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Experinments were conducted w th sorghum [ Sorghum bicol or (L.)

Mbench] to a) deternine optimumconditions to screen for differentia
responses of genotypes to Fe deficiency in nutrient solutions, b) com
pare responses of nutrient solution-grown plants to soil-grow plants,
and c) determne sone of the physiol ogical and chemcal properties of
genot ypes considered to be both tolerant and susceptible to Fe defici-
encies. Pants were grown in nutrient solutions and soils under grow h
chanber and greenhouse conditions. Iron deficiencies were inposed on
the plants by 1) adding varied amounts of Fe, 2) adding hi gher than
normal Levels of P, 3) adding high | evels of Ca0XB, A using different
sources of N and 5) using low Fe soils. Paranmeters used to measure
sone aspects of differential responses of the genotypes to Fe and the
physi ol ogi cal and chem cal properties were the degree Fe defici ency
synptons in the upper |eaves, dry-matter yields, dry-natter produced/
unit Fe, Fe concentrations and contents, top/root dry-natter and Fe
ratios distribution of Fe anong upper and | ower | eaves, pH changes in
nutrient solutions, 'reductant' (phenolic conpounds) rel eased by roots
innutrient solutions, |eaf surface areas and plant heights, |eaf chloro-
phyl | concentrations, and concentrations of P, K Ca, My, S, M, Qu, and

Zn and their possible interaction with Fe in |eaves and roots.



In nutrient solution screening, plants grown with higher than
normal P and with NO-3as the sole source of N became Fe deficient more
rapidly ad gave wider differential responses to Fe deficiency than
other treatments used to induce Fe deficiency. Extensive differences
and intensity of Fe deficiency symptoms appeared in plants treated at 7
and 10 days of age but not in 14-day-old plants. Of the 46 U.S. and 10
Nigerian genotypes screened for differential Fe deficiency, SC 118-15E,
Martin, Redlan, CK 60, TAM 428, SC 369-3-1JB, SC 500-6-1, SC 134, TX 415,
TX 07, SC 29, and KS 57 (U.S.), and C 74, FFB-L, and HP 3 (Nigerian)
were more 'Fe-inefficient or susceptible to Fe deficiency, and SC 33-9-8
-E4, Norghum, KS 5, Plainsman, a North Platte line, TX 412, SD 106, and
SC 149 (U.S.), and KAND L-I, and RZ 1 (Nigerian) were more 'Fe-effici-
ent' or tolerant to Fe deficiency. Most likely because of higher Mn and
Cu in soils, genotypes grown on low Fe soils did not generally rank the
same in Fe deficiency symptoms as they did when grown in nutrient

solutions.

Selected genotypes which showed relatively wide differential Fe
deficiency responses were used to study additional physiological and
chemical, properties associated with Fe deficiency. The genotypes dif-
fered in the degree of Fe deficiency symptoms, dry-matter yields, Fe
concentrations and contents, dry-matter produced/unit Fe, distribution
of Fe, chlorophyll concentrations, leaf areas, plant heights, other ele-
ment (especially Mn and Cu) concentrations, and 'reductant’ released.
Differences in nutrient solution pH did not distinguish differences in
genotype response to Fe. SC 33-9-8-E4 ('Fe-efficient') had lower Mn and
Mn/Fe ratios than SC 118-15E ('Fe-inefficient'). Iron concentration in

Fe deficient tissue was not necessarily lower than in green tissue.
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chemic

is one

INTRODUCTION

Twe supply, absorption, movement, and use of chemical compounds

for growth and metabolism may be defined as nutrition, and the

51 compounds required by an organism are termed nutrients. Iron

of 19 nutrient elements essential for the growth and development

of highey plants. The essentiality of Fe for higher plants was estab-

lished
chloro

known

functi
vital.
doxin

synthe

ut 140 years ago when Gris (1844) noted that low Fe caused a
I in the leaves of vine and that specific cell inclusions now
chloroplasts became abnormal in color and shape.
the plant, Fe is a constituent of cytochrome a, b, and their
o1 in the electron transport chain reactions of metabelism is
Iron is also a constituent of non-haem proteins such as ferre-
which participates in the electron transport processes of photo-

s1s nitrite reduction, sulfate reduction, and N, assimilation.

2

Besldegs |photosynthetic processes, non-haem iron proteins are alsc asso-

ciated

genaseg

ith N2 fixing and anaerobic bacteria reactions and in the hydro-
ystems.,

[ron has also been found to be involved in the oxidation step

from doproporphyrinogen to photoporphyrinogen in chlorophyll synthesis

{Browr
protei

cell d

gt al., 1980). Iron has been given a possible involvement in
n| metabolism., Iron is also involved in nucleic acid metabolism,

ijision, and chromosome structure. Recent evidence suggests that

high ampunts of Fe are located in leaf chleoroplasts and plastids as

phyto]

'erritin (Seckbach, 1968, 1972).




fF'rom the above information on the importance of iron in plants,

this nutgpient element plays a significant role in the growth and meta-

bolic pr¢cesses of plants.

rghum {Sorghum bicolor (L.) Moench] is one of the most impor-

tant CT als grown for food in many developing countries (especially in
Africa| Where it originated) and is also the third most widely grown

cereal the United States. Sorghum is grown to some extent in nearly
all courjtries of the world, except those in the cool northwestern part

of Burpge. According to a 1975 Crop Census, the countries producing the

most sogghum were the United States, India, Nigeria, Argentina, Mexico,
and S:E In the U.S., the leading states in grain sorghum production
are Tex#s, Kansas, Nebraska, Missouri, and Oklahoma (Agric. Stat., 1977).
rghum is well known for its susceptibility to Fe deficiency
comparefl to other plant species (Brown and Jones, 1973, 1976, 1977).

The s¢ s where large amounts of sorghum are grown are often calcareous
and high in pH, and the sorghum usually develops some degree of Fe chlo-
rosis|/ yhich limits productivity. These soils contain high amounts of
Fe, bhf the Fe is not available for plant use. This is because the Fe

3+)

in callgareous or alkaline soils is usually in the inactive ferric (Fe
form. [This form of Fe must be converted to the ferrous lFe2+] form be~
fore [if becomes available for plant use (Chaney et al., 1972).

Since sorghum is the third most widely grown cereal in the U.S.

and # fourth most widely grown cereal in the world, the need to iden-
tify rghum genotypes that have greater ability to cope with Fe defici-

enci% becomes a matter of urgency.
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With this urgency in mind, a series of experiments were conducted
in nutrnient solutions and in secils to provide information on this sub-
ject. |The research was conducted with the fellowing objectives in mind:
1l To develop a rapid and relatively simple method for

growing large numbers of plants in nutrient splutions

to determine Fe efficiency;

4. To screen sorghum genotypes for Fe efficiency using

this method; _

3. To correlate genotype responses fo Fe in nutrient

goluticons to those in scil; and

4. To determine the effect of varied levels of Fe on

certain physiological and chemical properties of

'Fe-efficient' and '"Fe-inefficient' sorghum genotypes.

e e S




LITERATURE REVIEW

CHlorosis 1s a general term which denotes leaf yellowing and a
" lack of|ghlerophyll in leaves., This condition is related to a large
" number ¢of] abnormalities or maladies. Iron chlorosis refers to the leaf

yellowihd that can be overcome by providing sufficient iron to plants.

" As such) [these plants are said to be iron deficient.

[ion deficient plants can be found on both acid and alkaline

50ils ip|some plant species. Iron deficlency is more prevalent in plants

- grown op|calcarecus and alkaline soils where Fe is easily converted and

maintaihéd in unavailable forms (ferric compounds).

Many factors affect Fe availability or balance. Such factors as
bicarbdngte concentration, pH, macro- and micro-nuirient imbalances,
level df|s0il organic matter, oxygen tension, and extreme moisture
regimes have been associated with the severity of Fe deficiencies.
Plants jalso have different capacities to make Fe available from the
s0il.
Genotypes of the same plant species when grown under Fe stress
conditiops differ in their susceptibility to Fe chlorcsis. In some Fe
uptake sLudies with PI-54619-5-1 soybeans {CGlycine max L. Merr.), Thatcher

Spring [wheat (Triticum aestivum L.}, Minnesota No., 800 hybrid corn iZea

mays (L.)1, and Hawkeye soybean, only PI-54619-5-1 soybean failed to ad-
sorb shflfficient Fe from the calcareous Millville (pH 7.8, coarse silty,
Typic Psgfrochrept) soil to maintain growth. This led Brown et al. (1959)
to congljude that the availability to plants of any Fe supply in the growth

medium; iIs dependent upon both the plant species and the growth medium,




Availablility of Fe is directly dependent upon the solubility of the Fe
compound |applied, and this is dependent on soil pH. Lindsay (1974)
estimated that in order for mass flow to transport sufficient Fe to the
roots, the total solubility of Fe would have to be at least 10"6 M.

This sollyble inorganic Fe level is only achieved at pH 3. By raising
the pH td just over 4, only 1% of the Fe demand would be met, At normal
soil pH values (pH 5 to T), Fe levels would be far below those required
by plants. This would also be the case if the amount of diffused Fe is
considered. It appears, therefore, that for plants growing in soil, the
formationg of soluble organic complexes (mainly chelates) will be impor-
tant in| $he Fe supply. These compounds may originate from root exu-
dates, is¢il organic matter, metabolic products of microorganisms, or as
Fe chelgie fertilizers added to the soil. Soluble Fe organic complexes
are kn to occur in soils. For example, Webley and Duff (1965) showed
that a-ke¢togluconic acid excreted from the rhizosphere solubilized Fe
which 1d then be taken up by plants. The significance of root exu-
dates in|the availability of Fe had been demonstrated by Raju and
Marschneg (1972). These workers observed a release of riboflavin from

the root$ of sunflower plants growing in culture solution under Fe defi-

ciency.
the soluf
in solut]
flavin
availabi)

suscept:

m¢bilized precipitated Fe by reducing it to Fe

ibility to Fe deficiency.

Conditions followed by the precipitation of Fe3+—phosphate in

Lionn. The release of riboflavin was accompanied by a decrease

lon pH. The decrease in pH and the reducing effect of ribo-

2+

Thus, Fe

ity was improved and the plants became green again.

A$ mentioned earlier, crop cultivars differ considerably in their

For example, in soybeans, the cultivar
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e| (HA) is 'Fe-efficient' (i.e., capable of inducing some biochemical

oLs to make Fe more available under Fe stress conditions), and PI-

5 (P1) is 'Fe-inefficient' (not capable of inducing biochemical

opd to make Fe more available under Fe stress conditions). Simi-
'He efficient' and 'Fe-inefficient' cultivars of corn (Brown, 1967;

and Brown, 1974), tomatoes (Lycopersicum esculentum) (Brown et al.,

frapes (Vitis vinifera) (Sarlio, 1969}, oat [Avena sativa (L.)}]

o| $979; MacDaniel and Dunphy, 1978), peanut (Arachis hypogea) (Hart-

o El., 1974), sorghum [Sorghum bicolor (L.) Moench] (Mikesell et
)

g , pineapple [Ananas comosus (L.) Merr.] (Sideris and Young,

ahd many other horticultural plants (Wallace and Lunt, 1960) have

dentified. A tree species Eucalyptus vinimalis was also reported

-inefficient' (Ladiges, 1977). By reciprocal grafting between

and inefficient cultivars of soybeans, Brown (1961) showed that
s were responsible for differences in Fe efficiency. It has

established that 'Fe-efficient' plants can respond or adapt to

Fe deflidiency by increasing the efficiency of Fe utilization. This is

achiev

to Fe

nutri

trolle

utiliz

q by enhancing the solubility and the rate of reduction of Fe3+

by compounds ('reductants') such as riboflavin or phenols in the
1 medium and by increasing citrate in the roots,

[ron efficiency factors have been reported to be genetically con-
id] In soybeans, Weiss (1943) reported that differences in iron

ation of certain new introductions of soybeans were conditioned by

a si

1p dominant gene. Thus, the inefficiency factor was governed by a

recessife gene. Performance of Fl plants from crosses between efficient

and i

cient

Gorsl

e[ficient cultivars indicated complete dominance of the Fe (effi-

llele over the Fe (inefficient) allele. However, in corn,

e et al. (1963) observed additive gene actions for ear, leaf, and
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grain conce¢ntrations for not only Fe, but also for P, K, Mg, Ca, Zn, Mn,
and Al, |These same workers also reported that the concentrations of Ca,
Sr, Mg, i K were heritable.

