)

tr{i11ewa o.75 7.58 11.18
(-o.rr ) (1 .23) (2.+o)

ËT1 OB o.79 4.t1 22.50
1-o.z+) (t .+q) 3.tt)

Bindar¡arra O.81 t.18 12 -81
(-o.zz) (t.to) (2.>>)

12.95 1.O7 0.96 1.18
(2.s6)

LSD 5% cv 0.1 9 åç')ç+t O.25 åÊrç*' O '25 {çìÉrç

Mn O.17 åEåt'F 0.18 àÈå;år NS

cv r Mn O.57 åçå<"x- O.41 tÉl$tç O'47 'Ë'lt+

LSD values for shoot and root Mn content are for the log-transformed data
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Figure 4.3. Rate of Mn uptal<e fO:r 6 wheat cultivars in response to
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data are for Bayonet but these are representative of aII the cultivars

studied, The fluorescence properties averaged over the 6 wheat cultivars

are shown in Table 4.6. The smalÌ standard erroÏs indicate only snall

cultivar differences in these properties: values for individual cultivars

are given in APPendix 4.5.

There wete 3 consistent differences between IIn-deficient and

Mn-adequate (frealthy) Ieaves. Manganese deficiency resulted in (1 )

increase in the initial level of fluorescence (fo), (Z) a lower level of

maxiuum yield ffuorescence (tn) and theretore (J) substantialJ-y less

variable fluorescenc" (Fv= Fp-Fo). As a result, Ïin-deficient leaves had a

lower ratio f'v/Fp and a higher ratio ¡o/¡v than I'ln-adequate Leaves' It is

also cfear from the examination of the fast kinetics that there lías a

slower rise from Fo to tr'p for Mn-deficient l-eaves'

Chlorophyl-I a flu orescence. chloronhvll concentration and Mn concentration

OnIy data for the ratio lv/Fp is presented here, whilst data for the

ratio lo/Fv is given in Appendíx 4.6. The critical ChI a+b for Fv/Fp was

approx. 1 .2 ng g-1 fresh wt. (r'ig. 4.6a). Furtherlnore, no further decrease

in. Fv/Fp occurred at Chl a+b of less than O'75 ne g1 fresh wt' There was

no clear refationship between the ratio of chrorophylr a/¡ (cnr a/¡) and'

¡'l/¡'p (aata not shown). This agrees with the observation that Mn

deficiency r^ras associated with only a small reduction in ChI a/¡ (fa¡fe

4.6). It is possible that cultivar differences are again involved, since

only onc cultivar (layonet) demonstrated any decrease in Chl a/A (from J'O

( at Mn5O) to 2.5 (at ItnO)). There was afso a strong relationship between

leaf Mn concentration, ¡v/Fp (fig. 4.6b) and Chl a+b (data not shown)' The

criticat IIn concentration for tr'v/Ip r¿\ras approx. 15 ye Mn 51 dry wt' The

closeness of fit of the data points to the fitted curves suggested rittre

cuftivar variation in the estinated critical values.

I t is notevor'r,hy that .i,isible symptoms of Mn deficiency were only

evident at l,ln concentrations of less tlian approx. 12 ye Ç1 whereas the

fluorescence measurements indicated dysfunction at approx' 15 ye {1'
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Table4.6:EffectofsoilMnsupplyonÏoollltenperaturechlorophylla
fluorescence yiel'd (arbitrary units)' chlorophyll

concentration, chlorophyu a/b and Mn concentration, averaged

over 6 wheat cultivars after J0 days growth'

Dataaremeansandstandarderro::sof24observations,unless
otherwise given in brackets'

Parameter Mn supply (mg ke-1 soil)

o (u"o¡ 1o (unto¡ lo (uøo)

+ 11
t77
!82
! 0.01
x O.5
J 0.05
t 0.07
t 1.5

451
2117

27

16)
16)
1e)

B6
100
o.o7
1.3
o.o5
0.06
o.e (

277O
o.20
87.6
1 .25
2.69

+

t
!
+

t
f
t
+

e42
1476
2279
o.62
62.2
1 .O5
2,48

r58
!77
t86
+ 0.11
! 0.9
J 0.05
J 0.04
! o.2

1 .49
40.8
o.71
2.50
3.6

1248
843

2094

tr'o
tr'v
I'p
¡'o/¡'v
¡'v/I'p
Chl a+b
ch1 a/b
lln concentration

(u)
(r ¡)
(r ¡)

(
(

5)
5)

(t
(r
(r 19.78) 11 .4
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4 .4.4 DetermÍnation of incipient yield clepress j-on.

Figures 4"1 a-c show the relationships between relative shoot dry

weight and Fv/tr'p, Chl a+b and. IIn concentration of tÌle basal segment of the

YEB for three of the cultivars (Bayonet, Bodallin and Red Fife). Since

there was a considerable spread of the data, particularly for Mn-adequate

(healtfry) tissue because of differences in cuftivar response to added Mn,

relative yields were plotted. Estimates of the critical values for these

parameters appeared to vary with cultivarpg. the critical Mn concentration

ranged frorn approx. 1Z-17 ¡ts {1 dry wt. \

4.5 DISCUSSIoN

Thj-s experinent confirmed the findings of Chapter 2 that wheat roots

were unabl-e to extract any meani-ngful amounts of Mn from thi-s calcareous

soiI, even when this soil had been mixed (l:t) with a less severely

Mn-deficient sil-iceous sand. This was not expected since a pilot study had

indicated tliat Bayonet was abl-e to extract signfi-cantl¡. more l'In fron this
nix than the calcareous soil alone (AppendLx 4.2).

The addition of only a small amount of l{n (tO mg ke-1 ) nas sufficient
to diff'erentiate between the lvheat culti-vars on the basis of both growth

anf lvln uptake. There appealed to be no di.fferences between wheat cultiva::s
in ihe transport of I'fn from root to shoot but there were ¿ifferences in the

efficiency of Mn utilisation. It did n<.rt appear that cultivar differences
in photosynthetic efficj.ency (as judgecl by chlorophyll a fluorescence)

under Mn Ceficiency were involved i-n differences in Mn utilisation. This

suggests that IIn deficlency was limiting the effective,tress of other
physiologì-cal processes differently for different cultivars. The fact that

cultivar differences in ffuorescence properties under IIn defj-ciency were

snrall highlights the potential for fluorescence measurements, which are

non-destructive, in detecting subclinical- I4n deficiency.

tr'o fl-uorescence is regar:ded as that fluorescence arriving prior to any

quenching of excitation enerCy by func'biorral PS2 reaction centres. The

increase in Io i-s 1.Íke1y to be a result of a reduction in the nunber of

ìk (for all parameters)
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functional reaction centres under Mn deficiency as shown by Simpson and

Robinson (fgg+). This reults in a lowering of the efficiency of quenching

of excitation energy and therefore a rise in the Fo fluorescence (Krause

and lteiss f9B4). The changes observed here for l'o/Fv and l'v/Fp were in

agr:eenent with those of Kriedemann et a1 (tge¡) fot wheat and Sinpson anC

Robinson (tge+) ror sPinach'

The chl a+b vafues found here are in agreement with values for

solution-culture groïrn wheat (OitLi 1985) and field-grolrn oats (Vose 1962)'

amongst others, although they are lower than those found by Kriedemann

(fgAf). Discrepencies could arise from cultivar diffeten"e" ("g' in this

experiment, Millewa and I,JT1OB had a ChL a+b content of 1 '45 and 1 '01 ne ChI

g-1 respectively under control conditions) and'fov differences in

expe::i-mental conditions" The absence of an effect on Chl a/b here was

different to reports with wheat (Brown 1987; Kriedemann et al 1985) and

other species (Weil-tand et aI 1975; Sirnpson and Robinson 1984) which showed

a significant lowering of Chl a/b accompanying Mn deficiency' The reason

for this discrepency was not apparent to the author'

curve fitting would have been facilitated if more leveIs of Mn addition

had been used since the true source of variation between data points was

,oasl.ua to some extent by variation amongst cultivars. Neverthefess

estinates of critical Mn concentrations are discussed below' The critical-

Mn concentratíon for tr'o/Fv of approx' 15 ¡s 11 is a rittre higher than the

value of 1O-1 1 pe 11 found for youngest expanded leaves of older

field-grown plants (craham et aI l9B5; Kriedemann et aI 1985)' These

differ.ences may be a reflection of cultural conditions or cultivars used''

The range of critical Mn concentrations for siroot growth estimated from

shoot and YEB I{n concentrations plotted against relative shoot yields are

also a litt.Le higher than that obtained by Graharn et aI (tgAl) fot whofe

YEBs of field-grown plants, but they are consistent with 15 yS t1 dry vt

found for fluorescence parameters and chl a+b. A close sinilarity between

critical val-ues for growth and photosynthetic pararneters was also found for

soybeans (Oi,L:- 19Bt) but not for wheat (O¡ti 19SS) or lupins (Hutttta* 1984)'

In the lat'ber case a fower critical level was obtained for chlorophyll

content than for growth ie. growth hlas more sensitive to lvln deficiency than
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synthesis of chforophyll and growth is being linited (presurnably) by other

processes which require Mn. It is afso clear that significant yield
depressi-on occurred in this experiment for values of all the paraneters

r¡here no Mn deficiency symptons ïrere evident ie. these parameters were able

to detect sub-clinical Mn deficiency.

l

I
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Âppendix 4.1: Growth and Mn uptake of Bayonet uheat on several soifs'

In a further attempt to select a more suitable soil for screening wheat

cultivars for Mn efficiency, a number of soils, selected on the basis of

DTPA extractable Mn concentrations, were screened'

Soil samples were collected from several sites in S'A'; near Coonalpyn

(lZ¡, yeelana (O-tO cro., 2 paddocks, 1 A 2), Rosevrorthy (O-tO and 10-20 cm'

paddock 812), Pinaroo (O-tO cn) and \^langary (O-tO cm). The following table
K

indicates the f:-eid texture, DTPA extractabfe Mn concentration and the

moisture content that each soil was kept at during the experiment:

S oil Texture Iln
content
(pp*)

Moisture
content

(per cent)

c
Y
Y
R

R
P
I,\f

1

2

Ã2
top
top
top
sub
top
top

siliceous sand
sandy loam
sandy loan
clay l-oam
clay loam
mallee sand
calcareous sand

0.07
2.84
N.D.
1.37
o.75
1 .92
o.26

14
20
20
20
20
15
25

Basal nutrient additions for soils from Yeelana and Roseworthy were the

same as those for Wangaty (see Chapter 2). tr'or the soils from Pinaroo and

Coonalpyn, twíce the rates of KH2(roa) 2, K2SOO' MS04'7H20 and

micronutrients were added as fo:: the soil from Ïlangary, anrl, NH4NO5 (i 50 mg

te-1) and CaSO4.zrI2o (50 *g kc-1) were added instead or ca(w07)2' No Mn

was added to these soils'

Results of this experiment are given in the following table' Plant

growthonthecalcareoussand'fron\rrangaryr'Iasmuchpoorerthananyofthe
soils used. For example, shoot growth was approx. lo% tnat of the soil

from pinaroo and root growth approx. 15% '.r;hat of the soiL from coonal'pyn'

ThispoorgrowthÏ/esassociatedwithle.ckoftilleringandreducedleaf
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production as well as smaller Leaf areas (not shown). Shoot Mn contents

for plants grown on the soil from lfangary were dramatically less than those

for the other soils. Shoot Mn concentrations for plants grown on }'langary

soil uere well beLow the CDL va1ues fo¡: wheat (see Chapter 5), in contrast

to those grown on the other soils.

Treatment x TilIer
number

plant-1

Shoot

dry wt.

ng plant-1

Root

dry wt.

ng plant-1

Shoot

Mn cono.

P8 11

Shoot

Mn content

/rs plant-1

I{
Y

Y

R
R
P

c

top
top
top
top
sub
top
A2

1

2

0
2
2
2
¿

2-7
2-7

77
544
448
395
t15
669
797

+1

710
273
187
187
254
t10

o.35
17 .82
11.45
13.91
11 .gO
77 .19
7.71

4
32
74
zE

77
55
19

B

7
;
1

7
9
7

LSD 5% N.D.
i,T':+tt

* hr = Wangary, Y = Yeerana,

62 xrrx 75 *** 5.7 xxx 1.47

R = Roseworthy, P = Pinnaroo, C = Coonalpyn
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Appendix 4.2: Shoot and root dry rrreights and shoot Mn concentration and

content of rvheat cv. Sayonet after Jl days growth in several

mixes of a calcareous sand (from ldangary, S.A.) and a

silÍceous sand (from Coonalpyn, S.À.).

Treatment

Ïf:çx

Shoot

dry wt

mg pJ-ant-1

Root

dry rvt

rng plant-1

Shoot

lln conc

Ps s-1

Shoot

Ìln cont

)rB llant-1

0
1

I
2
4
1

1

2
1

1

1

o

170
150
182
220
709
691

5B
51
47
74
a2

448

t.B
4.2
4.1
4.6
5.1

14.1

o.49
o.61
0.76
1.00
1.42
9.71

LSD 5",6 46 xx'x
*' H = Tüângary, C = Coonalpyn

79 't+åÊåË 0.5 xx"x 0.18 xxlt



Appendix 4.5:

l3s

Seed dry weiehti Mn concentration and IIn content of the

wheat cultivars used in experiment +,1. Data are means

of J replicates of 10 seeds each. Standard errors are

given in brackets.

Cultivar Dry weight
mg seed-1

I'In content

¡e seed-1

Mn conc.