Plaht species also differ in the concentration of Fe required in
the growtt medium for growth processes and chlorophyll synthesis. In a

study to cetermine'?U?requirements of some plant species, Christ (1974)

grew foulr |monocotyledonous plant species (ocat, wheat, rice, and corn)

and th dicotyledonous species (tomato, cucumber, and soybean) in

nutrient lutions. He found that the monocotyledonous plants required
a substantially higher Fe concentration in the growth medium to attain
maximum wth than did the dicotyledonous plants. Analyses showed that

the monpdotyledonous species were less efficient in Fe uptake. When the

results| dbtained by using chelated forms of Fe were compared with re-

sults uFing inorganic forms of Fe, he showed that the inefficient spe-

cies we equally inefficient in utilizing Fe3+. However, when Fe2+ was

used, fhp differences between the 'Fe-efficient' and the 'Fe-inefficient'

plants |dfisappeared. This confirmed the results of Ambler et al. (1971),

Brown [1972), and Brown et al. (1961), who postulated that Fe3+

2

is re-
duced td Fe“* before uptake of chelated Fe occurs in plant roots.
Christ| §1974) also reported that the efficiency of Fe uptake depended on

the eflffjciency of the root system of a particular plant species to
2+

reduc Pe3+ to Fe The removal of Fe from the chelate complex after
reductlipn seemed to present nc difficulties in various plant species.

Melsted et al. (1969) reported critical concentrations of Fe to be 25.0,

30.0, .0, and 30.0 mg/g in corn, soybeans, wheat, and alfalfa, respec-

tively.




Even though Fe may be supplied to plant roots as F32+, Fe3+. or

as Fe—chLlﬁtes, absorption appears to be dependent on the ability of the

roots to| nfeduce FeB* to Fe2+ (Brown et al.,, 1961; Ambler et al., 1970;

Aved, 197d). According to Chaney et al, (1972), the reduction of Fe>*

2+

to Fe”  [ig essential (obligatory) before Fe can be absorbed, and they

suggesteL that F93+

reduction at the outer plasmalemma is mediated by a
source df|electrons within the cell via cytochrome or flavin compounds.
Bréwn and Ambler (1974) and Ambler et al. (1970) reported that Fe

reductign] sites in tomato and soybean were predominantly in young

lateral [rpots and between the region of root elongation and maturation

in the mary root. The Fe moved through the protoxylem into the meta-
xylem of primary roots and then to the top of the plant as Fe-citrate
(Brown Ambler, 1974). Tiffin (1972) alsc observed that the major
form of ﬁe translocated in soybean was Fe3+—c1trate. Rate of Fe uptake
seems tp |be restricted to a narrow zone in the roots of barley (about
1-4 cm fpom the root tip).

Dliver and Barber (1966) reported that Fe diffusion in soils was
the moﬁt important mechanism in which soybean roots were supplied Fe.

When Fe~¢helates were supplied te plant roots at the normally low Fe

levels quired by plants, a separation between Fe and chelate occurs
prior tio| Fe absorption (Tiffin and Brown, 1961). However, at high
levels Fe-chelate, Jeffreys and Wallace (1968) were able to detect
appreciaple amounts of Fe-chelate in plant leaves. Evidence is suffi-
cient tq support the concept of active Fe uptake (Moore, 1972). Tiffin
(1966) |nfoted Fe concentrations in sunflower and soybean stem exudates t‘;o

be 30 ;ﬂmes greater than those in ambient solutions.
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uptake of Fe is influenced markedly by other cations. Thus,

on of plants is most frequently disturbed in plants growing on

e

soils. Chlorotic plants growing under these conditions are

g¢rred to as having lime-induced chlorosis. The chlorosis may

3
that HCO; raises the pH of the plant tissues and decreases the -
24

levels in the so0il soluticen. It may be

of Fe3+ to Fe Calcium may also compete with Fe2+ for the
ng sites to reduce the availability of Fe,

ant apecies show différences.in their susceptibility ko Fe

y chiorosis on calcarecus soils., Iron deficiency is most c&m-.
erved in calcifuge species such as blueberry, cranberry, and
Among the important commercial crops affected by Fe deficiency
8, deciducus fruit trees, soybean, sorghum, ornamental shrubs,
and vines. Iron deficiency chlorosis has also peen found in

r commercially important crop plants.

ghar and Zipon (1978} suggested that high Ca concentrations near

surface constituted a chemical barrier for the movement of Fe-

3+

Singh and Sinha {(1977) reported that Fe™ was

2+

rd roots.

isplaced in a calcareous soil by Ca~ and Mg2+. According to
(1968), high quantities of Ca in the s0il sclution or in the

Calcium has

bried to interfere with Fe absorption and translocation by grain

in the presence of P in calcareous soils of Texas (Onken and

In a low Fe soil, Salardini and Murphy (1975} reported

that F Happlications lowered Ca, Mg, Zn, and Mn concentrations in the

plant.
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nqther macronutrient element that seriously interferes with Fe

h|in plants is P which is taken up as an anion. In blueberry,
1960) noted that soluble Fe in a nutrient solution as acid as

severely decreased by an increase in the soluble P. This was

if the presence of excess P, Fe was precipitated as insoluble

Fe3+-phca hate. In bushbeans, Wallace et al. (1978) reported that high

P decreﬂs d Fe transport to the leaves both at high and low pH values.

Brown ef;
tivars f

soils.

been re# ted to accentuate Fe2+ oxidation to Fe

1980).

found thdt by increasing the P level at an Fe concentration of 4 x 10~

1. (1977) and Brown and Jones (1975) showed that sorghum cul-
t were '"P-efficient' were also 'Fe-inefficient' when grown in
osphate competes with the plant for Fe. Phosphate has also

" (Brown and Olsen,

sing corn and pinto beans as test crops, Watanabe et al. (1965)
5

M, the yields increased initially and then decreased because of P-

induced

e deficiency. The deficiency was not associated with changes

in Fe cprjcentration but was related to higher P concentrations in the

tissue.

The Fe deficiencies appeared when P/Fe ratios were greater than

60. D &ck (1955) emphasized P/Fe ratios in plants as useful indices of

the pl
‘activq‘
mobility

found th

t status for Fe, P/Fe ratios have alsc been used to define
Fe (DeKock et al., 1979). Excess P also interferes with the

and functioning of Fe in plants (Ayed, 1970). Biddulph (1951)

t bean plants grown in a nutrient solution at pH 4.0 were green

sl
when Kﬁ 04 was added at 107 M. However, when the pH of the solutions

was ing
became| d

the root

ased to 7.0 with the addition of KHEPOQ at 10-3 M, the plants

hlorotic and Fe was precipitated on the surface of and within

s. In studies with cowpeas [Vigna unguiculata (L.) Walp.],
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Kashirad|gt al. (1978) reported maximum growth and highest grain yields
when pla*ﬂs were supplied 50-100 ug/g P with 20 pg/g Fe in soils. Brown

et al. (1959) used a split-medium technique to demonstrate phosphate-

induced ﬂlficiency in soybeans. Ajakaiye (1979) found that high P con-
centratipg in the growth medium inhibited Fe absorption and transloca-

tion in b¢th millet (Pennisetum typhoides) and sorghum. Millet was more

tolerant] ¢f P-induced Fe deficiency than sorghum. For soybeans grown at
an acid [pH and with P at 0.001 N, precipitation of Fe in roots occurred,

while 0JO0P5 N P only inhibited the uptake of chelated Fe. High pH, high
3+

phosphate], and good aeration favor the oxidation of Fe2+ to Fe
3+

and pre-

cipitation of Fe™ salts. The precipitation of Fe3+-phosphates may not

only tak place in the nutrient medium but also in the conducting tis-

sues of| fhe plant (Rediske and Biddulph, 1953).

3
by NH: nytrition (Sideris and Young, 1956). This can probably be ex-

[fon uptake is depressed by NO_, nutrition, whereas it is enhanced

plained #y the differences in pH at the plant root surfaces exerted by
the twd forms of N. When nitrates are assimilated (reduced) by plants

or microprganisms, one OH  is produced for every NOS reduced. A porticn

of the |0~ may be released into the root medium to increase the pH value

(Kirkby Bnd Mengel, 1967). For NHZ, the reverse occurs. The incorpora-

+

4
around|the roots. The increased H' increases the availability of Fe.

Jome reports indicate that cations such as Na+, K+. Mge+

tion of NH' results in the release of H' to lower the pH of the medium

, and

ca®* stimulate Fe uptake. Oertli and Opoku (1974) reported a stimula-

2+ 2+

tory aL‘i'ect. of K*, Na*, Mg“", and Ca“* on the uptake of Fe by 1l-day old

corn pl*nta. Using FeEDDHA [Fe-ethylenediamine di(c-hydroxyphenaylacetate)]




as the s
of K>Na>

PR -,
SOQ >Cl 3
the absor

12
rce of Fe, the stimulation of Fe uptake followed the sequence

>Ca. Anions also stimulated Fe uptake in the following order

5. The stimulation was greater as the pH decreased during
ion period,

Iron deficiency chlorosis may also occur because of high leyels

of heavy|metals in the s0il. A well known example of this is the effect

of mangangse. High Mn/Fe ratios in the nutrient medium gave rise to Fe

deficiency symptoms. The Mn effect did not appear to relate to uptake

but to a disturbance in the Fe enzyme activities. The mechanism of this

disturbande is not clear. It has been proposed that Mn may compete for

binding

(Oryza sal

jtes on the enzymes which are normally occupied by Fe. In rice

of 15-25 ls necessary for normal plant growth. Agarwala et al. (1964)

grew barley (Hordeum vulgare L. var K 12) at three levels of Mn and six

levels af

Fe in nutrient solutions, They reported wide Fe/Mn ratios for

apparentl
upon the
of plant

mined t

normal growth and maximum yields of plants. Yields depended

ctual levels of iron and manganese than on Fe/Mn ratios. Yields

increased with increased Fe supplies. Manganese supplies deter-

magnitude of the yield increase and the range of Fe supply in

which yldlds increased. 1In Fe deficient Hawkeye soybeans, Lingle et al.

(1963) sHowed that Mn effectively reduced Fe uptake and transport when

its concdntration in the nutrient solution exceeded 2 x 10'6 M or at

concantnﬂtions approximately equimolar with Fe. At lower Mn concentra-

tions, M

Mn appegned to oxidize Fe
:[:

al’ {l

stimulated Fe uptake. Somers and Shive (1942) indicated that

€% to the more insoluble Fe>* form. Dokiya et

) suggested that physiologically active Fe is rendered inactive

liva L.), Tanaka and Navasero (1966) reported that an Fe/Mn ratio
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by high Mo concentrations. In an aerobic culture experiment with rice

plants,

location

and Mn

1

!dn der Vorm et al. (1979) reported an inhibition of Fe trans-
dy excessive Mn uptake at a high pH. A combination of high P

gyels in nutrient solutions reduced the translocation of Fe in

rice rooLa to the shoots.

in planti
depressd

accumul

APTther micronutrient element that influences the nutrition of Fe

s|is Mo. Berry and Reisenauer (1967) found that Fe uptake was

dlat both low and high levels of Mo. They observed maximal Fe

also 1i

leaf ti

H20 by

phase of

creased

tion at marginally adequate levels of Mo. Molybdenum starvation
Led the translocation of Fe from the veinal to the interveinal
ies. High Mo levels decreased the solubilization of F8203 x
uction with hydroquinone. Since reduction is an important

e absorption by plants, high Mo could account for the de-

bsorpticn of Fe. In a study designed to determine the effects

of diffLwent levels of Mo, Fe, and Mn on the growth and nutrition of

tomato

interact]

yields

Fe coun

of addjd

increa

plants
above
ductio

tion o

p

e

9

Jants, Kirsch et al. (1960) reported a three-way Fe x Mn x Mo

lon. At the lower Fe levels, added Mo decreased yields while

ere increased by the addition of Mo at higher Fe rates. Added
b

racted the yield-depressing effect of added Mn, but the amount
Fe required to attain maximum yield increased as the Mo supply

i.

anc and copper also interfere with Fe nutrition. In soybean

/n interfered with the translocation of Fe from the roots to the
ound parts (Ambler et al., 1970). Zinc also suppressed the pro-
of 'reductant' by soybean rcots and interfered with the reduc-

Fe3+ added to overcome the effects of Zn on Fe translocation.
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rlier workers suggested that the main cause of iron chloresis
of Florida was the accumulaticn of Cu in the soil applied over

dgcades in sprays and fertilizers. Copper interference with Fe

1

h {soybeans became effective when the Cu concentrations were 10~

Mto 5

effect

the pl

includsg

]

1]

;0'6 M in the growth medium. At lower concentrations, Cu

Fe absorption. The effectiveness of Cu and Zn as well as Ni,
, and Mo to induce Fe chlorosis in oats was in the order of

>Pr>Zn>Mo>Mn (Hunter and Vergnano, 1953). In sugar beets [Beta

(L.)], Hewitt (1948) showed that Cd, Cu, and Co were highly
J and Ni, Crﬁq, Zn, Cr, and Mn were less effective in restrict-
ptake.

In rice, Kokiya et al. (1968) reported that even though

gsed Cu uptake, Cu showed no inhibitory effect on Fe. The data
d that Cu accelerated Fe uptake under the conditions of the

t. Both Cu and Zn are also known to displace Fe in heavy metal

&bmplexes. This may be important in limiting Fe uptake and
on by reducing Fe chelate translccation to roots or by the
' heavy metal on centers of physiclogical activity of Fe within

Ll

HLny other factors can induce iron deficiency in plants. These

high or low soil moisture (Burtch et al., 1948), extremes in

temperdtfire (Burtch et al., 1948), high or low soil organic matter {Tak-

kar, 19§
Burtch

effect|g

), and oxygen tension in the soil (Wallihan et al., 1G61).

er al. (1948) conducted experiments with bean plants to study the

f light, soil temperature, and soil moisture on lime-induced Fe

defici#ncy. They reported that plants were most chlorotic under red

light tH

rough the severest chlorosis occurred with the combination of
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{ght and cold temperatures. Chlorosis also tended to increase
d low soil temperatures with a minimum of chlorosis at 25C.
Fved that the higher the soil moisture, the greater the degree
$is. Their results also indicated that a high moisture level
together yith low soil temperatures were the conditions most conducive
to the deyelopment of lime-induced chlorosis. The climatic factors to

induce HRe|deficiency ranked in the following order: high soil mois-

ture > hi soil temperature > high light intensity. These authors con-

cluded thpt chlorosis was most severe under low temperature, high mois-

ture, d| short-day treatments. They were of the opinion that much of

the limg<dinduced chlorosis in the irrigated region of western U.S. could

be alleyiated by the proper use of irrigation water. Brown et al. (1979)
observe hat cnly small amounts of Fe3+ were reduced to Fe2+ at wave-
lengths| dbove 420 nm. In addition, more Fe3+ was reduced to Fe2+ in
solution Junder cool white fluorescent (CWF) lamps than under low pres-
sure sodijum (LPS) lamps. CWF lamps produce light at lower wavelengths
than the|LPS lamps. Chlorophyll levels were higher in leaves grown
under OWF than under LPS and generally greater in leaves grown at 28C
than ati p2C.

Tgkkar (1968) observed that the level of organic matter in the

s0il rdgplated the amount of Fe available in soils. This is because the

Fe is yspally associated with organic matter in the soil.

Iron deficiency chlorosis in plants is often associated with soil
conditiohs that appear to restrict the exchange of gases with the atmos-
phere. hese conditions exist in fine-textured soils and in those that

lack regation or have a discontinuity of profile due to plowsoles,
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hardpans{ glaypans, or stratified deposits. These conditions enhance

C02 accumuflation in the soil. This is particularly the case in calcare-
IT Solution culture studies have indicated that NaHC03 can

cause a mgrked reduction in Fe absorption with some plants. In a study

ous soil

to determine the effect of soil oxygen deficit on Fe nutrition, Wallihan
et al. (1961) found that oxygen deficits resulted in significant reduc-
tions of] plant growth, chlorophyll, and Fe concentrations in leaves and
stems ofl fitrus seedlings. A possible explanation for the oxygen defi-
cit eff%c: was that metabolic iron abscorption was depressed at the low

level of pxygen.
The availability of plant nutrients is closely related to soil
pH. Th ctivity of Fe, Mn, and Al increases as acidity increases. In
generall |[the optimum pH for optimum growth of most plants is about 6.0
to 6.8.| |In this pH range, neither excess nor deficiency of available Fe

usually| gccurs.

T4 a situation where plants do not get sufficient amounts of Fe,
growth lagd productivity are greatly reduced. Twyman (1959) found that
dry matiter yields of tomato increased with increasing amounts of Fe.
Agarwalal et al. (1964) reported increased dry matter yields of barley
with incpeasing levels of Fe. Pineapple plants grown in solution cul-
ture with ample Fe contained 2.15 times more chlorophyll and produced
2.0 mo"é plant and fruit yields than when grown with low Fe (Sideris and

Young,| §956). Under low Fe supply, isclated corn root mitocchondria were

reporteqd to have a decreased oxygen uptake and reduced oxidative phos-
phoryl[1ion (Young and Wallace, 1971). In sunflower leaves, Jacobson

and Odrhli (1956) found good correlations between Fe supply and chlorophyll
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concentratfions. Similar results were obtained for cowpea (Marsh et al.,
1963), cdfn, and radish (Agarwala et al., 1965).

Hesell et al. (1973) reported greater shoot and rcot growth in
serghum with Faz+. Yields cof cabbage grown in culture solution decreased
in plantis|supplied with adequate Fe. Tobacco leaf discs receiving ample

Fe in ar ]ncubation medium incorporated higher amounts of radiocactive

glycine |into chlorophyll a and b at all stages of development than in

leaf digcp without Fe (Shetty and Miller, 1966). From comparisons cf
different| Fe compounds in nutrient solution, nodulation and yields were

highest Jpan Trifolium pratense L. (Montgomery Red) was supplied with

"-EDTA (Van der Venter and Small, 1972).

studying metabolic effects of mineral nutrients in plants, the

nt of a mineral deficiency is usually associated with changes

in orgapic compounds. Iron also causes changes in organic acids. Clark

973) obtained a two-fold increase in malate and citrate con-

ﬁ over a four-fold increase in aconitate content in the root

saps of] [Fe-efficient' WF9 and 'Fe-inefficient! ysl/ysl corn genotypes as
the squLy of Fe in the nutrient solution increased from 0.1 to 2.0

mg/l. |Ah increase in citrate was noted in soybeans with increasing Fe

(Brown |ahd Tiffin, 1965). These authors reported that a decrease in Fe

parallelpd a decrease in citrate. A concomitant decrease of citrate in
the stem exudates of soybeans and tomatoes with a decrease in Fe was
also noted. Clark (1968) reported that total organic acids changed when
Fe was|limiting.

(Qther organic constituents affected by Fe supply are enzymes.

Del Riplet al. (1978) reported increased catalase activity in pea plants
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repsed Fe, They also cobserved low soluble protein contents in
f plants grown under low Fe. The activities of catalase, per-

d aldolase in corn and radish were depressed under Fe defi-

cient co* itions (Agarwala et al., 1965). In addition, phosphorylase

activity

Acid phoF

transami
plied wi
under Fg
al., 196

oxidase

as depressed in radish grown under Fe deficiency conditions.

hatase and ribonuclease in both corn and radish, as well as
nase in radish, were stimulated by iron deficiency. Barley sup-
th various rates of Fe and Mn had decreased catalase activity
eficient conditions irrespective of the Mn supply (Agarwala et
4)). These authors noted that at deficiency levels of Fe, per-

s depressed at normal and low Mn supply and generally increased

at the high Mn, Increased Fe increased both catalase and peroxidase

activity

a positi

s in grasses (0'Sullivan, 1969). Ulmer et al. (1971) reported

ye correlation between Fe supply and peroxidase activity in

corn. [Idtal peroxidase activity in soybean roots was reported to in=-

crease bIth at sufficient and extremely low concentrations of Fe (Elm-
1

strom,
decreaée

tase ir

69). Other enzymes whose activities have been reported to
under low Fe include photosynthetic pyridine nucleotide reduc-~

leaves of cowpea (Marsh et al., 1963) and nitrate reductase in

tomato [rpots (Brown et al,, 1974). Iron deficiency has also been re=-

ported| t

o decrease precteins in corn (Perur et al., 1961), pineapple

(Siderid and Young, 1956), and tobacco (Shetty and Miller, 1966).

]

he U.S. has nearly 12 million acres of crops, most of which are

row crpgs which suffer from various degrees of Fe chlorosis. These

crops Ere primarily soybeans and sorghum grown in the Great Plains

stateq.

In addition, millions of crop acres are not planted to these
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:ind Fe deficiency. This means that a large acreage cannot be

duction of certain crops because of the potential of Fe

J In order to make these areas productive, some corrective

methods nded to be employed. Factors employed to correct Fe deficiency

in plant
the pH
tivars

sorghum,

include genetic variation in plants, Fe chelates, and lowering
the growth medium. In many crop species, 'Fe-efficient' cul-
ye been identified. Examples of these are Hawkeye soybean, KS5

#nd T3805FER tomatoes. 'Iron-efficient' cultivars or genotypes

are thoge{which are able to respond to Fe deficiency by inducing certain

biochemi

cHl reactions te occur, thereby making Fe more available. Such

reactions| include the production of 'reductants' such as riboflavin

(Marsc

increas

salts tp

ency
ment w
ever,

on calda
correcqe

the addi

Jr et al., 1978) and phenols (Olsen and Brown, 1980) which can

the solubility and availability of Fe in the growth medium,

Il the treatment of Fe chlorosis, the addition of inorganic Fe

the soil is mostly ineffective for the correction of Fe defici-
use Fe is rapidly made insoluble as oxides. Even foliar treat-
ferrous salts such as FeSOQ is not always satisfactory. How-
th salts have been used to correct Fe chlorosis in plants grown

reous soils (Hodgson et al., 1972). Thomas and Mathers (1979)

i Fe chlorosis in grain sorghum grown on a calcarecus soils with

Lion of FeSO4 and manure. From the dry-matter yields obtained,

manure
could
soils.