)'8 8'1

Dayonet
Bodallin
Red Fife
Bindawarra
Itiillewa
l{T108

.1
,2
,6
,7
.5
.5

42
43
3o
4t
41
40

(t
(t
(t
(t
(z
(t

2)
B)
4)
.o)
.6)
.6)

2.O5
2.93
1.27
2.18
1.69
1 .88

(
(
(
(
(
(

0
0
o
0
0
o

(
(
(
(
(
(

5
9
2

7
B

+

4B
67

40
5O

78
46

0?)
OB)
OB)
15)
08)
08)

7.2)
1.?)
1.4)
4.6)
1 .2)
1 .O)
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Appendix 4.4: Shoot and root dry weights and the ratio shoot: root dry

weight for 6 wheat cultivars after 22 ð'ays erowth (H1 )

(experiment 4.1). Data are means of 4 replicate pots'

Relative yields (percent of Mn5O) are given in brackets'

Cultivar Shoot

dry weight
_1

ng plant

Root

dry weight
-1mg plant '

Shoot: Root

ratio
-1rng plant '

MnO Mnl O tUn50 MnO Mn10 Ì4n50 MnO IIn10 ryin5O

Bayonet 175 17 6
(gg)

197 196
(t oo)

219 276
(z+)

147 141
(r oo)

177 174
(za¡

154 158
(gr)

20 *åÊåç

15 åç'FåÊ

t6 *l'åçåF

89.4
(¡t )

9B
(ro)

32 74 7t 2.67 2'79 2'4O

Øt) (roo)

Bodallin

Red Fife

IIilIewa

WTl OB

Bindawarra

LSD 5% cv
Mn

cvxMn

65
(24)

B6
(61 )

85
(+g)

77
(+g)

4+
Øt)

t1
(zo)

t6
(+e)

4B
(+z)

t6
(47)

76
(gt)

85 107
(8, )

108 15'
(zo)

72 76
(g>)

62 115
(¡+)

2.5O 2.O2 2.O1

2,22 2.06 1 .98

2.59 2.O+ 1 .90

1 .85 2.2A 1.67

81 2.28 2.OA 1 .95

o.21
NS

NS

;¡F

19
15
NS

åÊ¡¡çlç

tÈ¡lçl+
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Appendix 4.5: TotaI chlorophyll content and the ratio chlorophyll a/b

of basal region of the youngest expanded blade (ye3) of

6 wheat cuftivars after JO days growth (experiment 5.1 )'

Cultivar Chlorophyll content
-,|ng g fresh wt. l-eaf

MnO Mn10 Mn5O

ChlorophyJ,I a/b

MÑ Mn1 O Mn50

Bayonet
Bodall-in
Red tr'ife
Bindawarra
Millewa
I'tT10B

.78

.68

.78

.75

.72

.98

.07

.07

.99

1.23
1.18
I .42
1 .27
1 .45
1.o5

0
0
o
0
o
0

.09

^0.51

0
1

1

0
1

1

2.8
2"4
2.4
2.3
2.7
2.5

2.5
2.4
2.4
2.6
2.6
2.+

.0

.5

.6

.6

.8

.6

t
2
2
2
2
2

Appendix 4.6: The chlorophylt ffuorescence ratio ¡v/Fp

of the basal region of YEBs of 6 wheat

cultivars after JO days growth (expt 5.1)'

Cultivar Iv/¡'p
per cent

MnO Mn10 Mn5o

Bayonet
BodaIlin
Red Fife
Bindawarra
Millewa
lrT10B

B4
87
82
B1

B4
8+

59.1
58.5
68.2
60.0
60.3
67.0

76.7
42.7
42.1
41 .6
40.0
41 .5

5

9
6

7
2

5



CHAPTER 5

EFFECT OF SEED MANGANESE COITTENT ON SEBDLING

GROWTH OF CEREALS, PARTTCULARLY WHEAT,

UTTDER MANGANESE DE!'ICTENCY
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5.1 SIJMMÄRY

The importance of seed Mn content for earl-y growth of wheat, triticale
and barley on a severely Mn-deficient calcareous soif was investigated in

two pot experiments. Seed was obtained fron various sources to provide a

range of Mn contents. This naturaf range of see<i Mn content was extended

by soaking seeds in MnSO4 prior to sowing. Response curves showed that at

feast 5 ¡e Mn seed-1 (*pprox. l3O yS S-1 in the seed) was needed for
maximum growth of 75 day old wheat plants. Seed soaking greatl-y increased

the seed ¡tn content; horvever, only about 15-2O"i" of this additional- I{n was

recovered in the harvested plants. Manganese analysis of different aged

Ieaves also permitted the establishment of }ln criticaf deficiency 1eveIs.

It is concl-uded that, i:- cåses of acute soif Mn deficiency, seed ivln

content plays a vital role in determining seedling gror,rth. Under such

circumstances seed lln contents must be taken into account so that reaf I'In

uptake may be cafculated. These studies have reinforced earl-ier

observations that genotype conparisons for Mn efficiency must be nade with

the same or similar seed sources.

5.2 INTRODUCTION

One conclusion from Chapters 2 and 4 was that seed of simj-Iar Mn

content should be used when comparing cereal genotypes for early growth on

Mn-deficient soif in order to avoid erroneous inferences regarding

differences in Mn efficiency between genotypes. However, there are no

reports deaLing r+ith effects of naturaf r.ariation j-n seed Mn content on

pJ-ant growth under Mn deficiency. In cases of severe soil l{n deficiency

seed reserves of l¡ln would appear to play an important rofe in early plant

vigour.

On the other hand, a number of exanples have been reported in the

literature demonstrating increased growth and delayed onset of'Mn

deficiency symptoms in cereaLs as a consequence of soaking seed in high

concentratj.ons of I{n salts (Roberts 1948; Dtennan et al- 1ca61i Khalid and
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Malik 1982). The effectiveness of seed Mn, either naturally or

artificially suppliecl, as a source of Mn for plants under Mn-deficiency

stress, would be expected to depend on such factors u" (1 ) tne initial seed

Mn content, (Z) the amount translocated to the enbryo and retained by it,
3) the rate and extent of Mn translocation to roots and shoots , an¿ (4)

the functional Mn requirement of shoot tissue.

The two experiments described. here were designed to demonstrate the

importance of seed Mn ¡nore cJ-early. Experiment 5.1 tested the hypothesis

that Bayonet and Bodallin wheat had sinil-ar }fn-efficj-encies when the same

seed sources were used. Experiment 5.2 investigated the growth response of

wheat, barley and triticafe to increasing seed Mn content. The wide range

of wheat seed }tn contents used in these studies enabled some attention to

be given to the I{n critical deficiency levef (CU) in shoots, leaves anrJ

roots.

this chapter is an excursion into the effects of seed Mn supply on

plant growth under Mn deficiency. This excursion is refevant to the thesis

theme because of the interaction that exists between seed source and

genotype ranking for Mn efficiency. It was also of j-nterest to compare the

sepêrate effects of seed source and genotype on plant growth under I'In

deficiency.

5.5 I"ÍATERI.AIS ÄND I{ETHODS

Details of the soil used and plant culture have been given in Chapter

OnIy a summary with variations from these methods is provided here.

Tn order to obtain a wide natural range of seed lln contents, seeds were

obtained frorn a number of experimental- sites in S.A. known to vary in soil
Mn avaifability (t"¡tu 5,1), since it was not possible to obtain a

sufficiently large range of seed Mn contents frorn plants grown at one site.
Artificially high seed Mn contents were produced by allowing 2 g seed

sampJ-es to soak for 5 tr in 5 nl- of 125 no1e *-l tutnSO4 (expt. 5.1) or 25O

-7mofe m-2 llnso4 (expt.5.2) and, after thorough rinsing, to dry at approx.
o

35 C príor to sowing. Prelimj-nary studies indicated that these

2
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concentrations and this duration of seed soaking did not result in

significant reduction in germlnation capacity (Appendix 5.1 ).

At harvest, symptoms of Mn deficiency vfere noted, tj-IÌer and l-eaf

numbers recorded and shoot and root dry weights r¡ere determined as outlined

in Chapter 2. Seed and plant analysis for l4n and cafculation of Mn uptake

was al-so the same as outlined in Chapter 2. Curves r+ere fitted by eye

using all the data points (except for Fig. 5.1 which used only teans)' The

critical Mn deficiency level (Cll) was determj-ned as that Mn concentration

corresponding to 90'þ of maximum dry matter production (Ulrich and Hills

1967). Computer fj-tted hyperbolic curves procluced almost identical- CDL

values.

5.7.1 Exp eriment 5.1

This experinent was conducted in a growtlt cabinet at 15'c and with a 12

h photoperiod. Two wheat cultivars, Bodallin and Bayonet' were used: for

both cultivars, two seed sourc"s (from Palmer and Urrbrae) were combined

factorially with two rates of soil Mn application' o (ru"o) and 40 (rvrn+o) mg

-.tkg-t a. d. basis, in addition to the seed soaking treatment at MrO. Four
7

JOO cn) capacity pots, containing three plants each, were aÌlocated per

treatment. Plants were harvested 26 days after sowing. The first
(oldest), second (usua11y the youngest expanded bl-ade or YEB) and third +

younger blades (btades 1 , 2 and J+ respectively) Ìrere separated for I{n

determination.

5.1.2 Experiment 5 2

This experiment was conilucted in a temperature controlled glasshouse

(l4oC mean max. and 1O'C *ean nin.). The experiment used Bodallín ancl

Bayonet wheat, Gal}eon barley and Venus triticale. Five seed sources were

used for wheat and three for barfey and triticale, 1n addition to J'In-soaked

seeds (ta¡te 5.1). No lln was added to the soil. Three pots, containing

three plants each and holding twice the weight of soit (+lO g air dry) as

for experiment 5.1, were aflocated per treatment. Plants were harvested 16

da¡'s "¡¡*r sowing.
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5.4 RESIILTS ÄND DISSUSSION

5.4.1 Seed Mn content

Bodal-lin appeared to accumulate more Mn into seeds than Bayonet under

identical growing conditions (ta¡le 5.1 ). less Mn accumufated in barley

seeds than those of wheat or triticale. In agreement with this, seed Mn

concentrations of only approx. 50 ¡rS e-1 were recorded by the author for
barley grolrn on aciô (Mn-toxic) soils near Wagga, NSI{, compared with
approx. 150 ¡rS S-1 for wheat. If differences in seed accumul-ation of lvìn

could be shown to be heritable, differences in seed I'ln content of sown seed

between genotypes may welI contribute to variation in Mn efficiency.

Appendix 5.2 shows that seed Mn contents and concentrations associated

with the various Mn-soaking treatments used in preliminary studies were

greatly increased above natural levels. These values correspond to the

gernination percentages given in Appendix 5.1.

5.4.2 Symptoms

The degree of expressj-on of Mn-deficiency symptoms, the rate of symptom

development and the ranking of l-eaves in order of susceptibiJ-ity, for wheat

in experinent 5.2, was primarily refated to the seed source but also to the

cultivar useci (Table 5.2). Symptoms ranged from severe'(chlorotic
streaking, necrosis and leaf col-l-rpu") through to moderate (flecting and

necrosis) or mild (general- ctrlorosis)l The effect of seed source was also
evident fcrr barl-ey but not for triticale, which showed at worst only slight
synptoms (Appendix 5.â) .

0nly those wheat plants derived from seeds with refativefy high. I{n

contents showed synptoms first in the youngest formed leaves ie. older
l-eaves were healthy. This l-attel observation is most frequentiy rnade (eg.

for oats (Vose 1961) and wheat (Singte and Bird 1958)). Since this soil
supplied very littl-e Mn to these pl-ants (see Table 5.4) and assuming

minimal remobi-lisation of I4n from ol-d to young l-eaves (tUa¡l-e and loneragan

( photograph I )
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1 984) devel-oping leaves would be prirnarily dependent on direct or indirect
(v:-a roots) supply frorn the seed.. Thus, when the supply of I{n from the
seed was small (eg. seed from lùangary), the first leaf became severeJ-y

defj-cient. This was already evirlent by day 18, at which time the second

leaf was moderately deficient. By day 56, all leaves showed severe

symptoms and plants were close to death. When seed Mn supply was high (eg.

seed from potting soil), there were no symptoms on day 18, and onty the

third l-eaf had any symptoms by day 16.

There appeared to be no difference between Bayonet and Bodallin in the

Ieaf Mn concentration associated with specific lrtn deficiency symptons.

This is il-Iustrated in Table 5.5 and Appendix 5.4. The critical Jeaf Mn

concentration associated itrith the appearance of symptorus was approx. 5.O lrg
g-1 for both cultivars.

5 .4.1 Growth

The growth and development of wheat, triticale and barley iras strongÌy
affected by the seed Mn content (t"¡te !.2, Appendix 5.5 and lie. 5.1),
Plants derived from seeds of higher lrln content had greater shoot dry
weights, leaf and tj-ller numbers (Appendix 5.3 ). Critical seed J4n Ìevels,
i.e. the seed IIn content assocj-ated with 10% reduction from the naximun dry
matter production, for 35 day oId wheat pJ-ants, ïrere approx. 5,1 yS (shoot)

and 4 ,2 ye (root) seed-1 for experiment z (r':-g. 5.1). There were no

apparent differences betlreen cuftivars. Simil-ar values'rrere apparent for
triticale, but there was insufficient data for ba.rley (Appendix 5.5). The

critical values cal-cul-ated here woufd be expected to íncrease l¡ith a longer
period of growtli because the Mn supply to the recent l-eaves from the seed

woufd become liniting. Best plant growth was obtained f::orn seeds soaked

in lulnSO4. The optimal- duration of soaking would be dependent on the a¡rount

of Mn absorbed by the seed and retained by it during seedJ-ing growth, the

rate of trans1ccation of Mn to developing leaf tissue as well as the age of
plants at harvest.

(and photograph 2)
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Tabte 5.1: Seed Mn concentration and content for wheat' barley and

triti-cale from different seecl sour""" (experiment 5.1 , 5.2)'

Data are means and standard errors of 5 replicate analyses'

Genotype Seed source Mn concentration
-1

)'c e

Mn content
.-1

¡g seeo

Bayonet

BodaIlin

Venus

G alIeon

1 llangary
2 Murdinga
5 Palmer
4 Urrbrae
5 potting soil-

ûn-soated (1 )
6"Q)
1 Wangary
2 Murdinga
5 Pafmer
4 Urrbrae
5 potting soil

lln-soated (1 )

4.1
8.7

27.6
48.5

114.8
5O5.2
845.0(

lo.or )
lo.or )
(o.zr )
(o.+z)

o.+7
2.17
5.19

75.81

(o.o )(r.¡)
3.2-)
ß.t)

11.7
50.6

129,5
765.3

)
)
)
)

(o.or )
1o.or )
1o.o+)
(o.oa)
(o.rt )
(0. +z )
(0.+z )

0.15
o.71
1 .15
2.O5
5.18

20.10

(r .r )
(r.z)
(o.z )
3.2)
(e.g)
(g.a )
12 .1)

0.0, )
O.O5 )
O.09 )
o.oB)

29

0
o
1

2
6

¿¿

(o.z )
(o.g )
(t.e)
(r.z)
(z.o)
(6.5 )

1

,
7
9
1

3

5
12

5t
67

155
542

o2
07

.18
"62

o.o8 (o
o.62 (o
1 .2o (o

51.22 (o

4 (0.0)
2 (o.e)
z (r .o)
1 (15.6)

20

24
49
15
94
3B
15

(
(
(
(
(
(
o.1o)
0.51 )

1 Murdinga
2 Urrbrae
J potting soil.
4 Mn-soaked (2)

1

2

5
4

llarooka
Strathalbyn
Urrbrae
Itn-soaked (2)

2.
12.
26.

1151.

(t ) = experiment 5.1 , (Z) = experiment 5.2
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Table 5.2: Effect of seed source on the extent of Mn-deficiency synptoms

in wheat (Sayonet and Bodallin) after 18 and J6 days growth

(experiment 5.2).

Seed source Day 18

Bayonet Bodallin
Day 76

Bayonet BodaÌlin

lüangary

Murdinga

PaImer

Urrbrae
potting soil

Palmer
(Mn- soaked)

11 severe

L2 moderate

all moderate

11 moderate

L2 slight
ni1

L1 ,2 slight nil

all severe all severe

11 severe 11 nil
L2 r7 moderate L2,5 moderate

L1 ,2 rnoderate L1 ,2 níL
Ir5 severe L5 noderate

all moderate niI
I'l nil nil
L2,7 slight
LI ,2 nll- nil
L3 slight

niI
nil

nil

nil
niI

nil

L1 , L2 and. L3 = leaf 1 , Ieaf 2 and leaf J.
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Shoot

cL (5.3)

Root

cL (4.2)
.cv. Bayonel
. cv. Bodallin

0
o.o 2.o 4.0 6.O t 0.o 30.o

Seed Mn content (Pg seed-')

Figure 5.I: Effect of seed l"In content on shoot and root dry weigþts

of vùreat 36 days after ss,ving on a MrFdeficient soil
(experirrerft 5.2), shcnuing the critical level (cl¡ for Mn

in seeds.

oo
o
E

E
.9
o

'
o

I

I

I

I
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Manganese addj-tion to the soil el-iminated symptoms of Mn deficiency and

growth was improved by up to 50% (Table 5.7). Soil llln addition resufted in
more shoot and root growth for Bayonet and a greater plant lvin content

compared with the addition of lvln to the seed.

5.4.4 Manganese uptake

Calculations of net Mn uptake indicated that l.ess Mn r^¿as found in

harvested plants than was initially present in seeds for rsheat and'

triticale, but not foï'barley (taAt.5.1, and comparison of Table 5.1 with

Àppendix 5.5) . This confirms the findings of Chapter 2.

Presunrabl-y both native and artificially supplied IIn was l-eached from

the germinating seed and young seedling roots. Because of the hjghly

oxidising nature of this alkafine soif much of this leae'ed Mn would have

become unavailable for re-absorption (see section 5,2). Only a large drop

in rhizosphere pH would enable sufficient ll#+ to remain close to the root

surface; however, even the use of Ni{4-N did not alter bulk or rhizosphere

pH in this soil (J. Harbard, personal communication).

Leaching of native IIn from the seerl is quite 1ike1y for native Mn since

during the first few hours of gernination the root is predominant over the

shoot i-n accumulating mineral el-enents (Eastwood and Laj.dman 1971 ).
Manganese coufd afso be lost fron the seed coat since prelirrinary data

indicated that approx.60T' of the lvln contaiued in 4 day o1d germinated

wheat seeds was in the seed coat.

0n1y approx. 15-20'þ of the I{n applied to the seeds through seed scaking

was recovered in the halvested plants. This i.s consistent with data from a

prelirninary experiment (Âppendix 5.6) showing approx. 75% of this,
presumably mc,bil-e Mn, being found i.n the endospe:rnt region, and therefore

more l-ike1y to be l-eached.

I t was apparent thet the seed rather than the soil- had provided the

major source of Mn for these plants since there was no net Mn uptalce at

MnO. It is possibl-e tha.t seeds harvested from different sites could vary
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Table 5.J: Effect of seed and soil Mn supply on growth and Mn content

of 26 day old wheat plants (seed from Palmer, S'A')
( experinent 5.1 ).

T reatment Symptom

expression

Mn conc Shoot lIhole plant
Mn content

-,|
)r€ pot

Net

Mn uptake
.-1

fB not
of YEB

-1
Pcc

dry wt
.-1ng pot

Bayonet

Bodallin

severe
nil-
nil

moderate
nil
ni1

1

2

t
1

2

7

51
B9
94

-0
11

-B
2.1

24.5
6.8

97
24
56

2
20

9

4.6
40.8
9.7

167
242
185

162
202
200

2.BA
17.71
11 .06

1 .09
16.19
12.54

t7LSD 5"þ

1 =noad
2=Mnad
J = I,ln ad

1.8 0.90
ded Mn
ded to soil
ded to seed

(iocorporation of MnSO4)
(soateã in Mnso4)
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in other seed characters, for exantple seed vigour' due to dj-fferences in

protein content (Torres and Paulsen 1 982) or seeo size (Evans and Bhatt

1g77). However, since uniformly germinated seedlings were used in these

experinents, it appears that seed }ln Ís the major source of variation in
growth. Tt might be expectect that the more vigorous root systems found

with plants derived from high Mn seed (¡'ig. 5.1) rvoul-d fead to greater Mn

uptake by these plants, but this was not found.

Seed soaking greatly elevated plant IIn contents, particularly of the

youngest leaves, thus enabling increased growth of ner¡ tissue. The

infuence of seed soaking (and soit }ln addition) would have been even more

evideni by a later harvest, si-nce plants derived frorn these treatments

would have a more rapid growth rate than those from seeds of IoI^r seed Mn.

5 .4.5 Mansanese crit ical deficiencv fevels

planganese CDLs were only calculated for wheat and those from experiment

5.2 are presented in Figures5.2 a and b. The CDL for whole shoots was

1 1 .O ¡S e-1 , much lower than reported elsewhere for wheat (Ftte" and Ohki

1gB2; Ohki'1g84) ¡ut similar to that of Graham et al- (tger). The cDL for

roots ÏIas somevühat higher at 19.0 ¡S e-1 . Sinilar CDL vafues Ì{ere found

for experiment 5.1, even though plants hlere youllger. The similarity of

CDLs for Bodallin and Bayonet wheat suggests that there were no diffe::ences

in a functional Mn requirement between these cuftivars'

The tDL for Ieaves 1 , 2 and 7+ 'rtas 25, 1 1 and B )rB t1 respectively

b, "). The CDL for leaves 1 and 2 ar:e much lower than the(rie" . 5.5 a,

values of 82 and. 59 )rg E-1 reported by Okhi (tge+) to* solution culture

grown wheat. The CDL for Leaf 2 is comparable with the value of 11 Ìe {1
obtained by Grahari et al- (tggl) fo" YEB's of older, fj-el-d grown wheat

plants, but lower than the value of 18 )ig g-1 fou.trd by Graham and Loneragan

(tggt ) fo" wheat seedlings grol¡In in soLution culture. Tìre CDL curves for

blades 2 and 1 were associated with a much sharper transitj.on zone between

deficiency and sufficiency than for blade 1, in agreement with Okhi (1984).
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Criticar curves wiII ttiffer in shape depending on the nutrient and

aerial environment, plant age, tissue sampled etc. (¡ates 19?1).

certainly, a definite effect of the culbure system under which the plants

aTe gror^rn into deficiency is evident for solution vs' soil culture' This

issue has been very ably discussed by Nable et aI (tgA+) fot subterranean

clover. They distinguished plants Srol'fn under a constant Mn supply in the

culture system from those transferred to nil IÍn from an adequate supply'

In the latter situation cDLs were much snaller. since the soil used in

these experiments supplied essentially no Mn to the plants, it is not

surpri-sing that smafler cDL values !Ùel.e obtained than those published

elsewhere. In this case, variation in seed lvin content, rather than

substrate Mn, loaded the plants with Mn to differing degrees'

5.5 CONCLUSIONS

These studies have conclusively shown that seedling growth of several

cereals on severely Mn-deficient soil can be signifícantly improved when

seed of high I{n content is used. comparison of genotypes for Mn

efficiency, when seecl sources are dissimilar, will Iead to errolleous

conclusions. It is also clear that under conditions of severe Mn

deficiency, real Mn uptake can only be accurately deternined if the initial

seed l4n content is known.
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Effect of soaking seed of wheat, triticale and barley in

several concentrations of MnSO4II2O for 3 ' 
6

and 12 hours on germi-nation percentage (based on plumule

emergerrce). Figures in brackets indicate percentage of

sfower gerninating seeds at the time of assessment'

Genotype MnS04.H20
concentrati-on

M

Time
6

hours
127

(g
(tt

(z

)
)
)
)

71
BO

B7

7o

10
3
10
3

(z)
3)
15)
3)

75
BO

BQ

BO

)
)
)
)

(o)
(o)
(o)
(z)

0)
0)
o)
o)

(t e¡
(z)

(r¡)
(tt)

8g
97
87(
9t

68(
97
83(
95

o
0
0
0

o
0
0
o

wheat

triticale

barley

57(

.10

.25

.5O

o
0.10
o.25
0.50

(6 )
(r o)
(z)
3)

94
90
97
97

B8
¿t
44
17

100
100

97
91

(
1

1

(

00
9O
87
00

1

(
(

o
25
50 1

3)
Gt)
(re)
3t)

8e (+
80 (rz
70 (20
B? (t

)
)
)
)

initial germination percentages ÏÌere3

ffi;;"; ft;" Gii,-ì;;;; aet"(t)) and Galleon (77 (e))
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Appendix 5.2: Effect of soaking seed of wheat, triticale and barley in

several concentrations of MnSO4H2O for J' 6 anò' 12

hours on seed Mn concentration and content'

l{n content
Genotype

wheat

triticale

barley

MnS04.H20

concentration
I{

Mn concentration

ye -1c
.-1

seedrB

0.10
o.25
0 .50

0.10
o.25
0.50

0.10
o.25
o.50

5

562
865

1065

520
711
956

655
998

1549

510
e,46

1251

649
781
895

718
1201
1 496

692
1148
1167

769
1278
1790

29.3
47.8
62.2

612 1 6 12

19.2
73.8
t6.o

32.8
5+.2
61.1

t4.B
54.9
82.0

1B

70
57

24
7'
46

584
985
1001

9
5

5

1
4
2

18.4
29.2
79.1

30.5
75.8
+5.7

6

5

5

17
56
6B

initial seed Mn concentrations (and contents) were:

"'oå"î-irõ"(ð.ïil;"i;;ii;i"-Gr 
'G.+il 

and barlev Q7 (t 'z))
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Appendix 5.1: Leaf number, tiller number and symptom expression for

wheat,barleyandtriticaleafterlBandJ6daysgrowth
(experinent 5.2).

18 days J6 days 18 days J6 days 18 days J6 days

Genotype

Bayonet

BodalIin

G alleon

Venus

S eed

source

Leaf

number
.-1pot

Tiller
number

.-1pot

Symptom

expression
score

.0

.o

.o

.5

.o

.o

1.O
2.5
2.O
0.0
0.0

2.O
0.0
0.0
0.0
0.o

0.0
0.0
0.0
o.7
2.O

0.0
0.0
0.0
0.o
0.0

7.O
4.0
5.O
6.0
6.0

2.O
2.O
2.O
2.O
2.O

t.o
2.O
1.0
0.0

2.5
o.o
0.0
0.o

0.0
o.7
2.O
4.0

0.0
0.0
0.o
0.o

t"7
6.0
6.0
6.0

1.7
4.0
4.0
4.0

0.5
0.0
0.0
o.o

0.o
0.0
0.o
o.o

0.o
0.o
1.7
0.o

0.0
0.o
0.o
0.o

0
t
0
0

t
7
t
2
2
1

7.O
7.o
0.5
0.0
0.0
0.0

0.0
o.o
o.o
0.0
7.3
2.3

0.0
0.o
0.o
o.o
1.0
0.o

2.7
4.0
+.7
5.7
6.0
6.0

2.O
2.O
2.5
2.5
7.1
4.0

4
5
6

6

1

2

1
4
5
6

1

2

t
4
5

1

2

7
4

1

2

7
4

2.O
2.O
2.O
2.O
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Scores for Mn-deficiency symptoms and Mn concentrations

for individual wheat leaves at 24 Oays (experiment 5'1 )

Genotype

Bayonet o
o/1
7/4

o
o/1
1/2
o
o

o/1

Bodallin

1 = l{angary, S.A. i 2 = Rudall, S.A. i 7 = Palmer, S'A'

S eed

source

Leaf

number

Synpton

score

Mn concentration

llg I

1
8.8
1.7
o.7

11.8
5.4
1.9

20.6
5.O
.,1 o

68.O
55.1
40.8
61 .2
47.6
37.7

18.2
7.4
4.'