ciency

fectively reduced Fe deficiency. They hypothesized that manure
used to correct Fe deficiency of grain sorghum on calcareous

thers (1970) used Fe:?;(::itl and sulfuric acid to correct Fe defi-

n grain sorghum growing on a rich, fine sandy loam. The suc-

cessfull |[results of inorganic Fe applications to correct Fe deficiency
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got generally economical (Wallace et al., 1966).
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Jt large amounts of Fe salts would be required. Application of

ates of 112 and 560 kg Fe/ha increased grain yields signifi-
anded application eof Fesoq, F32{SOQJ3 and FeEDTA {ethylenedi-
acetate) had no effect on grain scorghum yields in western
rphy et al., 1970). The results also indicated that seoil
¢gns of Fe could be effective for varying periods of time de-
on soil composition and conditions of plant growth. However,
rates of Fe involved make such practices expensive and applica~
Lo high economic value crops.

hneider et al. (1968) pointed out that Fe deficiency must be

in the early stages of plant growth if maximum yield responses

obtained. They suggested soil applications of Fe be in combi-

+
4

on chelates are effective and more useful for correcting Fe

h NH, fertilizers to increase the efficiency of Fe uptake.

y when the crop plants are of sufficient value to warrant their

it, ornamental, and flower crops are examples where Fe chelates

Lsed economically, but the use of chelates on sorghum, corn, and

Iron chelates

UTEd either as fertilizers or as foliar sprays. In soil applica-

is important to consider the stability of the chelate relative

At higher soil pH levels, soil Ca2+ present in higher
3+

il pH.

tions can displace Fe from less stable chelates, Ca-chelates

precipitated as Fe oxide. Thus, Fe is rendered unavailable.
t al. (1967) showed that FeEDDHA was stable throughout a pH

4 to 10. This chelate also gave the highest sorghum yields.

qther hand, the stability of FeDTPA (Fe-diethyltriaminepentaacetate)
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and FeEDTA falls above pH 7 and below 6, respectively, so that corre-
spondingly] lower sorghum yields were obtained with these chelates.
Applicatjidgns of about 10 to 20 g Fe/tree of Fe-chelate have proved sat-

isfactory |in citrus. Foliar applications of an Fe-polyflavonoid mate-~

rial we ffective in overcoming chlorosis in grain sorghum in Arizona,
but it cautioned that under severe chlorotic conditions even foliar
applicati¢ns of Fe may be ineffective. Krantz and Brown (1967) con-
cluded m their work in California that Fe treatment of grain sorghum
and relgted crops can be best accomplished by applying a FeSOA solution
tr spray. Of five Fe chelates (EDTA, HEDTA (hydroxyethylethyl-

as a foli

ene diapihetriacetate), CDTA, DTPA, and EDDHA) used to correct Fe defi-

ciency, |[Brown and Holmes (1955) reported that only DTPA and EDDHA were
effectiyg in alleviating the deficiency in soybeans grown on 17 calcare-

ous 50114 common to the western U.S. Stewart and Leonard (1957) found

good reLponses to soil applications of FeEDTA by citrus trees in Florida.
Cqnsidering the various recommendations of Fe application, foliar
applications seem to be more ac;eptable and efficient for treating Fe
def‘ici&u:ies than do scil applications. Wallace and North (1966) sug-
gested tLe feasibility of applying FeEDDHA chelate in irrigation water
for orjnge trees. The development of sprinkler irrigation raised the
possibility of applying Fe through irrigation systems. The major prob-
lem withLapplying chelates, regardless of the method, is their cost.
Sulfur has been useful to prevent Fe deficiency. Upon oxidation
of S, ¢ H280q formed can neutralize CaCO3 and decrease soil pH to make
Fe mor&r[vailable to plants. Elemental S application at the rate of 250

kg/ha irlcreased cowpea yields significantly on a calcareous scoil in
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India (BPrsal et al.,, 1975). Two disadvantages of using S are that the

bacteriaﬂ oxidation of S is too slow to correct Fe deficiencies experi-

enced byl geedlings if the S is applied with the seed and that high

amounts

prevent

3

of S are needed to sufficiently neutralize soils to correct or
Fe¢ deficiency.

ul furic acid has the same net effect as elemental S except that

its effdck is immediate. Wallace and Mueller (1978) placed concentrated

sulfuric
soybean
spots o
to prev
HCl, th

[ mobile ion in some Egyptian soils was reported to increase

(Ibrahi

uptake

added.

in Mo 1

that t
cultur

plants

cid at 3 cm depth at various rates to prevent Fe chlorosis in
rewn on a calcareous scil. They reported that small acidified
soil (equivalent to as little as 0.4% of CaCO3) was sufficient

nt Fe deficiency. By lowering the soil pH by the addition of

et al., 1979). Olsen and Watanabe (1979) reported an increased

3{ Fe by sorghum grown on alkaline soils to which CaSOa was

4hey observed that the increased Fe uptake was due to a decrease

yels by the added CaSO Mitchell and Anderson (1966) observed

4
addition of trace amounts (0.2 ppm) of gibberellic acid (GA) to

#olutions increased the efficiency of Fe utilization by soybean

ghown at suboptimal Fe levels. These authors contended that GA

affectdd| the internal metabolism of the Fe and improved its activity.

This was| indicated by increased chlorophyll concentrations.

suppli
depres
the ro

nutrit

O]

| ]

g to plants. Acid fertilizers, particularly NH

The application of other fertilizers indirectly influences Fe

+

4
deficiency symptoms. This may because of the lower pH around

fertilizers, can

(Lucas et al., 1972). Machold (1968) showed evidence that NHZ

n increased the levels of Fe2+ in plants. Applications cf
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organic fdrtilizers have also been reported to alleviate lime-induced
chlorosir possibly by the production of soluble Fe complexing compounds

in the spil.

Ingsmuch as many crop species are susceptible to Fe deficiency,
and plants show Fe deficiencies on both alkaline and acid soils, plus
the higH tost of corrective measures for Fe deficiencies, more effective
methods |for overcoming the problems need to be found. One of the most
promising| methods would be to identify crop species that are efficient
in the Lthlization of' Fe. Plant breeders have shown that efficiency

factors|fpr certain nutrient elements are genetically controlled and can

be tran Jerred from less desirable and unproductive crop cultivars to
those thdt are desirable and preductive. Screening and identifying crop
cultivarg efficient in Fe utilization need to be accomplished, and this

was an pRjective of the studies reported in this dissertation.




MATERIALS AND METHODS

A, Screpening Genotypes for Fe Efficiency in Nutrient Solutions

that of §
number gf
limited |v
cm thich

rounded |a

allow s

hole wa

PlInta were grown in nutrient solutions using a method similar to
1

livan and Ross (1978). This consisted of growing a large
seedlings (from 100 to 125) in the same nutrient solution of
blume. Plants were suspended above nutrient solutions on 0.6
blastic plates. These plates were 27 cm wide x 32 cm long,

L the corners, and had 0.3 cm holes drilled in seven rows to
ling roots to suspend in solution (Fig. 1). The top of each

counter sunk with a rosette so that seedlings would remain in

place. | At each corner of the plate, a plastic coated wire was attached

so that) g

tainer kg

lates could be lowered or raised in the nutrient solution con-

adjust for volume changes in various experiments. The con-

tainers for the nutrient solution were commercial dishpans (Fig. 1). 1In

SOIIIBEL

in othdrg.

riments, fewer numbers of plants were grown on the plates than

transf4r

added )

At 7

eds were germinated between moist paper towels and seedlings
ed at 4 days of age to 0.3-strength nutrient solution (without

. Nine seedlings from each of 14 genotypes were suspended on

the s plastic plate and bathed in 7.0 liters of nutrient solution.
:I:L

of age, seedlings were thinned to five plants/genotype and

plates|Were transferred to full~strength nutrient solutions containing

limitegd [Fe. The composition of full-strength nutrient sclution was

(mg/1)k

Hﬂ, Doae

3
B, 0.15 Zn, 0,11 Mo, 0,04 Cu, and 0.13 Fe as FeHEDTA (ferric

135 Ca, 55 K, 147 NOZ, 17 NHZ. 26 Mg, 12 C1, 11 S, 2.6 P, 0.47
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=

hydroxyetiylenediaminetriacetate). The initial pH of nutrient solutions

was not adjusted but monitored three times weekly. Plants were grown in
these s tions for 10 days before treatments were added to induce Fe
deficiency.

fn the treatments were added, plant roots were rinsed with dis-
tilled Wafer and then placed into new pans with the appropriate nutrient
solution.| Experimental designs were complete randomized split-plots
with twg peplications. Plants were grown in a growth chamber with 17
hours light (350 microeinsteins m~2sec™) at 29C + 1 and 7 hours dark-
ness at|d4C + 1.

Jilsual Fe deficiency symptoms were noted daily after treatments
were adm{nistered. Plants were rated for the degree of Fe deficiency on
a scale/ df 0 to 4 where 0 = no Fe deficiency and 4 = severe Fe defici-
ency. Plants were grown for 7 days in the treatment solutions before
experiments were terminated.

When the experiments were terminated, plant roots were rinsed

thoroughly with distilled water and plants separated into roots, lower

leaves, d upper leaves., The plant material was dried a minimum of 4
days atfi JOC in a forced-air oven, weighed, and ground in a stainless
steel *i ey mill to pass a 0.5 mm (40-mesh) screen., Samples of the
ground terial were analyzed for Mg, P, S, X, Ca, Mn, Fe, Cu, and Zn by
energy |dispersive x-ray fluorescence (EDXRF) (Knudsen et al., 1981).
This c? isted of preparing a 1.3 cm diameter pellet from 100 mg of the
ground terial. Pellets were made in dyes held under 40,000 psi pres-

sure fpnn 1 minute. Pellets were then analyzed directly by EDXRF,
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Ireatments used to induce Fe deficiency were P added at 0.17 mM/1

+

and 0.39 §M/1, CaCO, added at 0.15 mM, and NOJ, NH,, and (NOJ + NH:) as

3
sources [of N at 1.4 mM N/plant. When (NO; + Nﬂz} was used, the ratio of
NO- to “HF was 8:1.

3 {
Gehotypes screened for 'Fe-efficiency' with added P and CaCD3
were CK|6D, Redlan, SC 33-9-8-E4, SC 109-9, 5C 118-15E, SC 134, SC 500-

6-1, TAM K28, Wheatland, Redbine 60, KS 5, Martin, and a North Flatte
line (heéreafter called NP). In addition to these U.,S. genotypes, 10
Nigerian genotypes were also screened for 'Fe-efficiency.' The Nigerian
materialg were SK 5912, KANO L1, HP 3, C 7.4, YG 95760, FFB-L, L 1449,

L 181, L 187, and RZ 1. When different sources of N were used, the U.S.
genotyp?s listed above plus Plainsman, KS 56, KS 57, TX 414, TX 412,

TX 07, X 415, TX 7078, Norghum, Caprock, SD 102, SD 106, NB 3494, SC 29,

SC 149,| 4nd SC 369-3-1JB were screened. The Nigerian genotypes were not

screenefd [in the various N solutions because of insufficient seed.

B. Relationship of Nutrient Solution and Soil Screening Methods

y of the genotypes screened for 'Fe-efficiency' in nutrient
solutiang were also screened in low Fe soils to determine if their re-
sponsed In nutrient solutions were similar to those in soil. The geno-
types scpeened in soils were SC 118B-15E, SC 134, SC 500-6-1, Wheatland,
TAM 428,| Redbine 60, Redlan, Plainsman, SC 109-9, CK 60, KS 5, Martin,
NP, SC|3PB-9-B-E4, SC 369-3-1J3, TX 7078, TX 414, 3D 106, KS 56, Nor-
ghum, TX] 412, and TX 07. The genotypes 5C 118-15E and SC 33-9-8-E4 were
used aL Ltandards in the first experiment, and these two genotypes plus
SC 500+8-1 and TAM 428 were used as standards in the second experiment.