26.1
9.O
5.o

o
o
1

o
o

o/1

1

2

3+
1

2

5+

2

7

1

2

t+

77.9
24.8
21 .g
77.9
11 .'
24.7
48.+
71 .5
2+.5

1

2

7+
1

2

7+

2

7
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Shoot and root dry rueights, Mn contents and Mn

concentrations for wheat (cv. Bayonet and Bodallin),
triticale (cv. Venus) and barley (cv. Gal-leon) fron
several- seed sour""" (see Table 5.1 ) after 35 days growth

(experinent 5.2).

Genotype Seed

source

Dry weight
_1g plant '

Mn conc.
-1

P88

Mn content

/8 nlant-1

Shoot Root Shoot Root Shoot Root

Bayonet

BodaIIin

Venus

GaIleon

0.009
0.028
o.066
0.o8g
0.180
0.200

0.o18
0.041
0.088
o.139
O.1BB

o.o52
o.178
o.217
o.219

0.o21
0.087
o.124
o.224

0.00,
0.012
o.o72
o.o31
o.064
0.071

0.0'12
0.021
0.040
0.060
0.076

0.021
0.059
0.104
o.101

0.011
0.016
0.045
0.099

0.04
o.12
o.55
o.47
1 .85
2.88

o.1 1

o.71
o.65
5.46

o. 05
o.17
o.50
o.60
1 .23
4.48

o.26
o.79
'1 .11
1 .87

o.5+
1 .21
2.27
8.18

o.14
o.59
o.77
6.42

1

2

5
+
5
6

1

2

7
4
5

1

2

5
4

1

2
-5

+

15
46
00
06

25
BO

2A
74

o
o
1

2

0
0
2
4

11 .4
19.9
18.5
22.6

17.1
10.2
15.5
18.1
18.7
64.7

5.1
4.5
5.2
5.5

10.,
14 .2

3.6
5.2
7.2

11 .O

4.7
5.8

10.6
21 .7

12.O
16.7
17.0
61.8

5.1
7.6
5.5

15.2

23.9
21 .4
21 .6
79.e
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Appendix 5.6: MobÍlity of Mn absorbed by Bayonet wheat seeds

soaked in manganous sulphate.

An attempt was made to determi-ne the rate of efflux of Mn absorbed by

wheat seed soaked in MnS04, and to determine the amount of FIn associated

with the enbryo and endosperm.

Seeds which had been soaked in 25O *oIe r-5 MnSO4.H,O for t h were

placed in DDDI H2O for different times then rinsed, dried al.'lO" C and

assayed for Mn. Some seeds lJere dissected by hand into enbryo and

endosperm regi-ons.

The figure below shows that about half the absorbed lln was leached out

in the first J0 min. Subsequently, only a small- amount of Mn was lost.
However, it is very likely that Mn influx night have occurred wi-th time

si-nce no attenpt was nad.e to immobilise the leached Mn, for example, by

addlng a chelating corlrpound such as EDTA to the water.

Approximately 25% of the absorbed IIn was found in the embryo, and

therefore l-ess liab1e to being Ìeached out of the seed, but its Mn

concentration was about 4 times that <¡f the endosperm (see tabLe'Uetow).

S ection Dry wt

mg

I{n conc.
-1

Pe8

Mn cont.

Fc

Embryo
Endosperm

2.6
40.9

4721
1056

11 .15
41.18

LSD 5% 7.2 949 1.23



CHÀPTER 6

COMPARATIVE TOLERANCE OF CEREALS

TO MANGATIESE DEFICIE}ICY

ITiI THE FIELD
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6.1 SUI.IMÄRY

This Chapter describes two field experiments which cornpared the growth'

Mn uptake and agrononic lvln efficiency of several cereal genotypes on the

same Mn-deficient soil used to screen several genotypes in pots (Ctrapter

2). Agronomic Mn efficiency lras defined as grain yielì without added IIn

compared to its yieJ-d with Mn added (ie, relative yiefri). On this basis

rye and ltieeah barley were most Mn-efficient whereas oats was least

efficent. Considerable differences were evident between cuLtivars of

wheat, barley and triticale for actual and refative yieJ-ds. The best wheat

(Aroona) yieJ-ded about the same as tlie worst barley (Catteon). Yiel-ds for
triticale r,¡ere intermediate between wheat and rye. The feast I'ln-efficient
genotypes (eg. Otympic wheat and Avon oats) were characterised by severe

plant rnortality mid-season as well as 1ow grain yields per plant. High

grain yields per plant r{ere associated with higìr grain number and grain

weight.

6.2 INTRODUCTION

The occurrence of Mn deficiency in cereal crops has been ackowledged. as

a serious probJ-ern on certain soif types in southern Australj-a for a over

half a century (Donald and Prescott 1 975). The most extensive areas of Mn

deficiency in cereal growing districts occur on the cafcareous sancls of the

lower Yorke and Eyre Peninsulas of South Australia (Scott 1912; Higgs and

Burton 1955; Puckri.dge 1958; Carter and Heard 1962; Reuter et al- 19771 King

and Al-ston 1 975 ) .

I t has also been known for some time that yield l-osses due to Mn

deficiency could be largely overcome by the application of superphosphate

containing MnSO4, driJ-1ed in with the seed (Hi8g" and Burton 1955; Carter

and Heard 1962; Reuter et al 1971)" Annuaf appJ.ications of soil Mn are

necessalry as well as ,sever¡1l fol-iar sprays Ín order to maxj-mise grain

yields (Reuter et al 19T).
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In the period prJ-or to 1 9BO most studies concerned with correcting Mn

deficiency used only one cultivar of barley or oats. Subsequently

(tgeO-t gB7), R. D. Grahan ancl associates (w"it" Institute) eval-uated the

tolerance of a large number of barley and wheat cuftivars on this
Irln-deficient calcareous sand at a site near I{angary, Eyre Peninsula.

Ranking of cuftivars Ïias based on ptant colour, vigour and grain yie1d.

The use of cultivars tolerant to I{n deficiency shoul-d lessen the need for a

dependence on lin fertilisers and sprays.

The field experiments described in this section compare the growth, Mn

uptake and grain yielding ability of several cereal cultivars on this

Mn-deficient soi-I, in order to (t ) confirm the results of earlier y"trs (2)

el-ucj-date factors affecting agronomic Mn efflciency in the field and (7)

compare field performance with seedling performance in pots (Chapter 2).

Àgrononic Mn efficiency is defined here after Graham (1984), as grain or

vegetative yield of a genotype without Mn compared to its yield with Mn.

Foliar rather than soil Mn was applied i¡t order to obtain the yield
potential of each genotype, since this was easier in the experimental

systen used.

6.7 ¡{ATERIAIS ÂND UETHODS

6.5.1 Experiment 6,1

Twelve genotypes were clrosen to represent a range of tolerances to Mn

deficiency, on the basis of obse::vations made during the 1 9BJ grol¡ing

season at ',rtrangary (Graham, personal communication). There were five wheat

cultivars (Aroona, Bayonet, Bodallin, OJ-ympÍc and Egret), three tritical-e
cultÍvars (Venus, Coorong and Currency), two barley cultivars (Galleon and

¡leeah)r rye (S.¿.) and oats (¡.von). Seed sources are indicated in Appendix

6.1.

The experimen'b was located on a deep grey calcareous san¿ (Uc1.11 (Xing

and Alston 1975)) and situated on the property of Mr. D. Ottens, c. 10 km E

of Wangary; S.4.. Plant breeder's p1.ots (4 
"o** 

(o.Z¡ m) x 4.2 rn) uere

sown with a precision drill on 14/6/84. The experiment was designed as a
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split-plot randomised complete block, with 5 replicates. A1I plots were

given a basal application of approx. 2OO kg ha-1 superphosphate, containing

Cu, Zn, Co and Mo, and BO Lg Ìra:1 amrnonium nitrate at sowing.

Three harvests (nt-ul) ¡nete made: I{1 on 14/8/84 (60 aays), H2 on

ZO/g/84 (9S aays) and H5 on 6/tZ/e4 (179 Aa¡'s) to" barley and on 27/12/84

(t95 ¿rys) for the other cereais. At each harvest, plots Ïrere assessed on

the basis of vigour and cofour (degree of greenness) by giving a score of

O-5; and scored for phenoJ-ogical development (according to Zaddocks et aI

1974). Shoots of entire plants fron 1.0 m of roll Ì{ere sarnpled at the root

surface. Subsequently, p1ant, tiller and leaf numbers of harvested plants

Trere measured. Pl-ants harvested at H1 and H2 were washed with DDDI H20

prior to oven drying at approx. ?OoC, whereas those harvested at HJ were

dried at approx. jD'c without washing. Manganese analyses were only

performed at H1 and H2 for those cultivars harvested from plots not srayed

with Mn. Harvest index was calculated at maturity as follows:

HI=GW/P
where HI = harvest index, GI¡I = grain weight and PW = total- plant weight

tr'oliar Mn was applied at H1 to a randomly allocated sub plot of each

pair of ptots, so that a total of 60 pJ-ots were sprayed, at the rate of

approx. J rn1 'mangasol' (i". 0.4 c Mn as MnSO4) per plot. The weather i{as

fine. The second foliar application intended at the time of H2, was not

nade owing to inclement weather.

6.3.2 ExÞerinent 6.2

This experj-ment was conducted in ordel to deterrnine the responses of

wheat (Aroona and Bayonet) and barley (Cafteon) to Mn fertifiser addition.

Seed of wheat was obtained from Rudall and that of barley from Urrbrae,

S.A.; j-n order to obtain similar Mn contents. It was known from an

experirnent at llangary during 1987 that the two wheat cultivars were krrown

to vary in grain yield with and without foliar Mn, but their abil-ity to

utifise fertiliser l4n was unknown. Such knowledge r.ras not only of

intrinsic inte::est but might afso be relevant to fertiliser
recotilmendations.
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The experiment was focated on the property of I1r. I(. Murdoch, approx.

20 km Strrl of hlarooka, S.4., on a soil type similar to that at liangary. A

soif description of this site has been given by Reuter et af (1 971).

Three l-evels of feriliser Mn (0, 7 and 9 kg Mn ht-1 ) ' were applied as a

superphosphate/nanganous sulphate compound mix ('llarooka' mix). All plots

had a basal dressing of approx. 2OO kg ha-1 superphosphate contaj-ning Cu.

The experiment had a factoriaf design with 5 bl-ocks. Plot sizes and

harvesti-ng pr:ocedut'es were the sane as for the experiroents at Ílangary.

Plots were harvested at 55i 85 and 170 days after sowing. At maturity'
plots were mechanically harvested with a 'l'Ii-ntersteiger' Nursery Master

plot harvester. At this time the wheat plots \rere approx. 1 -2 weeks from

harvest ripeness.

6.+ RESULTS

6 .4 .1 Exteriment 6.1

(a) Prant density

There were significant differences in plant density between genotypes

at each harvest rT?11"" (6.1 , 6 -2 and 6.4). The dit't'erences at H1

re f l_ e c t e d 
, d i I'f'e re n c e s

in per-cèñtãee èmergence, resulti-ng from variation in the number of seeds

sown per m of row. Plant density was noticeably dec¡eased at ntaturity

owing to plant mortality for some genotypes (eg. Olympic and Avon). Plots

with significant plant mortality rvere much more susceptible to rveed gronth.

Except for Bayonet and tsodallin, fofiar Mn application maintained a

constant plant density over the growing season.

( ¡) Svmptoms of Mn cìeficiency

The nain observa'bion was a gradient of leaf colour from very pale

green to dark green, which enabled a qualitative score to be given

(Append:x 6.2) " Rye arrcì tritical-e aluays had the darkest gr:een l-eaves.

This type of scoring was not as rigorous as the systerr outlined by Batey
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(fgZf), l¡here specific syrnptons and percentage feaf death are considered as

well as the degree of chlorosisi horvever it l¡as sufficient to differentiate

between genotypes.

Specific synptoms of Mn deficiency were noticeable at both 60 and 98

days for oats, barley and wheat. oats had the most severe symptonts'

Leaves had grey-brown spots anal necrotic zones leading to doubling over of

reaves near their base. This gave the oat pJ-ots, in particular, a mottfed

appearance. Bayonet afso had severe symptoms (teaf necrosis)' Symptoms on

Galleon consisted mainly of distinct feaf chLorosis but also whitish

strealcs and leaf bending.

There was a significant negative correlation between the score for

colour and shoot IÍn concentration (eg' for H2 of experiment 6'1' r =

O.7O). Thus a greener leaf did not necessarily reflect a higher Mn

concentration.

( c) pitenolog ical development

.Àt H'l plants were in the earl-y tillering stage (Feekes Stage 2 or FS

2). Ât H2 there were Ìarge differences between the genotypes in

phenological development; oats were at til-lel'itg (tr'S 3-4) , most i'¡heats 'lvere

at late titlering to l-ate stem extension (fS ¡-S), barley was at stem

extension to early ¡oot (¡'S B-10) whereas triticale and rye were at early

booting to early ear emergen"" (tr'S 1O-10.2). There !ùas no apparent

significanteffectofMnadditiononphenologícaldevelopment.

(a) Til1er n¿mber

TiIIer numbers at ll1 and H2 are given in 'Iabtes 6.1 and' 6.2. The

trends for both harvests were similar. Barley and rye had significantly

rrore tillers than the other cereals, and, by H2, barley, rye and the other

cereals had approx.2r l and o tillers per pÌant respectively' The nurnber

of tillers for barley r,ras reduced by about 50'ß at" H1. Application of

foliar Mn increased tiller numbeTs for all genotypes bu-t genotype rankings

rn¡ere not altered.
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(") Shoot dry weight

Significant differences occurred between genotypes for shoot dr¡' lnutr¡"t

production over the growing season (¡igs.6.1 a, b). Rye was the most

productive atrd oats the least productive cereal. Cultivar differences I{ere

particularly apparent for wheat (Aroona and Olynpic) and barfey (Ì'leeah and

Galleon) at Í12 and subsequently. There Ïras no increase in ptant biornass

for Olympic and Avon between H2 and HJ: in fact there i{as a significant
decrease in productivity per unit area between H2 and H5 directly
attributable to a large reduction in the number of plants p". t2 (""" (t)).

Details for al-L the genotypes are given in Tables 6.1 and 6.2.

Significant differences between genotypes in response to foliar Mn were

clear by H2: Gafleon, Avon and Currency lrere the most responsive (app"ox.

4Oi[ increase on a per plant basis) with tne other genotypes showing rnuch

Iess response (approx. 15l i.ncrease or less). By H1 only Weeah barley,

S.A. rye and and Bayonet wheat had maintained a low response (approx. 15l

or tess) rvhereas the other genotypes, particularly Avon oats, were much

more responsive. Relative yields for the Mn-inefficient genotypes'Iriere

smalÌer when expressed on a per un--t area basis because of an increased

plant survival with foliar Mn application (table 6.4).

(r) Shoot Mn content and concentration

Genotype ranking for shoot liln content was simifar at both H1 and H2

with rye = barley ) triticale ) wheat ) oats.

At H1, cultivar differences were evident for barfey and triticale but

not for wheat (t"¡t" 6.1). By multiplying shoot Mn content by a factor of
2, in order to estimate total- pfant l{n content (resutts from 19A1 had. shown

that shoot and root Mn contents v,¡ere similar at this stage of growth), it
is cfear that, except for barley and rye, this content was comparable with
the Mn content of the sown seed. Shoot lvln concentrations were fow for all-

genotypes.
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Table 6.'t: Number of plants p"t t2, tiller nunber, shoot dry

weight, Mn content and utilisation efficiency (Un) for several

cereal genotypes, 60 days after sowing (experiment 6'1)'

Cultivar Plant T il1er Shoot Shoot

Mn conc Mn content
-r -1 )

)rge'ugplant' C-

density
plants m '

number

plant '

Shoot

dry wt
_lg plant

U.E.

-'t
Pc

Ä,roona
Bodal-lin
Egret
Bayonet
0lynpic

Venus
Currency
C oorong

S.A.

Ïteeah
GalIeon

Avon

111
147
111

112
146
129
126
154

0.090
o.0Bo
o.oB4
o.oB2
0.071

o.95
0.80
o.73
o.80
o.B1

1 .17
1.74
o.B3

1 .22

1.45
1 .O5

0.48

.88

.79

.94

.89

.62

o.B7

0.86
0.94

o.54

10.2
10.1
8.9
9.2

11 .5

o,2
o.o
0.1
o.2
0.0

10.5
10.2
9.1

0.0
0.0
0.0

o
0
o
o
o

1

'l

1

08
27
00

122

160
147

138

0.4

0.1

0.111
o.170
0.091

o.1 01

o.112
0.099

o.051

12.2

15.O
10.5

9.4

0.6
0.6

LsD 5iÁ 77
åÊ:lç

o.2
Itâ+åç

o.o25
åËåítç

2.4 750
*tÊ*tç
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'C
Table 6.2 Number of plants per m', til-ler nurtbers, shoot dry weight

Mn contents and U.E.s for several cereal culti-vars after 98 days

(experiment 6.1). Relative yields (percent of + foliar Mn) are

given in brackets

Genotype Plant
tlensity

-)plants m -

T ilIer
number

Shoot

dry weight
-tg plant '

Shoot Shoot U.E.

Mn. conc. Mn. cont.
-1 -1fge'l^gP1ant #

Aroona
Bodal-lin
Egret
Bayonet
0lympic

Venus
Currency
C oorong

S.A.

'[{eeah
G alfeon

Avon

1+1
167
126
122
175

123
182
172

110 1.2

o.2
0.0
o.1
o.7
o.1

6.2
5.2
1.O
1.7
2.6

8.1
10.2
11 .2
17.t
11 .7

( Br)
( gz)
( tz)
( g+)
(r oo)

9.0
8.O
4.6

8.6
6.6
9.9

0.1
0.0
0.0

.50

.77

.71

0
0
0
o
0

1.91
1.24
1.52
4.11
1.49

6.70
7.51
4.71

7.1 B.0g 16,9

1.2

44
.10

o.77 ( e+)
o.57 ( ¡g)
0.46 ( zl)

1.2o ( e0)

(too¡
( or)

1t.t
27.5

6.4C
a.21

6.9
16.7

o.g2
o.46

157
157

159

1.'
1.8

0.1 0.17 ( 61 ) 14.2 2.18

LSD 5% G 31

Mn NS

G xMn NS

N.A. = not applicable
,,2-1#={pe'x100

NS

O. 1 *lß*

0.4 xxx

0.24 xxx

O.OB åç

NS

q 2 ålåÊtç

N.A.

N.A.

2.11 {'*

N.A.

N.A.

N.A.

N.A.
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Trial site at !Íangary in mid-October 1984'

TaÌI dark green plants (rye and' triticale)

(barley and wheat).

Plants at mid-Iate tillering.
and smaller, Paler green Pì-ants

Trial site at Wangary in mid-November, 1.984. Plants at stem extension-ear

emergence. Taller, more productive plants in 2nd ro$t (rye and triticafe)

and smal-Ier, much poorer plants in foreground (wheat) '
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By H2, shoot Mn contents had increased 5-6 fold (fabl.e 6.2). Cultivar

differences ïrere still only evident for barley and triticale. tr'or exatnple,

Galleon had both a higher shoot Mn content and concentration than !'leeah.

This occgrreil even though it had much lower shoot Srowth. Therefore the

calculated IIE for trrleeah was much higher than for Galfeon. Aroona and S.A.

had high UEs for similar reasons.

(s) Grain yield

^

Grain yields Iilere expressed on both å per plant and a per unit area

basis (tatte 6.7). Rye and lleeah barley had ihe highest actual and

relative yietds r,sheres oats had the lowest. Considerable differences in

actual- and relative fi-efas r{ere evident for cultivars of wheat, tritical.e

and barley. The best wheat (¡,roon") yielded about the same as the worst

barley (Cafteon). Yields for triticale rsere intermedlate between wheat and

rye. Differences betrveen wheat and barley cultivars Ììrere much more

pronounced for grain yield p"" t2 because of significant plant nortality

for fess tolerant cultivars (ta¡t" 6"4).

High grain yield, expressed on a per plant basis, was also associated

with both the number and weight of grains produced per plant (ta¡te 6-4) -

This is clearly illustrated for Vleeah and Galleon barley. hleeah al-so had a

significantly higher harvest index than Galleon (table 6.5). As well as

this, the percentage of grain bearing (ie. fertile) tillers vas found to be

rnuch higher for Weeah (97 an¿ 96 with and without foliar Mn) than for

Galleon (61 and,17 with and without fol-iar Mn). This parameter was only

assessed for barley. The high yieid of rye was assocÍated with a large

number of relatively low weight seeds produced on the main culm, but not

with a hígh harvest index.
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Grain yield and harvest index of some cereal genotypes at

llangary in 1984, wittr (+) and without (-) foliar Mn

(experiment 6.1). Relative yields (per cent of foliar Mn)

are given in brackets.

Cultivar Grain

YieId

g plant

Grain

YieId

-2gn

Harvest

Index

1

+ ++

Aroona
BodalIin
Egret
Bayonet
0J-ynpic

Venus
Currency
C oorong

S.A Comm

lf eeah
Galleon

Avon

54
o6
20
3O
o'5

B4
58
55

0
0
0
0
0

0
0
0

144 .5
51.2
66.6
25.3
5.6

$s)
(r o)
(zo )
(+a¡
(ro)

69.7
5.1

15.6
12.2
1.7

(65 )
(r g)
(+o)
ler )
(io)

19
21
17( 59 )

:.95
o.t2
0.50
o.17
0.06

1 .13
1 .09
0.94

1.25
o.66

$ø)
$5)
$t)

o.77
0.07
o.27
0.14
o.ot

o.17
o.22
o.25
0.14
0.01

o.32
o.75
o.t6

o.31
o.71
o.14

1 .18 (88) 1 .56 223.6 (t Ot ¡ 221 .2

0+)
$t)

(oo ¡
(>g )

107.5
127.4
99.1

162.5(o5
50.7 $5

1.5
2.4
4.4

15+.7
91 .7

0.26 O.2+

o.45
o.25

0.07 0.12

1.18
o.59

)
)

0
0

46
5O

o.o2 (r+) 0.14 0.5 Q) 27 -o

LSD 5"þ cv

T

cvxT

o.47 *xx

O.0B *x'åÊ

0.26 tÊ

69.5 xx.x

12.5 xxx

75.1 r',

0.1 0 l+lçåË

0.01 xxx

NS



Table 6.4:
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Nurnber of plants p"" t2 i nunber of grains per plant
and weight per grain at naturity for several cereal genotypes

at lfangary in 1984, with (+) and without (-) foliar Mn

( experiment 6.1 ).

Cultivar

Aroona
BodaIIin
Egret
Bayonet
0lympic

Venus
Currency
C oorong

s.i,.

lleeah
GalIeon

Âvon

Plant
nunlber

Weight
per grain

m8

Number
of grains
per plant-)plants m -

+ + +

29.6
9.2

18.414.8

27
85
6B

40
56

,0.8
25.5
2A.B

25.9
17 .5
20.0

162.O 141 .B

125.a
178.6

25 .6 164.2

22.9 22.6

+1.+
72.6

14.5

19.6

64.8 7t .2

70.5
11 .1

11 .7

9
5
2

5
5

152.4
166.7
111.2
68.2
91.8

169.5
215.2
185.5

28,2
_ ¿¡t

21 .B

71 .5
70.o
,o_t

127 .g
219.6
180.1

14
72
26

59
10

7
5
9

t5
76
32

6

9
7

157.5
130.1

0
6

28
7
.t
.9

LSD 5% cv
T

cvxtr'

åÊ*tÈ

åç-x'tF

**-:ç

45.o
12.4
43.7
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Shoot dry weight, Mn concentration and Mn content after

55 days and grain yieJ-d at maturity for wheat (Aroona and

Bayonet) and barley (Galreon) at \{arooka in 1 984

(experinent 6.2).

Mn

rate
Shoot

dry weight

-2g¡n

Shoot

Mn conc.

Shoot

Mn content

-1

Grain

yield

-2gn_4
kg ha

-1lLs e #g Plant

18.+
22.O
28.6

o.66
o.97
1 .11

o.91
o.g2
1 .68

181.5
161.7
208.4

162,5
175.5
209.8

3O2.+
709.8
16+.1

23
38
27

o
9
5

1B
21

24

5.2
5.7
7.9

5
0
9

7
6
8

16.5
16.6
27.2

11.2
15.4
14.2

o
5
9

0
7
9

0
5
9

Sayonet

Aroona

G alleon 1

1

2
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There r+as considerabl-e variation in growth and graÍ.n yield between

replicate blocks, Pl-ots situated on the lowest part of the slope produced

the highest dry matter and grain yie1d. Even with the use of paired plots'
this factor increased replicate errors if randomly assigned plots for a

genotype favoured any particular slope.

6 .4.2 Experi-ment 6.2

Aroona and Bayonet wheat had simil-ar grain yields, wÍth and without

added Mn, aLthough Àroona had a higher shoot dry matter production at early
tiLlering (t"¡tu 6.5). Gafleon yielded al.most twice as either wheat

throughout the season. However, relative yields ¡,¡ithout aclded lvln r.lere

similar to those of wheat.

This site was ccnsj-derably less Mn-deficient than that at I{angary:

example, grain yield for Bayonet at Warooka approx. 10 times that at

Ìüangary. Although plant density was not assessed at naturity' it is
untikely that there r{'as significant plant mortality.

for

6.5 DISCUSSION

Relative yieldsi which reflected responses to foliar Mn, varied

significantly between genotypes (table 6.{), even though onJ-y one spray }ras

used. 0n1y I{eeah barle¡' and S.A. rye would be cfassified as agrononically

Mn-efficient, according tc the definition of Mn efficiency in ternts of
relative grain yield given by Graham et aL (tgA¡). Howevet, since Mn

analyses were not determined for plants of Mn sprayed plots' it is not

possible to say whether the all genotypes sprayed with foliar Ì{n we::e Mn

sufficient nearer niaturity and therefore whether yields with Mn spray

represent the true yield potential for each genotype.

The ranking of wheat genotypes for dry natter production, utifisation
efficiency ancl grain yield with and without Mn is in agreement wíth the

resufts obtained by R. D. Graham and associates in 19A2 (eata not sho'r¡n)

and 1 985 at llangary (Appendix 6.1-6.5) . Grain yield data fron these years
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only available on a per unit area basist
same

however, it is likelY that

d,egree since there was lessplant mortality occurrecl at least to the

rainfalJ- in the spring of 1985 than 1984

was

(Appendix 6.6).