Two of| thhe soils used were low in Fe and other was sufficient in Fe.
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LH 8.1, mesic Torriortheatic Haplustoll) from near North Platte,
and Bridgeport (pH 8.1, mesic Fluevatic Haplustoll) from near

ty, Kansas, were the soils low in Fe and Sharpsburg (pH 6.8,
te Argiudoll) was the soil sufficient in Fe. Some of the chemi-

rties and element analyses of these soils are given in Table 1.

h¢ soils (ground to pass a 0.5 cm screen) were added to 15 cm

fontainers at 1.8 kg soil/peot. Each pot received fertilizer

4 KH,PO,,

Micronutrients were added at rates of (kg/ha) 1.08 Mn, 0.38

y at rates of 100 N, 100 P, and 100 K kg/ha as NH4N0

h, 0.05 Cu, and 0.05 Mo. The elements were added to the soils

. The soils were allowed to dry, mixed thoroughly to ensure
stribution of the elements and put into the plastic containers.
randomized factorial experiments with four replications were

. Replications served as blocks. In the first experiment,

ication consisted of 42 pots (14 genotypes x 3 soils) repre-

senting
were gr

daytime| t

Suppl i
17 hou

each repl

4l1 treatment combinations possible on a separate table.

Plants

awn in the greenhouse during the months of March and April at a

emperature of 30C + 1 and at a night temperature of 25C + 1.
tal light was provided during the morning and evening to give
of light during the 24~hour period. In a second experiment,

ication consisted of 36 pots (12 genotypes x 3 soils). No

supplemeftal light was necessary in the second experiment, since day

lengthd Vere suff'iciently long to provide at least 17 hours of daylight

(month |o
A

nutrient

P.

" May).

plastic bag encased each pot to catch excess water and leached

At planting, the soil in each pot was wetted completely with
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Table 1. |[Analyses and description of soils used to grow sorghum geno-
types for 'Fe-efficiency' screening.
Soilt

Parametdr Units

Bridget Bridgeport Sharpsburg
pH 8.1 8.1 6.8
0.M. % 124 1.71 3.0
CEC meq/100 g 11.9 12.4 22.5
Conductiviity minhos 0.31 0.18 0.09
NO3 we’/g 13.0 46.0 34.0
P e/g 3.7 3.0 14,0
K meq/100 g 2.7TL 2.07 0.80
Ca /g 11.8 11.6 8.8
Mg w/s 4.98 0.88 4,03
S ue/g 21.5 5.8 7.6
Mn ue/g T2 TsT 33.5
Zn we/g 0.80 0.40 1.32
Cu VE/E 0.31 0.32 1.19
Fe /g 1.2 1.2 61.5
T Bridgef is a coarse silty mixed mesic Torriortheatic Haplustoll from

near |[Nprth Platte, NE.

Bri rt is a fine silty mesic Fluevatic Haplustoll from near
Garden| City, KS.

Shar rg is a fine Montmorillonitic mesic Typic Argiudoll from near
Lincglh, NE.
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distillefl |water. The untreated seeds of a particular genotype were

placed oh|top of the wet so0il and 0.2 kg of s0il removed earlier was

poured opé¢r the seeds. The pols were covered with plastic bags to pre-

vent watlef loss during germination.

[

pén seedling emergence the plastic bags were removed. After 5 to
6 days, lplants were thlmned to four plants/pot and distilled water was
added ag peeded, When Fe deficiency symptoms began to appear on the
leaves {1}l days}, plants in each pot were rated daily for degree of Fe
deficierjcly on a scale of O to 4; 0 = no Fe deficiency and 4 = severe Fe
deficiencly.

Tepmination of the first experiment was when plants were 23 days

old and[the second when plants were 25 days oid. Plants were severed

1l cm ablve the s0il and separated into lower and upper leaves. Plant
parts were dried a minimum of & days at 70C in an air-forced oven and

weighed|

C. PhyEiological Properties of 'Fewefficient' and 'Fe~inefficient!

Genpivpes

TWree experiments were conducted (two in nutrient solutions and

one in p¢ils) to determine physiological properties of various '"Feweffi-
cient!' @d 'Fe~inefficient' sorghum genotypes. |
FTP experiments using nutrient sclutions, seeds were scaked ovef*
night ih|distilled water and then placed on a cheesecloth suspended over

a shallo¢ (3m deep) rectangular plastic container. The containers had
distilleq water and were covered with aluminum foil to prevent evapora-
tion., [APter 2 days the aluminum foil was removed and seedlings allowed
to grow p more days before six seedlings of each genotype were transferred

to 0.34skrength nutrient solution in 3.5 liter plastic containers. FPlants
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br] in this nutrient solution before adding the treatments. When

L4 were administered, plants were thinned to four plants/pot.

were rinsed with distilled water and the plants transferred to

full-streggth nutrient solution. The composition of the nutrient solu-

tion wa
ducted
27 uM £
36, and
Plants

scale o

was monit

solution

ent') aﬁd

ment 1,

experim&n

6 x6f

ment w

!

if

5

J

{

the same as described under A above. The experiments were con-

Lh treatments of varied Fe (FeHEDTA) at 0, 5, 11, 16, 22, and

o pots containing 12-day-old plants in experiment 1 and 18,

i uM Fe to pots containing 8-day-old plants in experiment 2.

e rated daily for visual symptomg of Fe deficiency rating on a
D to 4 as described earlier. The pH of the nutrient solutions
bred daily. Every other day roots of plants grown in the same

were separated from each other.

‘hr genotypes used were: SC 33-9-8-E4, NP, and KS 5 ('Fe-effici-

SC 118-15E, Martin, and Redlan ('Fe-inefficient’') in experi-

C 33-9-8-E4, NP, SC 118-15E, and Martin in experiment 2. The

tal design for the first experiment was a completely randomized
torial with two replications. The design for the second experi-
a completely randomized 4 x 3 factorial with three replications.

ditional parameters measured on the plants before termination of

the expfuiments were plant heights and 'reductant' in solution in experi-

ment 2.

Plants were harvested at 25 days of age in experiment 1 and at

26 days Lf age in experiment 2.

upper 1

dry, an

d

At

harvest, plants were separated into roots, lower leaves, and

efives, Roots were thoroughly rinsed with distilled water, blotted

all plant materials dried in a forced-air oven a minimum of 4
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T9C, weighed, and ground in a stainless steel Wiley mill to pass

[ 40-mesh) screen. Samples too small to be ground in a Wiley

mill tleaf than 250 mg) were pulverized using a fast reciprocal vibrating

shaker.

material

letting
shaking
samples

L

measures

Fe2+

from ea

tant.!

i

his consisted of adding a small piece of teflon with the plant
in a 5=-dram plastic vial, attaching this to the shaker, and
the teflon piece pulverize the material during a 10 minute

The pulverized plant material passed a 0.5 screen. All plant

rjere made into 1.3-cm (100 mg) pellets for EDXRF analysis,
e

amount of 'reductant' released into the nutrient solution was

by the TPTZ (2,4,6-tripyridyl-s-triazine (specific for chelating

) mpfhod (Collins et al., 1959). Aliquots of the nutrient solution

cll container were taken every other day for analysis of 'reduc-

To each 20-ml aliquot of nutrient solution, the following rea-

gents wae added in the given order: 2.0 ml of 0.001 M TPTZ, 1.0 ml of

2 M sodiym acetate at pH 4.4, and 2.0 ml of deicnized water for a final

volume e 25.0 ml. Iron standards of 10 and 20 ug Fe/g as FeSOQ and

blanks w%re used with each assay. The solutions were shaken, placed in

the darpk|for 20-25 hours, and absorbance determined at 592 nm in a spec-

trophotioheter.

Fe and

e experiment (#3) using soil consisted of growing plants on low

-sufficient soils to determine certain physiological parameters

of som

ments

enotypes. Selected genotypes from plants grown in the experi-

cribed under B became experiment 3 in this section.

One day before termination of the experiments, plant heights and

leaf arda measurements were made. Leaf areas were measured on one rep-

reaent?tive plant from each pot in each replication using a Lycore
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Gh
15E, Mant
k!

KS 56,

were f
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P0) leaf area meter.

orophyll measurements were also made on samples from SC 118-
in, SC 33-9-8-E4, SC 500-6-1, TAM 428, NP, TX 7078, SD 106,

i Norghum. Leaf samples taken for chlorophyll determinations

one representative plant in each pot. O©On the day of harvest,

afs and f'resh weights were determined and immediately afterwards

les for chlorophyll determinations (leaf numbers % and 6) were
an ice chest, frozen within 30 minutes after harvest, and

ied (=42 to ~44C), The freeze-dried samples were ground in a

of extracting 5 mg leaf material with 1.0 ml 50% acetone by
ng the samples in a homogenator for 1 minute. The acetone

es were transferred to test tubes and the homogenate washed two
h acetone and the volume made up to 10.0 ml with additional

The homogenates were centrifuged at 1,500 rpm for 5 minutes.

11 a and b were determined in the supernatant solution by

k the absorbance at 663 nM (chlorophyll a) and 645 nM (chloro-

Total chloreophyll was calculated by summing chlorephyll a and
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RESULTS

A. Screening Sorghum EQ: Differential 'Iron-

efficiency’ in Nutrient Solutions

ithholding Fe, growing plants in media near or above 7, the
bf many chemicals, and various environmental conditions may
J deficiencies. One way to determine differences in 'Fe-effici-

to observe differential responses of genotypes that undergo Fe

deficien
media.
growing
vwere add

latter ¢

dy when plants are grown in a low Fe or induced Fe deficiency
In these studies, Fe deficiencies were induced in sorghum plants
in nutrient solutions. The methods used to induce Fe deficiency
gd P and CaCO3 and the use of different sources of N. In the

4se, NOS, NHZ, or {NOS + NHE) were added to nutrient solutions

as the squrce of N. With NOS, the pH of nutrient solutions usually rises

because ¢f the more rapid plant uptake of NO

(Hiatt,
form of
Fe to pl
cipitafe
decrease
anions;

tion of

3
1974). The increase in solution pH causes Fe2+, the available

Fe to plants, to be converted to Fes+, the unavailable form of

compared to cations

gnts. The Fe3+ form may form insoluble F83+-hydroxides and pre-
out of solution. With NHZ, the pH of nutrient solutions usually
because of the more rapid plant uptake of NHZ compared to

Lowering the pH of nutrient solutions allows for greater reduc-

3+ 2+

Fe™ to Fe™ , thus increasing the availability of Fe to plants.

1. GvLJth of Plants

Jecause of growth space limitations, plants were grown in several

experimgnts. Two experiments had nutrient solutions with added P and
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CaCO3 ta jnduce Fe def'iciencies in U.S. sorghum genotypes (Experiment 1)
and Nigdrlan sorghum genotypes (Experiment 2). Three experiments were
conductﬂd to screen a greater number of U.S. genotypes, using various
sources |of N (Experiments 3, 4, and 5). One experiment had NO_ and

3
added P |ip solution to observe the effect of plant age on the induction

of Fe defficiency (Experiment 6).

h[ genotypes in each experiment appeared normal when grown in
nutrien olutions until treatments were added. At the time treatments
were added, the plants were |7 days old and were in the &6-leaf stage.

Treatment] effects on each genotype were different and associated with

Fe defig¢ilency.

2, Iro ficiency Symptoms
Experiment 1: Fourteen U.S. genotypes (Table 2) were screened in
this expjriment for differential 'Fe-efficiency! when Fe deficiency was

induced| By added P and CaCOB.