AIl wheat cultivars were much more responsive to foliar IIn in 1 9BJ than

in experiment 6.1, most likely because two sprays ÍIere used in 1983'

Reuter et aI (lglla) demo¡strated the benefit of 2 sprays on the yield of

barley,andinparticulartheextrabenefitofthe2ndsprayatstem
extension, since this was the period of maximum LAI (Puckridee and Donal-d

ig6n. However, the degree of benefit accruing from more than one spray

is season and site clependent (Graham, pesonal communication) ' There may

also be a significant genotype x spraying time interaction owing to

differences in.maturity (and therefore time to attainment of naximum l'AI)

between cuftivars, but this was not investigated'

It appears that differences in the degree of lvln efficiency between

r¡heat cultivars may be smalfer under conditio¡s of more narginal soif Mn

deficiency, This contention is supported by comparison of data from the

two experiments described here as çe11 as data obtained from a cultivar

trial situated on a slightly I{n-deficient mallee sand near Karoonda' S'A'

in19B4(Appendix6.7).Forexanrple,AroonaandBayonethadsimilârshoot
growth, dry weight and grain yield and only 11iÌl-ewa (which showed

Mn-deficiency symptoms in mj-r1-season) naa consistently lower yields'

Differences between l,rheat, triticale and rye were much Iess pronouncecl than

at Wangary.

I t is apparent from data presented for biomass and grain yield that the

Mn efficiency of rye has been transferred to triticale' Even Coorong'

r¡hich was classed as agronomically I{n-inefficient by Graham et al (tgA¡)'

showed no plant mortal-ity. llhilst the yields for rye in these experiments

accord wefl wlth those of Graham et aI (ggZ), those for Coorong are

considerabl¡r lower. overall it is clear that triticafe and rye are much

better adapted to these soils than are wheat and oats, with barley of

intermediate adapta.tion. The most Mn-efficient wheat at Wangary had

relative grain yields without lln of only approx. 55% conpared wi'th approx'

95% tor bar1eY.
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Seeds fron the same source rÍere used, as far as possibJ-ei since results

from a 1 981 field experiment establ-ished that the degree of Mn efficiency

may be have been at l-east partly related to the seed source (and therefore

the Mn content) used. Seed ltn concentrations and contents for barley were

2-1 times lower than for the other cereafs, even though seed was obtained

from Urrbrae for all cultivars tested, except for 0lylapic wheat and S.A.

rye (Appendix 6.1 ) . The lower seed }in concentrations for barley may have

been associated with a snaller translocation of Mn to the seedi since (a)

similar differences have been found for other seecl sour""* (see Chapter 2)

anA (¡) seed weights for barley were similar to those of I'heat. The

number of seecls sohrn per n of row varied between genotypes: however, the

range of plant densities observed at H1 (appro". 'lOO-1!O plants m2) would

not have been expected to result in significant differences in inter-p1ant

conrpeti-tion (1ni"1te r 1971) .

It was fourid that Mn-inefficient genotypes exhibi-ted significant piant

mortalit¡' post-late tillering. Mid-season plant death on this chronically

Mn-deficient soil type has been reported previously (". e. for oats

(Puckridge 1 958) and barley (Graham et al 19Bt)), and has also been

observed on other lrÍn-deficient soils (Hoyt and liyovella 1974). This

cessabion of growth may have been due to a Mn cleficiency peï se or to some

other factor(s), such as rvater stress resulti-ug from a much reduced root

system. The root systems of even the Mn-efficient genotypes under Mn

sufficiency Ìrere concentrated in the first 1 O clo of darker grey sand so

that top soil drying could significantly affect I{n uptake.

The variability in yield and symptom development between replicate

blocks addecl an unclesirably large error component to the measurements.' The

increased growth on the fower slopes was probably due to a more favourable

supply of soil, Mr, resultj-ng from a higher soil noistur:e content or even

tempora-ry waterloggingj which would enhance reduction of MnO2 (piper 1941;

Uren 1 969). Unfortunately it was not possible to select a more uniform

site with the degree of Mn deficiency required.
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Dry matter prcduction and }ln status of plants at lI1 (00 ¿ays) did not

correlate well with yield at maturity except for oats which performed

poorJ-y throughout the season (cr. toures 6.1 and 6.5), This is probably

because nost of the luln in seedling plants was seed derived and therefore
did not reflect differences in }fn uptake. Cultivar differences in shoot

dry natter production míd-season (U1 ) *"t" more cfosely associated with
final grain yield This suggests that factors, such as maturity type,

noisture stress and/or disease resistancej operating later in the season,

may have had more influence in determining yield differences betrqeen

genotypes than those earlier in the season, unless these are more difficult
to detect.

As a matter of interest shoot Ca concentrations were determined for all
genotypes at H1, since it rsas thought that Ca toxicity might result fron
excessive uptake from this soil. However aJ-I genotypes had concentrations

of approx. liÁ, except for barley and rye which had approx.1.l%. This

result suggested that Ca toxicj-ty was not associated l¡ith l,ln inefficiency.

In the experiments described here and in other trials, Aroona l¡as

consistentJ-y rateû as Mn-efficient; 0xley, Bodallin and Egret as moderately

Mn-efficient; and Bayonet, 0lympic and Songlen as Mn-inefficient. Un1ike

the case for l4n-efficient barley cultivars which coul.d be related
geneticall-y to traditional English landraces (Graham et al- .19ú), there did

not appear to be a common parental type for the Mn-efficient and

Mn-inefficient wheats, although there appears to be some evidence that some

derivatives from Raven (incfuding Äroona) have greater Mn efficiency (¡""1.

Rathgen, personal communication). The difficufty in obtaining a consistent

relationship is probably due to the hexaploid background of wheat which nay

mask a si-mpJ-y heritable trait. There r+as also no apparent consistent
relat-lonship between naturity type and Mn efficiency, although Aroona was

early naturing and Mn efficient. The use of relative yield as an index of
Mn efficiency should have rninimi-sed the possible effect of maturity

differences. Neverthelss it was thought possible that si.nce late maturing
genotypes often have a rnore abundant root system (Pianthus 1969', O'Brien
1979), tney might have more opportunity for I{n uptake, and therefore be
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nole Mn-efficient, but this did not appeer to be the case'

Rye, triticale and barley were clearly more }ln-efficient than wheat and

oats but there were significant cuftivar differences' 0n the basis of

these experinents, factors associated with higher Mn effici"o"y (relative

grain yield per unit area) appear to be greater bionass production and a

higher uE at and after nid-season, low plant mortality later in the season

and more hj.gher weight grains per p1ant. Mn efficiency during early growth

in the field does not correlate well with Mn efficiency at maturity'

Generally, genotypic differences for Mn uptake assessed during seeollng

growth in pots (Cnapter 2) agreed well rrith those observecl for early growth

in the field. The poorer performance of rye seedlings in the pot studj-es

(chapter z) conpared r+ith their growth in the fiel-d may have been due to

the use of a less vigorous seed source in the former case'
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Manganese and boron deficiency. In Trace Elenents in
Min. Agric. Fish. Tech. BulI. No. 21. London. pp.
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Appendix 6.1: Seed dry weight, Mn concentration and content for genotypes

used in experiment 6.1 . Data are means and standarcl errors
of ) replicates of 1 O seeds each.

G enotype S ource Dry weight
--1mg seed

Mn concentration
-1Pcc

Mn content
.- 1

|8 seeo

Aroona
Bayonet
Bodal-1in
0 lynpic
Egret

l,leeah
Gall-eon

Venus
Currency
C oorong

S.A.

- Avon

(c) 28.5 (0.¡)

(") 71 .6 (t .t )

70 .7 (0., )

4e.e G.t)

1o.or )
(o.oo)

2.54 (o.zz)
1,16 1O.t:)
2 .56 (o.oz ¡

0.88 (o.or )

1 .59 (o.zo)

r)
")r)
b)
r)

(
(
(
(
(

3.t)(i.o)
(+.0)
(t .z)
(6.6)

44.5
47.7
41 .7
73.+
42.5

3.2)
(¡.0)
(z.t)

55 9
4
1
6
B

2
7

1
9
1

2.+9
2.55
2.91
7.57
1 .gB

(0.¡ )
(o.r )
3.+)
ß.t)
(o.e)

(t.z)
(0.+ )
(l .e)

(
(
(
(
(

5
U

o
o
o

.15

.07

.11
44
27

)
)
)
)
)

(")
(')

(")
(')
(a)

4e.5 (
41.e (

0.6 )
o.B )

5B
70

106
45

1 .00
o.69

(o.z )
(o.z)

20

52.
50.

tr

4654.7
59.6
51 .1

(a)
(¡)
(c)

Urrbrae, S.A. (

llagga, N. S.ll. (

Strathalbyn, S.

Mn-adequate site)
Mn-toxic site)
A. (Mn-adequate site)
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Appendix 6.2 : Colour and vigour score for genotypes in experiment 6.'l at

rdangary 19a4, for harvests 1 and 2 (ie' Ht and H2)'

G enotype Foliar *

Mn

Colour +

score

Vigour +

score

H1 H2 H1 H2

2.7
2.8

2.9
5.2
2.5
t.o

1.8
2.5
1.8
2.4

7.5
5.9
7.O
5.6
7.4
4.O

7.5
7.5
3.'
5.5
4.0
4.0

2.4
2.4
1.1
7.2

7.5
'5.5

4.0
4.0

2.1
2.6
2.9
3.3

7.O
7.o
4.0
4.0

3.O
7.O
3.5
5.5
2.5
2.5
2.'
2.5
7.O
7.O

2.7
7.O
2.5
2.4
2.2
2.7
2.O
2.4
2.O
2.5

7.o
7.o
7.o
7.o
t.o
7.o
2.5
2.5

7
6

9
5
6
1

7
7
2

1
1
4

+

+

+

+

+

+

+

+

+

+

+

+

Aroona

BodaIlin

Egret

Bayonet

0 lympic

V enus

C oorong

' Currency

Galleon

Weeah

S.A.

Avon

#
JIIt

t.o
7.O

5.O
5.O
3.O
t.o
4.0
4.0

1.9
4.2

7.5
7.5

2.5
2.5

4.0
4.1

5.5
3.5

0
1

1

2
1.7
2.9

3.O
7.O

* + and - represent pJ-ots designated for + and - foliar Mn applicai;ion at

harvest 1

+ visual ancl col-our assessûlent based on score value fron O'O to 5'O (5'O =

greenest and most vigorous)

# some Mn deficiency symptoms visible ín addition to chlorosis
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t83

Grain yield and harvest index for several wheat cuftivars
grohrn at Wangary in'l9Bf , witn (+) and without (-) fotir*
Mn (cal-culated from unpublished data of R. D. Graham).

Refative yieJ-ds (per cent of fotiar Mn treatment) are

given in brackets.

G enotype Grain yield
-2gn

Harvest index

+

A roone.
Purpì-e Straw
0xley
Egret
Bodallin
Halberd
Bayonet
Bindawarra
0 lympic

65.
41 .
61 .
42.

(
(
(
(
(
(
(
(
(

1

1

7
8
1

4
9
0
9

1e)
24)
30)
22)
21)
17)
12)
10)
06)

208
191
192
i11
122
161

1 6B
169

109 o.75

.5

.6

.4

.9

.4
o

.2

.6

.6

o.47
o.71
o.47
o.47
o.41
o.2g
o.2,
o.7+

O

0
o
o
0
0
0
0
0

+B
76
47
4B
48
45
42
48
42

41
19
14
16

6

Appendix 6.6: Mean tnonthly rainfall d.ata for l{anilla (near l{angary site)
and hrarooka (near Warooka site) for 'l 987 and. 1984.

Year Site Ralnfatl (mrn)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1981 Wanil-1a
ïüarooka

Wanilla
Iilarooka

441
117

5
4

5
11

5t 46 1r1
686 77

40
t7

46
27

65 64
7z

17
+1

19
12

187
81

176
6B

6+

152
104

15
20

1B

1B
147

46
277
19 26

1 984 42
11

75
1B

27
12
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shoot dry weights for several lyheat cuftivars grown at

Ìfangary rn 1983, wittr (+) and without (-) foliar Mn

(calculated frorn unpublished data of R. D. Grahan)'

Rel-ative yields (per cent of foliar Mn treatnent) are

given in brackets.

Cultivar Shoot dry weight (c *-2)

$Z days) (95 oays) (ts5 a*ys)
+ +

Aroona
Purple straw
0 xley
Egret
Bodal-1in
H alberd
Bayonet
Bindawarra
0lynpic

(
(
(
(
(
(
(

7
7
1

5
5
D

7
o
2

1

67.
67
t6
67
55
37

66
78
+4
43
54
74
7B
41
47

49
7B
42
28
28
26
¿o
22
17

8.9
9.5
8.7
8.5
o.3
7.4
6.6
7.6
4.6

(
(
(
(
(
(
(
(
(

6

5
5
B

7
B
0
9
7

)
)
)
)
)
)
)
)
)

75
49
96

1 48.2
177.2
151 .B
98.5
95.9
67 .1
60.2
47.7
19.7

+2
28
7O
2+
24
26

401 .
257.
2BB.
178.
262.

)
)
)
)
)
)
)
)

2

9
9
0
7
6

1

6
6

352
474
442
405

21
(l+
(07 )

LSD 5% cv
Mn

Appendix 6.4:

21 .7
3.1

Shoot Mn concentration and utilisation efficienct (Uf) for

several wheat cultivars at liangary Ln 1981, for plots

without fotj-ar Mn (calculated from unpnhlished data of

R. D. Graham).

96.5
27.1

Cultivar 55 daYs
Mn conç"

-l

9'
Mn co¡rc.

-l)s I

days
U.E

&
:1

Ì)s
EvI PeP88

-1

Aroona
Purple Strar¡
0 xley
E gret
Bodal-lin
H alberd
tsayonet
Bindal¡arra
0lympic

4.2
7.5
4.6
6.5
5.7
7.6
6.7
8.9
7.5

11 .6
14.7
9.6

11 .4
10.6
10.0
11 .2
10.1
11 .2

o.77
o "65
0.86
a.74
o "97
o.74
o.59
o.76
0.41

11 .81
5.11
9.25
4.45
8.41
7.51
4.13
2.57
2.70
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184

Shoot dry weight, Mn concentration and content at 7 weeks,

shoot Mn concentration at, 12 weeks and grain yields for
sone wheat and triticale cultivars and rye grown on a
slightly Mn-deficient soil near Karoondai S.A. in 1984.

Genotype I weeks 1 2 weeks 1 9 weeks

Grain yield
grÊ

Dry wt
-¡img plant '

Mn conc.
-1

Pee

Mn cont.
-1

7uB plant '

ün conc.
-1

)'e e

Aroona
Bayonet
MiIlewa

Venus
Currency
C oorong

S.A.

o.24
o.21
0.18

o.50
0.71
o.55

o.2B

1t.7
75.6
25.8

40.8
40,0
22.5

29.7

4.70

7.93
7.OB

12.22
12.60
8.15

8.45

10.4

7.5

7.9

11 .2
4.2
6.O

120
120

91

124
114
110

116



CHAPTER 7

EEFECT OF SEED MANGANESE CONTENT ON

AGRONOMIC IVIANGANESE EFtrICIENCY TN CEFTEALS
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7.1 SU}IHARY

Three field experiments have estabfished the irnportance of seed sourcet

particularly seed soaking, on dry matter production and grain yield of

wheat and barley culti-vars. Rye and triticale showed very little response

to seed }ln treatment. Even less }ln was recovered in field-grohrn plants

derj-ved from Mn-soaked seeds than in the pot studies. tr'oliar I{n was much

more effective when applied to plants derived from seed of higher I{n

content. Manganese-inefficient genotypes could be distinquished by their
greater response to seed soaking.

7.2 INTRODUCTION

One conclusion fron Chapter 6 was that seed of sinilar Mn content

should be used t*hen comparing cereal- genotypes for growth and grain yielcl

on Mn-deficient soil in order to avoid erroneous inferences regarding the

degree of agronomic Mn efficiency. This chapter describes three field
experiments designed to assess in more detail the effect of seed Mn content

(natural and artificialJ-y raised) on the performance of severaf cereals

under l{n deficiency. Experiment, 7.1 was designed to evafuate the effect
of seed l,[n content on the growth and grain yield of wheat, barley and

triticale. Experimeni '1.2 set out to deterrnine whether genotype ranking

for growth and grain yield under Mn deficiency would be al-tered with a

large increase in seed Mn content by seed soaking in I,lnSO4 prior to sowing.

Experimenf 7.1 was designed to compare the effect of seed Ìtn with soil i'In

application for wheat and barley.

7.' }IÀTERI^A,IS AIID METHO}S

7 .1.1 Expe::i-me-nt 7 .1

The experj-ment was conducted during 1984 at \rleLngary (see experiment

6.1, Chapter 6). The effect of three seed sources (seed from hlangary and

Urrbrae and seecl scalced i-n MnSO4) w""" evaluated in a rand.omised cornplete

bl-ock design, r¡ith and witirout fofiar Mn applied to split plots. Seed
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soaking uas accomplished by placing 5OO g lots of seed in 1 I of 0 '25 I'q

MnSO4.HrO for 6 h. Plot sizes, basal fertiliser and fofiar l4n appì-ication

and harvesting procedures w'ere the sane as for chapte:: 1.

7.1 .2 Experinent 7 .2

This exp,eriment }¡as also conducted at l{angafy during 1984. The

following genotypes were used: wheat (Aroona, Bayonet and Egret),

triticale (Venus and Coorong), barley (Weeah and Galleon) and rye (s.1.)'

Application of Mn to the seed Íias as per experiment 7.1.

7 .5.3 Experinent 7.1

The experinent was conducted at Warooka (see experirnent 6.2, Chapter 6)

during 1984. The experiment utilised a 24 factorial randornised complete

btock design, with 2 genotypes, 2 seed Mn contents (+ and - seed soaking in

O.25 IIMnSO4), 2 ttn fertil-iser treatnents (* and - 9 ke Mn ha-1 as the

'!trarooka' rnix) and 2 fofiar Mn treatments (+ and - a spray at 7 weeks afte::

sowing). Superphosphate (Zt O t<e ht1 ) was applied at sowing and foliar Cu

and Zn were applied to all- plots at 7 weeks'

7 "4 RESUI,IS .AND DISCUSSION

7 .4.1 Experj-ments 7 " 1 and 7.2

The three 1 984 field experiments described here have highliehted the

importance of seed Mn (naturaf and IIn-soaked) on plant growth throughout

the groging season. Tables 7.1 and'i.2 shol¡ results for experiment 7'1

from harvests at B weeks (early tillering) and maturity respectively'

Table 7.J shor+s data for grain yield from experiment 7.2. Data for colour

and vigour scores for experinent -/.1 is given in Á'ppendix 7.1. There was a

significant irnprovement in l-eaf colour with seed soaking in both

experiments, particula::ly a.t early tilleri-ne (i{1 ) for Galleon and Bayonet'

l,east growth r¡as made by plants clerived from seed harvested at ldangary"

Significant plant mortality l¡as observed for Bayonet (ex Wangary) at B
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weeks and severe mortality for Bayonet (ex Ì,rangary and llaite) and GalÌeon

(ex Wangary) at maturity. No significant plant mortality was observed for

Venus. There were no significant effects of seed IIn-soaking on grain yield

atlrlangaryinllBJprobablybecausethenaturalMncontentoftheseedused
was al-ready rel-atively high ( seeds used for the 1 9Bl experiment came from

Urrbrae; S.A.).

It is noteworthy that the shoot Mn content ab B weeks for plants

derived from Mn-soaked seeds was much lower here than after 5 weeks in the

controlled environment study (Tabte 7.1). This is probably due in part to

Iorrer soil temperatures in the field (less ttran lOoC) reducing the rate of

germinatj-on and. emergence, and consequently, increasing the duration of Mn

leaching from seecl and seedling roots. This hypothesis is favoured by some

data from a preliminary experinent, showing only approx. 15 % xetention of

Mn from soaked seeds in one week ol-d soil emerged seedl-ings, at lOoC and

l-ower (Appendix 7 ,2).

At maturity, highest grain yields were obtained for plants derived from

Ifn-soaked seed which had foliar Mn appliea (ta¡te 7.1), Thrs effect was

most evident for yi-eld of Bayonet and Ga-Lleon per m 2 o*i"g to the absence

of plant mortality. None of the treatments resulted in plant mor'tality for

Venus. It is not clear at this stage whether pÌant motality tqas due to a

lack of Mn per se or to some interacr;ing factor, such as reduced water

uptake resulting from reduced root activity. Observation of root systems

did not incticate significant pathogen activity'

Grain yields and harvest indices were extremely poor for experiment

7 .j. No Mn fertiliser was applied to ascertain the yíeId potential that

existed. Results from an adjacent experiment indicated that soil applied

Mn gave much higher grain yields than observed for any treatment used here

(n. l. Graham unpublished). However, even the one Mn foliar treatrnent used

here was clearly most effective on plants derived fron seeds of higher lvln

content, probably because these plants had a higher dry weight (and

therefore feaf area) at B weeks.
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Plant density, tiller number and shoot dry weíght' Mn

concentration and content for wheat, triticale and barley

fromJ seed sources after !6 days growth (experiment 7.1).

Table 7.1 :

Cultivar Seed

source

Plant
number

-2m

T iller
number

-tplant '

Shoot

dry wt
ng plant

Shoot

Mn conc
-1Pcc

Shoot

Mn cont

P8 Plant-l

Bayonet

Venus

G alfeon

llangary
Urrbrae
hrangary

(Mn- soated)

!langary
Urrbrae
'hIangary

(Mn-soaked)

Ïlangary
Urrbrae
Wangary

(Mn- soated)

106.4
122.2
162.O

30
B9
68

0.0
0.1
o.2

0.0
0.0
0.0

9.8
10.7
17.6

0.6
0.4
1.0

6
z
4

17.o
11 .0
11.1

11 .5
10.1
16.4

0.41
0.97
o.92

0.Bo
0.90
1.45

.+

.7

.5

122
95
39

27
57
o6

69.8
104.0
89.6

81 .8
86.0

100.8

o
1

1

80
07
54

4
1

'l
1

LSD 5% ss; gen å$ NS o.2

ss x gen 42., O.1

* ss = seed source, gen = genotype

15.7

26.6

1.8

7.2

o.'t8

o.51
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Table ?.2: Plant density, grain yield and harvest index for wheat'

triticale and barley from 7 seed sources at maturity grown

, vsith and without foliar Mn (experirient 7.1).

Cultivar Seed

source

tr'oliar
Mn

Plant
number

-2
m

Grain GraÍn

dry wt
-)glll-

Harvest

i-ndex

per cent
dry wt

-1g plant '

Bayonet

Venus

G alIeon

llangary

Urrbrae

lilangary
(Mn- soatce¿)

Wangary

Urrbrae

Wangary
(Mn-soate¿)

llangary

Urrbrae

+

+

+

+

+

+

+

+

6
20
58
52
9a
82

4
7
6

2
1

2

1

1

0.1
0.1
1.2
5.4
0.7

14.0

o2
oo
09
o4
o1
o6

0
o
0
0
o
o

B

7
o
6
8
0

0.8
5.O
5.8
1.4
6.4

66145 .O
159.O
149.2

65.O
105.5
151 .3
165.O
118.7
151 .1

o.36
o.43
o.44
o.93
o.47
o,94

0.19
0.61
o.47
o.75

65.
69.

141 .
81 .

155.

14
56
69
o2
54
97

o.29
o.52

0
0
B
B

4
8

B
2
2
0
4
6

2
B

0
6

9
6

27
28
25
12
29
72

50
38
21

19
14
19

154.6
188.6
170.6

Wangary
(Mn-soated) +

LSD 5% ss; gen- {Ê 21 .2

foliar 12.1

ss x gen x foliar 54.e
* ss = seed source, gen = genotype

o.17

0.06

o.17 27.7

1.4
7.6

NS

21 .5

8.6

.-ì
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Table ?.J: Number of plants p"t.2, grain yield and harvest index

at maturity for several cereal genotypes with (+) and without

(-) seed soaking in MnSO4 (experinent 7'2)'

Cultivar P1ant

number
_2

plants m -

Grain dry

weight
-1g plant '

Grain yield

-2gn

Harvest

index

+ ++ +

Aroona
Bayonet
Egret

Venus
C oorong

S.A.

Weeah
G aIIeon

172.7
116.2
113.2

1 78.0

166.3
1t4.1

o.22
0.00
0.06

o.49
o.22

1 "00
0.17

0.16
o.o2
0.06

o.57
0.41

0.86
o.27

29.5
0.0
4.1

27 "6
21.2
8.0

BO.B
68.6

174.5
19.2
71 .4

0
o
o

0
0

22
00
07

29
26

0
o
0

0
o

20
07
OB

29
70

199.1
170.6

175.9

159.9
57.5

152.4
167 .4

7
5

97
7'-!

1 .2O I .12 211 .O 235 .O O.27 O.27

.0

.9
143
50

159.9
9.1

o.4+
0.1 5

o.46
o.25

LSD 5% cv

seed

cv x seed

blocks

39.3 x*x

1 9.5 åÉ*{Ë

58,2 *

NS

0.1 7 ålrÊrÉ

NS

NS

tç

o.0g rçlçå.'

o.02 x'lçl&

NS

NS
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Tab1e ?.4: Number of grains per plant and weight per grain for barley

and triticale grown from J seed sources with (+) and without

(-) fofiar Mn (experirnent 7.1 ).

Genotype Seed source Number of grains Mean weight
per grain

ngplant-1

+ +

Galleon

Venus

Ìlangary
Waite
irrangary

(Mn-soatea)

15.1
31 .6
52.9

8.2
7.8

14 .9

9
2
9

1+ .7
16.7
20.5

75
,2
76

2
l
o

llangary
llaite
llangary

(Mn-soate¿)

Tab1e ?.5: Effect of seed Ìvln-soakin8; Mn fertiliser (Tert IIn) and

foliar un (¡'I Mn) on grai-n yierd p*t t2 of wheat

and barley (experiment 7.J).

11.7
25.6
25.8

9.6
17.5
17.7

29
5o
7o

5t.o
76.1
76.O

Genotype - Mn soaking

- Fert Mn + tr'ert Mn

' -FIMn+tr'I Mn-tr'LMn+F1 Mn

+ Iln soaking

- tr'ert l¡in + Fert Mn

-tr'1 Mn+tr'IMn-tr'l Mn+T1 Mn

Bayonet

Gal-Ieon

1+4

110

159

171

277

?81

279

299

195

174

201

146

279

265

531

144
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Ranking of genotypes for Mn efficiency l^/as not altered in experiment

7 .2, except for the positions of .A,roona and GaIIeon. This r¡as prirnarily

due to a large decrease in plant nortality for Gafleon with seed soaking'

The Mn inefficiencies of Galleon, Coorong, Bayonet and Egret are

highliehted by the fact that only these cultivars responded to seed soaking

(rrtt" 7 .1).

seed Mn content had a large effect on the number of grains produced per

plant but no effect on mean grain weight, whereas foliar I{n appì-ication

increased both grain number and graln wej-ght (ta¡te 7.4) ' Data are only

given for Gaffeon anC Venus because of insufficient grain production by

Bayonet.

7.4 .2 Exneriment 7.7

The effect of seed Mn-soaking and foliar I'In on grain yield was smafL

but signlficant (appro". 10-15 "l), whe¡eas large responses (approx' 50 %)

were found for Mn fertiliser addition (table 7.5). However, foliar anrl

soil l4n application to plants derived from }ln-soaked seed's resufted in

approx.15-2o"þmoregrainthantheirapplicationtopJ-antsderivedfron
unsoaked seeds. The rel.atively poor response to seed I{n-soaking resu}ted

from the refatively high Mn content of seed (ex waite) used he-e coupled

with the more narginally Mn-deficient nature of this soil.