Sgme genotypes began to show Fe deficiency symptoms in the newly
emerging |leaves 2 days after the addition of treatments. When the
experimerits were terminated (7 days after treatments were added), the
genoty:[L developed different degrees of Fe deficiency symptoms (Table
2). 8Q 118-15E had the most severe symptoms (very deep yellowing of the
upper lleaves) under the low P treatment and SC 33-9-8-E4, KS 5, and NP
had little or no Fe deficiency symptoms. Under the high P treatment,
only S0 B3-9-8-E4 and Plainsman remained relatively green. Plants grown
in the [cpntrol solutions also showed scome Fe deficiency chlorosis. In

the contpol solutions, SC 118-15E, SC 500-6-1, and Redlan showed the

most sgvpre symptoms and SC 33-9-8-E4, K5 5, and S5C 109-9 were green.




Table 2/ ] The degree of Fe deficiency symptoms noted on the upper
leaves of U.S. sorghum genotypes grown under CaCO,_- and
P-induced Fe deficiency (Expt. 1).7 3
Treatment to induce Fe deficiency
SRPYIPOY  entiol B.08 sk CaCOy 0.17 mM P 0.39 mM p Cono IPe
SC 118-]5E 2.3 at 1.8 a 3.0 a 2.8 a 2.4 A
SC 134 1.0 be 0.5 abe 1.0 be 1.0 bed 0.9 BCDE
SC 500-¢~1 1.5 ab 0.8 abe 2,0 b 1.3 bed 1.4 BCD
Wheatla?d 0.5 be 0.0 ¢ 1.5 be 1.3 becd 0.8 DE
TAM 428 1.06 be 1.3 abe 1.5 be 1.5 be 1.3 BCD
Redbine| 60 0.8 be 0.3 be 1.3 be 1.0 bed 0.8 DE
Redlar 1.5 ab 1.5 ab 2.0b 1.3 bed 1.6 8B
Plaian%n 0.5 be 0.0 ¢ 0.8 be 0.3 ed 0.4 EF
SC 109-p 0.3 be 1.3 abe 0.8 be 1.3 bed 0.9 BCDE
CK 60 1.3 abe 1.3 abe 1.5 be 2.0 ab 1.5 BC
KS 5 0.3 be 0.0 ¢ 055 e 1.3 bed 0.5 EF
Martin 1.0 be 1.3 abe 1.3 be 1.8 ab 1.3 BCD
NP 0.5 be 0.3 be 0.5 ¢ 0.8 bed 0.5 EF
SC 33+9-8-E4 0.0 ¢ 0.3 be 0.3 ¢ 0.0 4 0.1 F

einal chlorosis).

0.7 A 1.3 A 1.3 A

+ 0= t Fe deficiency (green); 4 = Severe Fe deficiency (severe
intery
T Numb

¥s followed by the same letter in each column are not significant

at PF(.05 according to Duncan's Multiple Range Test,
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3 treatment, Wheatland, Plains-

HS 5 were completely green and SC 118-15E, Redlan, Martin,

and TAM 428 were moderately Fe deficient. From the Fe defici~-
oms that appeared on the U.S. genotypes grown under P and

jced Fe deficiency, SC 118-15E, Redlan, and Martin could be
'Fe-inefficient,' and SC 33-9~8-E4, Plainsman, KS 5, and NP
fonsidered to be 'Fe-efficient.' At the treatment levels used,
e Fe deficiency symptoms generally appeared when plants were
03.
Ten Nigerian (Table 3) plus two U.S.

hder Fe deficiency by added P than by added CaC
periment 2: (checks)

were screened for 'Fe-efficiency' when Fe deficiency was

3° Plants grew well for 3 days before some

SBDOWDL
plants
and P th
SC 118~
the CaQ

came mo

developefl severe Fe deficiency symptoms,

igveloped more severe Fe deficiency symptoms under added CaCO

1 3E plants grown in the control sclutions remained green.

derately Fe deficient.

started to show Fe deficiency symptoms. On the average,

3

under the control (Table 3). Except for FFB-L, C 7.4, and

Under

D! treatment, only H.P 3, L 1449, C 7.4, L 187, and SK 5912 be-

Under the P treatments, several genotypes

The genotypes that developed

the ledast Fe deficiency symptoms were RZ 1, SC 33-9-8-E4, L 181, FFB-L,

and YG
under f{
P treat
C 7.4,
SC 33-9

-5

560 under the CaCO

ment.

3 treatment; SC 33-9-8-E4, RZ 1, and KANO L.1

low P treatment and SC 33-9-8-E4, and KANC L.l under the high

On the basis of the above observations, FFB-L, H.P 3,

and 3C 118-15E could be considered 'Fe-inefficient' and KANO L.1,

-E4, and RZ 1 'Fe-efficient.'
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Table 3| f The degree of Fe deficiency symptoms noted on the upper
leaves of Nigerian sorghum genotypes grown under CaCOB- and
P-induced Fe deficiency (Expt. 2).+
Treatment to induce Fe deficiency
Genolypes Cenot
ype
Control 0.15 mM €CaCO, 0.17 mM P 0.39 mM P SeARS
SK 5912 0.0 a’ 1.0 be 2.0 ab 1.3 de 1.1 AB
KANO L.} 0.0 a 0.8 be 0.5 e 0.5 £ 0.5 Ch
H.P 3 0.0 a 1.3 a 1.3 cd 2.0 be 1.1 AB
YG 5760 0.0 a 0.5 cd 2.0 ab 1.8 bed 1.1 AB
FFB-L 0.5 a 0.5 cd 2.3 a 2.8 a 1.5 4
L 1449 0.0 a 1.3 ab 1.5 be 0.8 ef 0.9 BC
C 7.4 0.5 a 1.0 abe 2.0 ab 2.3 ab 1.4 A
L 181 0.0 a 0.5 cd 1.3 cd 0.8 ef 0.6 CD
L 187 0.0 a 1.5 a 0.8 de 1.4 cde 0.9 BC
RZ 1 0.0 a 0.0 d 0.5 e 0.9 ef 0.4 CD
SC 33+9-8~E4 0.0 a 0.5 ed 0.3 e 0.3 'f 0.3 »p
SC 118415E 0.5 a 0.7 bed 1.8 abe 2.3 ab 1:3 A
Treatmgnt means 0.1 C 0.8 B 1.3 AB 1.4 A
+ 0 = N¢ Fe deficiency (green); 4 = Severe Fe deficiency (severe
interyeinal chlorosis).
T Numbegs followed by the same letter in each column are not significant
at P=(@.05 according to Duncan's Multiple Range Test.
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[hp treatment x genotype interactions were significant. L 187
was mo Fe deficient under the CaCO3 treatment than under the low P
treatment]. RZ 1 was completely green under CaCO3 treatment but devel-

oped slight Fe deficiency symptoms under both P treatments. While most

developed more severe Fe deficiency symptoms under the high P

ptoms under the low P treatment. KANO L.l was equally Fe
under both P treatments.

eriments 3, 4, and 5: Thirty-two U.S. genotypes were screened
for 'Fele¢fficiency' when plants were grown with different sources of N.
Because ¢f limitations in growth space, the genotypes were grown in
three experiments (Tables 4, 5, and 6). In experiment 3, Fe deficiency
symptorns| appeared in some genotypes after 2 days in treatment solutions.
Martin, pPC 118-15E, SC 500-6~1, Redbine 60, and NP (a North Platte line)
began fo| show Fe deficiency first in NOT solutions. The remaining geno-

3
types qdif not show Fe deficiency symptoms until after 4-5 days in NO

3
solutidnl. In NH] solutions, SC 118-15E, SC 500-6-1, Wheatland, Redbine

60, anqd BC 109-9 became Fe deficient within 2 days after plants were put
into npYrient solutions. SC 33-9-8-E4 and NP did not show any Fe defi-

ciency|dymptoms until after they had been in the treatments for 5 days.

The repdining genotypes became Fe deficient within 3 days. Of those

genotypds grown with (N03 K NHZJ or control, Fe deficiency symptoms
developgd in Redbine 60 and SC 109-9 within 2 days; in SC 118-15E,
Hheatler, TAM 428, and Redlan after 3 days; in Martin, SC 33-9-8-E4,
SC 500+4-1, and CK 60 after 4 days; in SC 134, KS 5, and NP after 5

days; pipd in Plainsman after 6 days. By harvest, differences in Fe
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Table 4|. The degree of Fe deficiency symptoms observed on the upper
leaves of sorghum genotypes grown with three sources of N
(Expt. 3).%
Source of N
Genoktypes ~ i o Genotype
SC 118-13E 3.0 abcd® 2.3 abc 1.8 bed 2.3 DEF
SC 134 2.5 cdef 2.5 ab 1.3 cde 2.1 EF
SC 500-6+41 2.8 bede 2.5 ab 2.0 abe 2.4 CDE
Wheat lang 3.0 abed 2.8 ab 1.8 bed 2.5 BCDE
TAM 42 3.3 abe 2.3 abe 2.3 ab 2.6 ABCD
Redbin 2.5 cdef 2.0 be 1.3 cde 1.9 FG
Redlan 3.8 a 2.8 ab 2.3 ab 2.9 AB
Plaina?a'! 2.0 ef 1.0 4 0.5 e 1.2 E
SC 109+9 3.5 ab 2.8 ab 2.3 ab 2.8 ABC
CK 60 3.5 ab 2.3 abc 2.0 abc 2.6 ABCD
KS 5 2.3 def 1.04d 1.0 de 1.4 H
Martin 3.3 abe 3.0 a 2.8 a 3.0 A
NP 2.3 def 1.5 .cd 1.0 de 1.6 GH
8C 33-948-E4 1.8 £ i1.3.d 1.0 de 1.3 H
Treatmer{t means 2.8 A 2.1 AB 1.6 B
+ 0 = Nd Fe deficiency (green); 4 = Severe Fe deficiency (severe
interyeinal chlorosis).
Numbeys followed by the same letter in each column are not significant
at P-a.US according to Duncan's Multiple Range Test.
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Table 5|.| The degree of Fe deficiency symptoms of sorghum genotypes
grown with three sources of N (Expt. 4).%t
Source of N
Genotypes
- + el Genotype
ND3 NH4 (N03+NH4) o
KS 56 1.5 b" 1.0 ab 0.2 a 1.3 B
TX 414 1.2 b 0.7 abe 0.2 a 1.0 B
TX 7078 1.2 b 0.7 abc 0.2 a 1.0 B
TX 07 0.8 be 0.5 be 0.0 a 0.7 C
Norgh 0.2 cd 0.5 be 0.0 a 0.4 CD
Caprock 1.2 b 0.7 abe 0.0 a 1.0 B
SD 102 0.3 cd 0.3 be 0.2 a 0.3 CD
TX 412 0.0 d 0.0 ¢ 0.0 a 0.0 D
SC 369-3+1JB 2.2 a 1.3 a 0.2 a 1.8 A
Treatmen{ means 0.9 A 0.6 A G.1 B
+ 0 = qo Fe deficiency (green); 4 = Severe Fe deficiency (severe
interveinal chlorosis).
T Number followed by the same letter in each column are not significant
at P40[05 according to Duncan's Multiple Range Test.



Table 6
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.| The degree of Fe deficiency symptoms observed on the upper
leaves of plants grown with three sources of N (Expt. 5).7%

Source of N

Genotypes

w03 W cog e
KS 57 3.2 ab’ 1.3 ab 2.5 ab 2.3 AB
sSC 29 3.2 ab 1.2 b 2.5 ab 2.3 AB
X ?O?ﬂ 3.3 a 1.2 B 2.0 b 2.2 ABC
TX 07 3.0 abc 1.5 ab 2.7 ab 2.4 AB
NB 9434 2.8 abe 1.5 ab 1.0 ¢ 1.8 CD
SC 149 2.3 ¢ 0.8 b 1.0¢ 1.4 D
SD 106 2:3 g 0.8 b 1.0¢ 1.4 D
TX 412 2.5 be 1.3 ab 2.2 b 2,0 BC
TX 415 2.7 abe 2.0 a 3.0 a 2.6 A
Treatment means 2.8 A 1.3 ¢ 2.0 B
+ 0 = No| Fe deficiency (green); 4 = Severe Fe deficiency (severe

interveinal chlorosis).