7.5 CO}ICLUSIONS

Ilanganese-inefficient cuftivars could be distj-nguished by their greater

response to seed soaking. Responses to foliar l4n application in the fiel-d

should be improved by the use of seed soaked i-n Mnso4. Application of }ln

to the seed coufd lessen the dependence on soil Ìvln fertiliser application'

certainly farrners woufd be advised to iraport seed of barley and wheat from

Mn-sufficient or even Mn-toxic sites if they are corrsidering growíng these

crops on acutely l.[n-deficient sites without Mn fertiliser.
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Appendix 7.1: Colour and vigour scores and establishment count at H1

' f rom experirnent 7.1

G enotype tr'o1ia#
Mn

C olour+
score

Vigouri
SCOIE

Establishment
(r-1 s. e. )

S eed
s ource

0.5
2.O
1.+
1.6
1.5
4.1

.6

.4

.6

.4

.0

.8

24
24
23
24
2A

tt

1.0
1.0
1.O
3.O
3.'
7.5

2.2
2.O
0.4

24.2
2+.2
20.8
21 .4
26.2
26.6

2.5
2.5
4.O
4.0
4.O
4.0

3.o
5.O
4.0
4.O
4.0
4.O

1.1
1.8
1.5
1.5
1"4
o.9

Ïlan

Iüai

1¡lan

ÏIai

S

I¡fan

llai

1 .olilf#
1.o##/Í
2.5
2.5
3.O
t.o

+

+

+
S

wheat cv.
Bayonet

triticale cv.
Venus

barley cv.
G alleon

1.8
1.5
2"6

+

+

+

+

+

+

0
8
o
8
2
0

24
21

28
26
20
21

2.5
2.5
7.5
7.5
1.5
3.5

S

2.5#
2.5#
7.O
7.O
3.5
3.5

* + and - foliar Mn designates plots to receive a + and - Mn spray
application at the time of harvest 1

+ visual assessment score based on scale O,O to 5.0 (f.0.= mos'b green and
vigorous)
# some Mn deficiency symptoms in addition to generaf chlorosis
### sevete " rr rr rr
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Appendix J.!¡ Effect of soil temperature and Mn content of Bayonet wheat

- seeds soaked in manganous sulphate.

Â.n experiment was conducted to test the hypothesj-s that the

effectiveness of soaking seeds in manganous sulphate in order to promote

growth on Mn-deficient soil would be reduced in the field because of fow

soil temperatures. Low soiL temperatures would increase the degree of Mn

leaching from gerninating seeds as a result of slow germination and

energence.

Ten seeds, previously soaked in 250 otole rn-5 M'SO4.HrO for t h, were

germinated in 9 cm diam. glass petri dishes containing BO g of }ln-deficj-ent

sand made up to 25 % w/w noisture content. Six temperature treatments hlere

usecl, viz 6, g, 11 , 15r 1g and 25oC, by placing dishes into tenperature

controlled germination cabinets. Three dishes were all-ocated per

treatment. the experiment was terninated for each treatnent when at least

some of the germinated seeds had emerged.

The rate of germination and emergence was significantly increased at

Iower soil temperatures, whilst the per cent germination was not affected

(see table below). Seeds germinated at 11 and 15oC h"d the highést Mn

concentration and content, whils'. those germinated at higher and lower

temperatures had lower values. Even so, considerable quantities of Mn

(approx. 75 %) were lost at optimal tenperatures.

It is possible that at lower temperatures there is greater opportunity

for Mn leaching due to siower gerrnination as well as effects on membranes,

whilst at higher temperatures membrane effects predoninate.
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Tenperature Gernination

Percentage

Time to
gernination

days

Mn conc

-1
Pcc

Mn content

Jr8 seed-1oc

25
19
15
11

9
6

initial

75
77
BO

75
BO

70

t
4
5
6

9

7
1

291
274
414
457
277
278

14+5

10,1 0
1O.BB
16.05
17 .25
10.98
11 .52
60.40

TSD 5Í NS 156 5.24
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GENERAL CONCLUSIONS
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8.1 UKPERIMENTAI OVERVIIIW

The experirnents described in this thesis have attempted to (1 ) quantify

the degree of genotypic variation for Mn efficiency within wheat as weII as

between wheat, barley, triticale and rye, both during seedling growth and

at grain maturity and (2) evaluate possible mechanisms associated with Mn

efficiency between cereal genotypes. A Iong term objective of this

research was to develop a rapid screenin6¡ procedure for lln efficiency, with

particufar emphasis on wheat.

The najority of controlled environment experiments considered the

growth and Mn uptake of seedl-ng (4-5 week old) plants cultured in smarl

pots containing Mn-deficient soil. Soil cultures, rather than nutrient

soluti-on or sand cuftures, were used because the former encompassed the

possibility of chemical modification of the rhizosphere, as well as root

exploration, in determining root acquisition of Mn. Agar and filter papel

media were used to evaluate the possible importanee of rhizosphere

mecha.nisms (acidification and reduction) in differential Mn uptake between

barley an<i rye. Less effort was devoted to this aspect because of the

inability to select cultivars of wheat with significant dlfferences in Mn

uptake ability under soil Mn deficiency. seed lrln content was sholln to have

a great impact on apparent Mn efficiency'

tr'ietd experimentation was considered necessary in order both to rank

genotypes on the basis of grain yield prod,rction under l{n defici"ttcy (ie.

for agronol¡tic ì.In efficiency) and also to determine if plant factors later

in the growing season were more associated with Mn efficiency than those

during seedling growth.
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8.2 GET{ER.6.L CONCLUSIONS

8.2.1 Geno c variation for Mn effic aencv

In the pot studies, only barl-ey roots were able to accluire significant

anounts of Mn from the acutely Mn deficient soil used ín the pot

experiments, and there I\Iere nO wheat cuftivar differences. Therefore any

seedling screening technique for cultivar variation in }tn efficiency within

wheat, tritical-e and rye should consider a Iess severely Mn deficient soi-l

than is suitabl-e for barley. larger plant/soil- ratios than used here

should be used in order to avoid a pot bound root system, part of which

l¡ould not be participating in Mn uptake. The results obtained front the

screening of wheat-barley adC-,;ion l-i-nes suggested that l'fn-efficiency

characters could be transferred fron barley to wlteat, sinee relative growth

at l[no was significantly greater for some of the addition lines than for

wheat. However, mechani.sms for the higher Mn efficiencies were not clear.

In the field, rye and tritj-cale, as well as barley, were shown to be

more agronomicalfy Mn-efficient than wheat, but there were significant

cultivar differences. Ilowever, the former cereâls (except for barley) were

not more efficient for l'In uptake during fiefd seedli-ng establishment. Thus

it is apparent that resufts from pot tests are not consisten-üly applicable

to the fleld, and that therefore a simple screening procedure based on such

tests will be difficult to develop for cereals other than perhaps barley'

such a discrepency may reflect adaptation of cer:tain cultivars to l-ocal

cl-imatic conditions enabling then to produ,:e higher grain yields, a factor

superimposed upon tolerance to Mn deficiency per se'

8.2.2 Mech.anisms associated wi th Mn efficiencv

0ne factor strongly associated l¡ith apparent genotypic variation for

seedì-ing Mn efficj-ency was 'uhe Mn content of sorqn seeds" The impact of

seed IrIn luoulcl of course be expected to be more pronounced with an acute

deficiency of Ì{n in the substrate, which was the case with the calcareous

soil frorn 1^Iangary used in these experiments. Irrespective of its effect on

genotype ranking for Mn efficiency, knowledge of the seed Mn content is
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necessary in order to determine actual I{n uptake' Heritability of seed Mn

content could beco:ne an important issue if seed Mn content differences

between genotypes were sufficiently large to affect I'ln efficiency ranking'

The genotype with the higher seed l{n content coul-d have a distinct

advantage if the extra Mn available fron the seed resulted in better root

exploratÍon of the soil with consequent improved uptake.

The field experiments reportecl in chapter 6 also clearly showed that

genotype ranking for agronomic lvin efficiency was influenced by seed Mn

content. The experiments of Chapter ? also showed that I{n application to

the seed for sowing could Iessen farmer's dependence on soil Mn fertiliser

application. certaj-nly farmers would be advised to inport seed of barley

and wheat from I{n-sufficient -r' êvell Mn-toxic sites if the¡' are considering

growing these crops on acutefy }fn-deficient sites r'rithout lln fertiliser'

0ne interesting observation hras that agronomically Mn-efficient genotypes

could be distinquished by their greater response to seed' soaking in ltln-SO4 '

- The extent of the seedling lateral root system was strongly associated

with .the greater IIn acquisition of barley compared with other cereals

(Chapter Z) and Bodaflin vs Bayonet wheat (Cnapter 4). ft would seem

prurlerrt to evaluate genot¡rpic variation for root physical dimensions under

Mn deficiency and sufficiency in greater detail (eg. first, second etc'

order late::als from seminal and nodal ro<¡ts and root hairs) in order to

determine if causal relationships exist between these paramaters and l{tl

uptake from Mn-deficient soil.

The experiments outlined in chapter 5 did not suggest that chemical

modlfication (acidificatíon and reduction) of the rhizosphere was

significantly related to the higher Mn seedling Mn efficiency of wheat

cornpared with wheat. Such modification has been shown to be inportant in

the Îe efficiency of dicots. Howeveri it is suggested that quantitati've

data for chemical modification a::e now required before definitive

statements can be nade as its inportance in genotype varia'tion for I'In

efficiency. Rhizosphere chemis'bry rnight be expected to play a more

irnportant r:oIe in non-calcareous neutral--alkaline soil's (Uren 1969)'
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Differences between wheat cultivars for the activity of photosystem rI 
'

as measurert by room ternperature chl-orophyll a fluorescence kinetics, under

Mn deficiency, were smal] (Chapter 4), suggesting that differences in

growth reduction between wheat cuftivars might have resufted fron

differences in the activity of other physiological proc""""" ("g' nitrate

assimilation) or internal distribution/redistribution of Mn (at the tissue

and celfular level). Certainly differences in Mn utilisatíon efficiencies

were shown to exist for these cuftivars'

Iron the field experinents reported in Chapter 6, it is concluded that

cultivars with high agronomi-c uin efficiency have 1ow plant mortality

rnid-season as well as high grain yields per plant' Differences in I{n

uptalce and lln utiLisation aftcr mid-tillering also appeaT to be associated

with Mn efficiency for some genotypes (eg Aroona wheat, S.A. rye in Chapter

6).

8.7 FITTURE RESEAX.CH

The major screening effort of this thesis centred around wheat'

Considerably more r¡heat cultivars (including, for example, cultivars of

Triticum aestlvum from overseas and several T. durum cultivars) coul-d

profitably be screened for tolerance to Mn deficiency at the seedling

stage. A milder level of lln-deficienclr siress than that used in the

experirrents reported in this thesis should be used so that Mn uptake

(rather than seed Mn) will be the deterrninant of l'1n efflciency'

Solution culture experiments should be conducted if it is intended to

deternine genotypic differences in Mn uptake from known extel'nal Mn

concentrations; uptake kinetic parameter" ("g. Km and Vmax) could also be

determined (su" for example Landi and Fagioli 19Bl). Hot^rever, since the

importance of root growth and root morpholoS:y as wefl as rhizosphere

effects cannot be adequately evaluated in agitated so1¡tion cultures, it

would seern nece;lsary to devote consj-derable effort to the sefection of a

suitable soj-i wj-th reproclucible and l-ow Mn availabj-1ity.
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If the aim of the screening is to consider Mn efficiency per se it
would be more expedient to screen a wide range of both adapted and

non-adapted genotypes at the seedling stage. the inclusion of re.Lated

grass species (eg. Elytieia) and perhaps wheat-Eltrigia crosses coufd

provi<le potentially more toferant material (cf. their use by Storey et aL

(tg8l) in salt tol-erance studies). The limited range studied did not

suggest any significant variability in the ability to absorb Mn from very

deficient subtrates. Thus in this sense a successful screening procedure

was not forthcoming. However, if a non-adapted wheat cultivar was

identified with superior }tn uptake ability this character could be

incorporated into an adapted cultivar and both pot and field tests

conducted to determine its effect on l,ln efficiency of the l-atter cultivar.
¡'uture screening should incorporate fiel-d triafs for the reasons outlined

in Chapter 6 and section 8.2.

The results of this thesis infer that pot tests for screening wheat

cultivars wilt only refate to field perforrnance if slmilar seed sources are

used and a less severe Mn deficient soil used than is suitable for barley.

I t would still appear necessary to analyse plants for Mn content to

cal-culate the amount of Mn uptake and the degree of Mn utilisatj on,

although only shoots or perhaps youngest expanded blades woufd be

sufficient for ranking purposes. The use of relative dry weight as the

index of }ln efficiency still requires at least one (or better two) soil
applied (or foljar âpplie¿) ¡ln treatments to provide a control rvith ¡naxinum

yieId. Ideally the most inefficient genot¡rpe should yi-eld approximately

the same as the inefficient one under normal cotrditions.

Although most emphasis should be given Lo Mn uptake it would seen to

also study the extent of genotypic differences in the utilisation of Mn in
more detail. Efficiency of utilisation has been stressed by Saric (tggZ).

In order to rnake more rapid progress in breeding for l¡In efficj-enc;r for
a given cereal, the heritability (and the genetic mechanism) fo" Mn uptake

should be <leterrrinecl" One way that this can be achieved would bc to screen

the F1 and tr'2 progeny of a cross between an efficient and ineffÍcient
cultivar, bea.r:ing in mind the points mentioned above. Such a study was
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attempted by the author using Bayonet and Red tr'ife wheat but the results

are not included because of difficulties in dicriminating between seed and

soil obtained Mn for individual plants. Remova] of a large part of the

seed endosperrû (to lore* the Mn content) rvas unsatisfactory because this

requlted in marked dwarfing of plants
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