T Numbers followed by the same letter in each column are not significant

l\h at P#(]

.05 according to Duncan's Multiple Range Test.
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r symptoms were noted between NOS and the (NOS + NHZ) treat-

ble 4)., Differences in the degree of Fe deficiency symptoms

JS and NHZ treatments were insignificant. The genotypes also

e differences. Martin, CK 60, SC 109-9, Redlan, TAM 428,

, and SC 118-15E developed severe Fe deficiency symptoms in
htions and SC 33-9-8-E4, NP, KS 5, and Plainsman developed only
deficiency symptoms (Table 4). . P e

Experiment 4, K3 56, TX 414, TX 7078, Norghum, and SC 369-3-1JB

3 solutions within 2 days. The re-

deficiency symptoms in NO

maining|genotypes did not show Fe deficiency symptoms until after 5«6

days in|NO_ sclutions. Similarly, KS 56, SC 369-3-1JB, TX 4l4, and

3
-+

TX 7078| qeveloped Fe deficiency in the NHQ sclution by the third day,

and thej 1
For plaht

Fe defikcl

emaining genotypes developed the symptoms only after 6 days.

3
ent on the third day. TX 7078 and Norghum developed =zcme P

s grown in the [(ND. + NHZ) solutions, only SC 369-3-1JB became

deficiegngy symptoms when grown in NO% solutions. Roots of all genotypes

were yall

owish-red for plants grown in NHZ solutions. Though plants did

not bedope severely Fe deficient at the time the experiment was termi-

nated, [the treatments differed {Table 5), Only five genotypes showed

slight |symptoms of Fe deficiency in the (NO

S+ NHZ) solution, and five

genctyjep were slightly to moderately Fe deficient in the NO3 sclution.

Only Ty Bl2 remained green in the NO., and NHT solutions. In conteast,

TX 07, (Norghum, Caprock, and TX 412 were green in (NO

symptons

3 4

+ 4
3 + NHq) solutions.

In Experiment 5, some genotypes started to show Fe deficlency

within 2 days in each of the N solutions. TX 07, TX 412, and

TX 415} developed Fe deficiency in NO, sclutions within this t{ime. On

3
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L day, KS 57, TX 7078, and SD 106 alsc showed Fe deficiencies.

d SC 149 became Fe deficient on the fifth day, and SC 29 de-

deficiency symptoms only after 6 days in N03 solutions.

:ﬂons, the first genotypes to develop Fe defliciency symptoms

' In

7d78, TX 07, NB 3494, 3C 149, 3D 106, and TX 415 after 2 days in

SC 29 became Fe deficient after 3 days and TX 412 and ¥S5 57

=]
=

For plants grown with (NOS

NT 3494, TX 07, TX 7078, SC 149, and SD 106 developed Fe defici-

deficiency symptoms after 4 days.

ptoms within 2 days; TX 415 and KS 57 within 4 days; and SC 29

1P within 6 days. When the experiment was terminated, the geno-

ffered in the severity of Fe chlorosis in each N sclution (Table

~ solutions

Ls were generally more Fe deficient when grown in NO,

e

NH

T or {NOE + NH:) solutions.

ges in Nutrient Solutions

[l

tion us
source
salts a
trol an
pH nots
added ¢
insuffi
theless
tions.

pH of t

b

4

§]

3

o]

c

h

en plants are grown in nutrient sclutions, the pH of the solu-

11y decreases with time unless the soclution has NO3

3 and other buffer

In Experiment 1, the decreases in the pH of the con-

E oitly as a

N or certain chemicals such az high CaCO

added.

treatment solutions were similar (Fig. 2). The decrease in the

for solutions treated with CaCO, was unexpected, since CaCO

3
Apparently

3

nutrient solutions usually causes the pH to rise.

jent carbonate was added to cause solution pH increases., Never-

3 solu=-

Figure 3 shows the pH changes with time for Experiment 2.

Fe deficiency symptoms appeared in plants grown in CaCO
The

e treatment solutions decreased gradually up to day 4 after

.

b
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pH increased under the CaCl, and control treatments decreased

3

low P treatment and did not change under the high P treatment,
gxperiment was terminated, the pH was highest under the CaCD3

(4.8) and was essentially the same under the control and both

ts (3.7 to 3.9).

Higure 4 shows the pH changes in nutrient soclutions with time in

3

the NHZ solutions decreased. The greatest decrease in pH

within 3 days, and the sharpest rise in pH occurred within 2

f 3. The pH of the NO, solutions increased gradually, while

- plants were placed in them. The pH of solutions with tno; +
eased the first day, stabilized the following day, then in-
radually thereafter. 3imilar changes in pH were noted in

ts 23 and 4 (Fig. 5 and 6) for the other gehotypes.

4, Dryppatter Yields

'
Experin+y
vields p
the hig

lowest.

p, root, and total dry-matter yields for genotypes grown in
t 1 are shown in Tables 7 and 8. Differences in dry-matter
ong genotypes were significant. SC 118-185FE and Martin had
st dry-matter yields, and SC 33~9-5-E4 and Plainsman had the

Genotype X treatment interacticns were not significant.

The addition of Caf0., or P decreased top dry-matter yields for

3

most ganptypes compared to the control. However, for SC 500-6-1, TAM -

428, Rgdlan, Plainsman, Martin, and KS 5, the addition of CaCO3 in-

creased pop dry-matter yields over those of the control solutions and

the adqifion of low P increased top dry-matter yields for Martin,

- Except |flor Plainsman, KS 5, and NP, root dry-matter yields were higher
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¥ grown in the control scolutions than with added P or CaCOB.

bservations could be made for total dry-matter yields.

Nigerian genotypes in Experiment 2 also showed differences in

root, and total dry-matter yields (Tables 9 and 10}. FFB=L

and YG 9760 produced the highest amounta of top dry-matter; YG 5760,

FFB~L, dngt C 7.4 produced the highest root dry-matter; and YG 5760 and

FFB«L. pro
of plants
not difffe

grown in

1

5]

iuced the highest total dry-matter. Root dry-matter production

grown in the control solutions and with added P or CaCO3 did

. However, plants produced higher top dry-matter yields when

Lhe control solutions than under the high P treatment.

Experiment 3, top dry-matter yields of plants grown with (N03

+ NHZ) Yehe higher than the yields of plants grown with NO. or NH

.[Tables 1
Fd
grown im
types, hg
Martin o4
E4 had tj

Interactki

3 4
1l and 12).

r Experiments 4 and 5, the top dry-matter produced by plants
the three treatments were similar (Tables 13 and 15}. Geno-
wever, showed yield differences. In Experiment 3, Hedlan and
tylelded the other genotypes in top dry-matter, and SC 33-9-8-
e lowest top dry-matter yield. Some genotype x treatment

ons were slgnificant indicating that the genotypes did not

behave L
Martin g
treatment

the mogt

e same way under all N treatments., Under the NO3 treatment,

and (NO; + NH

+ +

4 4
s, Redlan produced the most top dry-matter. Redlan produced

ve the highest yields, and under both NH )

top dry-matter. Except for SC 33-2-8-E4, TAM 428, Wheatland,

and SC [1B4, the other genctypes produced higher top dry-matter under
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However|,
matter [y

the genpt
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; + NHZ) than under NHZ alone.
experiment 4, KS 56 praoduced the highest top dry-matter (369.4
and TX 07 produced the lowest top dry-matiter (212.9 mg/plant)
The genotype X treatment interactions were significant with
yielding all the other genotypes under all treatments., 1In
L 5, NB 3494 and KS 57 gave much higher yields than the remain-
bpes tested in this experiment (Table 18}. TX 07 and TX 7078
Fhe lowest top dry-matter yields. e
e treatment effects on root dry-matter yields were significant
the genotypes in experiment 3 (Table 11). Plants grown with
Z) produced higher root dry matter than plants grown with
5 or NHZ. Root dry-matter production for the N treatments were
or the genotypes in experiments 4 and & (Tables 13 and 15).
within each experiment, the genotypes differed in root dry-

elds. HRoots of Redlan and Wheatland were higher than most of

ypes in experiment 3 (Table 11); KS 56 and TX 414 had higher

root welightz than the remaining genotypes in experiment 4 (Table 13} and

KS 57 %ni TX 41% gave higher root weights than most of the genotypes in

experimenht 5 (Table 15). Similar observations were noted for total dry-

v matter yjelds (Tables 12, 14, and 16). In experiment 3, ylelds differed

among f{reatments. In the three experiments, genotypes showed differences

in totil

dry-matter preduction.

5. Top/Root Dry Matter Ratios

Top/rcot dry-matier ratios reflect how the roots or aerial organs

of the|glant have been affected by the treatmenfts and differences among

genotypds in the production of root or top material.
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In|both experiments 1 and 2, significant differences among treat-

ments werg observed for top/root dry-matter ratios (Tables 8 and 10).

Ratios

wWere higher when plants were grown with added P than when they

were grawp under the control conditions. The differences between the

control
growth

a much

apd the two P treatments could have been caused by enhanced top

uUnfler the P treatments. The genotypes also differed, Redlan had

Bifher ratic than SC 134, Martin, NP, and Plainsman in the first

experiment, and SC 33-9-8-E4 had the highest ratio (2.2), and C 7.4 had

the lo

ratio (1.4) in the second experiment.

iitrogen treatment effects on top/root dry-matter ratios were not

different] (Tables 12, 14, and 16). However, genotypes differed in each

experi

nt. 1In experiment 3, the top/root dry-matter ratios were highest

for Martin and lowest for TAM 428 and KS 5. SC 369-3-1JB had a higher

top/rook |dry-matter ratio than the remaining genotypes in experiment 4,

and SC
than t

5, tre

6. Ef

4, NB 3494, and SD 106 had higher top/root dry-matter ratios
remaining genotypes in experiment 5. In experiments 3, 4, and

Lant X genotype interactions were not significant.

ett of Plant Age on Screening for 'Fe-efficiency’

age (7,
of plar
induce

mM N/pl

This experiment was conducted to determine the effect of plant
10, and 14-day-old seedlings) on the induction of Fe deficiency
tg screened for 'Fe-efficiency.' Two treatments were used to

I deficiencies in the plants: (1) NOS as a source of N at 1.4

t and (2) P added at 0.39 mM.

Iron deficiency symptoms

en treatments were added to 7 and 10-day seedlings, most
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genotypes [developed Fe deficiencies earlier when grown with NOJ than when

3
P was addgd. Plants became Fe deficient within 3 days when grown with

NOE com d to 5 days when grown with added P. Under the NDE treat-
ment, 7= d 10-day old seedlings of SC 118-15E, Wheatland, TAM 428,
Redbine |60, and Redlan became Fe deficient 3 days after treatments had
been addefl; whereas only SC 109-9 was Fe deficient under the added P
treatment{ Three genotypes (SC 109-9, CK 60, and Martin) and four geno~
types (3C{118-15E, SC 500-6-1, TAM 428, and Redlan) developed some Fe
deficiency under NO and P, respectively, after 4 days. After the
plants hii been in solution for 5 days, SC 134 and SC 500-6-1 developed
some Fe|deficiency in NOJ

3
SC 134 bgcame Fe deficient in P treated solutions. Plainsman, KS 5, NP,

solutions and Wheatland, CK 60, Martin, and

and SC 33-9-8-E4 did not become Fe deficient in NOS solutions until
after 6| dqays. Concomitantly, Redbine 60, Plainsman, KS 5, NP, and

SC 33-9+4-E4 took 6 days to become Fe deficient when grown in the added
P solutliqns. Iron deficiency ratings of the genotypes at 14 and 17 days
of age (kennination of the experiment) are given in Tables 17 and 18.
The genotypes differed within each treatment. In the NOE treatment, the
most severe Fe deficiency symptoms were noted on SC 118-15E, Wheatland,
and TAM $28. SC 33~9-8-E4, NP, SC 109-9, and Plainsman had the least
severe [Fg deficiency symptoms. In the P treatment, SC 118-15E, Wheat-
land, Refllan, and Redbine 60 had the most severe Fe deficiency symptoms,
while :;d 33-9-8-E4, NP, KS 5, CK 60, SC 109-9, and Plainsman had the

o

least Fe| deficiency symptoms. Of the plants treated at 10 days of age,

the gengtypes also differed within each treatment (Table 18). SC 118-15E
:1

and Redlian developed the most severe Fe deficiency symptoms in NOS
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Table 17.| The degree of Fe deficiency in the upper leaves and top/root
dry-matter ratios of sorghum genotypes treated with NO3 and
P to induce Fe deficiency in 7-day-old seedlings (Expt. 6).
Treatment to induce Fe deficiency
Genplypes Fe deficiency ratingt Top/root ratio
NO; 0.39 mM P NO3 0.39 mM P
SC 118+15E 3.8 a' 1.8 a 1.6 a 2.1 b
S5C 134 1.5 def 1.0 abe 1.4 a 1.8 b
SC 500-4-1 2.3 bed 1.0 abe 2,0 & 2,5 b
Wheat Lagd 3.5 a 1.3 ab 1.6 a 2.2 b
TAM 428 3.0 ab 0.8 be 1.5 a 1.8 b
Redbine| 60 2.0 cde 1.3 ab 1.5 a 2.2 b
Redlan 2.5 be 1.3 ab 1.9 a 2.2 b
Plainqun 1.0 fg 0.5 be 1.7 a 1.8 b
SC 109-p 1.0 fg 0.5 be 2.0 a 2.3 b
CK 60 2.0 cde 0.5 be 2.0 a 1.9 0
KS 5 1.3 efg 0.5 be 1.4 a 2.5 b
Martin 2.3 bed 0.8 be 1.6 a 6.9 a
NP 1.0 fg 0.5 be 1.8 a 1.8 b
SC 33-+9-8-E4 0.5 g 0.3.¢ 1.7 a 2.2 b
TreatTWnt means 2.0 A 0.8 B 1.7 A 2.4 A
*0s= Fe deficiency (green); 4 = Severe Fe deficiency (severe
interveinal chlorosis).
T Numb js followed by the same letter in each column are not significant

at P#(].05 according to Duncan's Multiple Range Test.
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Table 18.) The degree of Fe deficiency in the upper leaves and top/root
dry-matter ratlos of sorghum genotypes treated with NO3Z and
P to induce Fe deficiency in 1l0-day-old seedlings (Expg. 6) .
Treatment to induce Fe deficiency
Geaptrpes Fe deficiency ratin3+ Top/root ratio
NO3 0.39 mM P NO; 0.39 mM P
SC 118-15E 3.5 af 2.3 abe 1.9 b 3.1 ab
SC 134 1.8 cde 1.8 abed 1.8 b 2.0 ab
SC 500-¢-1 2.3 bed 1.5 bede 2.3 b 2.4 ab
Wheat Lapd 2.0 bede 2.0 abe 2.0Bb 2.5 ab
TAM 428 2.5 abc 2.5 ab 4.5 a 2.8 ab
Redbine| 60 2.0 bede 2.5 ab 2.0 b 2.2 ab
Redla 3.0 ab 2.8 a 2.5 b 3.2 ab
PlainJmL.n 1.3 de 0.5 e 2.2 b 1.9 ab
SC 109-p 2.4 be 1.3 cde 1.8 b 3.0 ab
CK 60 1.3 de 1.3 cde 2:2'h 2.5 ab
KS 5 1.3 de 0.8 de 1.6 b 2.5 ab
MartiT 2.3 bed 2.0 abe 1.9 b 2.7 ab
NP 1.5 cde 0.5 e 2.0 b 1.7 b
sC 33¢%~8-E& 1.0 e 0.8 de 1.9 b 3.7 a
TreatLamt means 2.0 A 1.6 A 2.2 A 2.6 A
|
*to ;_ho Fe deficiency (green); 4 = Severe Fe deficiency (severe
¥ éﬂggrggi?gilggégrg;ighé same letter in each column are not significant
at P=(].05 according to Duncan's Multiple Range Test.
|
|
|




67

Table 1*. The degree of Fe deficiency in the upper leaves and top/root
dry-matter ratios of sorghum genotypes treated with NOT and
P to induce Fe deficiency in l4-day-old seedlings (Expt. 6).

Treatment to induce Fe deficiency

Cenptiypes Fe deficiency ratingt Top/root ratio
NO3 0.39 mM P NOF 0.39 mM P
SC 118+15E 0.0 a' 3.0 ab 1.8 b 2.2 a
SC 134| 0.0 a 2.0 cde 1.6 b 2.4 a
SC 500-§-1 0.0 a 2.3 cd 2.0 b 2.4 a
Wheat Lagd 0.0 a 3.0 ab 1.5b 2.6 a
TAM 4%8 0.0 a 1.8 def 1.5b 2.2 a
xedbiﬁe 60 0.0 a 2.5 be 1.5b 2.6 a
Redlan 0.0 a 3.3 a 1.8 b s
Plaingmpn 0.0 a 1.3 f 1.9 b 1.9 a
s¢ 109-p 0.5 a 2.3 cd 1.9 b 2.6 a
CK 60 0.0 a 1.5 ef 1.8 b 3.0 a
KS 5 0.0 a 1.5 ef 1.8 b 2.58
Martin 0.3 a 3.5 a 2.1 ab 2.5 a
NP ‘ 0.0 a 2.0 cde 3.1a 2.7 &
sc 33+9—B-E4 0.0 a 1.5 ef 1.7 B 2.2 a
Treal:li:ent means 0.65 B 2.2 A 1.9 A 2.4 A

0 = kc Fe deficiency (green); 4 = Severe Fe deficiency (severe

+ interyeinal uhlorosisg.
Numbers followed by the same letter in each column are not significant

at P=(.05 according to Duncan's Multiple Range Test.
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solutionk,| while SC 33-9-8-E4, K3 5, CK 60, and Plainsman had the least

Fe deficlidncy symptoms. In the P treatment, only Redlan developed

severe Fk |deficiency symptoms, and Plainsman, KS 5, NP, and 3C 33-9-8-FE4

had only]

$light Fe deficiency.

Whgn P treatments were added to lé~day-old seedlings, 10 of the

14 genotiypes had Fe deficiency symptoms within 2-3 days. Two of the

remainidg genotypes (CK 60 and SC 33-9-B-E4) develcoped Fe deficiency on

the founth day and the other twe genotypes (TAM 428 and Plainsman)

developed{ Fe deficiency symptoms only after the fifth day. In the NO_

3

treatment|, only two genotypes (5C 108-9 and Martin) showed any Fe defi-

ciency at| the end of 21 days (termination of tne experiment). Treatment

" effects|wWere markedly different for 7- and 10-day-cld plants compared to

: l4-day- *d plants (Tables 17, 18, and 19). For plants that received

treatmenys at 7 days of age, those grown with NO~ were 2.5 times more Fe

3

deficiepll as those grown with P. For 10-day-old seedlings, the treatment

effects| yere similar in terms of Fe deficiency symptoms (Table 18),

Plants ftyeated at 14 days of age became Fe deficient when grown in the

added P freatment but remained green when grown in NO., solution (Table

19). dn]

spolutiagn
In the |P
severe |F

SC 33-9~

bl

with tim

3
ly SC 109-9 and Martin developed slight Fe deficiency in NO

3

b, and essentially no differences were noted among genotypes.
treatment, SC 118-15E, Wheatland, Redlan, and Martin developed
b deficiency symptoms; whereas Plainsman, CK 60, KS 5, and

B-E4 developed only slight Fe deficiency symptoms.

H of nutrient solutions

igures 7, 8, and 9 show the changes in pH of the growth media

e after plants were put into nutrient solutions. The frends of
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both treafments were similar irrespective of seedling age. The pH
decrea in solutions with added P treatment and increased in NOE solu-

tions aft%r the second day.

c. |[Dpy-matter yields

The T-day-old seedlings produced higher top dry-matter yields

when treafed with P than when grown with NOE (Table 20). However, root
and total| dry-matter production was similar under the two treatments.
Iron de iFiency appears to affect top growth mucﬂ more than root growth.
Treatmeny effects for 10- and l4-day-old seedlings were not different
(Tables| 41 and 22). Regardless of age and the treatment used to induce
Fe deficiency, the genotypes differed in top, root, and total dry-matter

yields.| JAt 7 days, Redlan outyielded the other genctypes for top and

total dry-matter under both treatments. Redlan also outyielded the

other otypes for root dry-matter when plants were grown in the P

treatm but not in the NOS treatment. In the No;

dry-matitér yields of Redlan were similar to many of the other genotypes.

treatment, root

Ip the P treatment, TAM 428 and Redlan outyielded the remaining
genotypep for top dry-matter. Martin produced the highest root dry-
matter| | Total dry-matter was higher for Redlan than the other geno-
types. lainsman had the lowest total dry-matter yields.

en l4-day-old seedlings received treatments, Redlan had higher

top and [total dry-matter yields than the other genotypes. In the P
treatmerlt, Redlan root dry-matter yields were similar to those produced
by SC 1)¥8-15E but higher than those of the other genotypes. 5C 33-9-8-E4

had the {lowest top dry-matter yields in NOS solutions, and Plainsman had

the lo Tst top dry-matter yields in the P treated solutions. The lowest




73

Table 20J Top, root and total dry-matter yields of sorghum genotypes

treated with NO7 and P to induce Fe deficiency in 7-day-old

seedlings (Expt. 6).

Treatment to induce Fe deficiency
Genorypes Top Root Total
NO3  0.39 mM P NO3 0.39 mM P NO3  0.39 mM P
mg/plant

SC 118-1$E 38 b 45 be 23 abe 21 b 61 b 66 b
5C 134: 32 be 39 cd 23 abe 22 b 54 be 61 be
SC 500-6+1 30 bed 35 cde 15 cde 15 bed 45 cde 50 cd
Wheatlﬁnd 35 b 42 be 22 abe 19 bed 56 be 61 be
TAM 428 30 bed 36 cde 21 abed 20 be 50 bed 56 be
Redbinj HO 30 bed 40 ed 16 bcde 19 bed 50 bed 58 be
Redlan 54 a 7L a 28 a 33 a 82 a 104 a
PlainsTaP 22 cd 26 efg 13 de 14 bed 35 ef 40 de
SC 109-9 31 bed 33 def 16 bede 15 bed 46 cde 47 cde
CK 60 | 35 b 36 cde 18 bede 19 bed 53 be 60 be
KS 5 | 22 cd 39 cd 16 bede 16 bed 37 def 54 be
Hartin{ 39 be 53 b 24 ab 15 cd 63 b 68 b
NP '[ 19 d 22 g 11 e 12 d 30 f 34 e
5C 33—?-8-E6 23 cd 24 gf 13 e 11 36 def 35 e
Treatmé t means 31 B 39 A 18.4 A 18 A 50 A 56 A

|

TN is followed by the same letter in each column are not significant
at .05 according to Duncan's Multiple Range Test.




o
Table 21.| Top, root and total dry-matter yields of sorghum genotypes

treated with NO7 and P to induce Fe deficiency in 10-day-old

seedlings (Expt. 6).

| Treatment to induce Fe deficiency
Gen"'lrypes Top Root Total
NO3j 0.39 mM P NO3 0.39 mM P NO3 0.39 mM P
mg/plant
$C 118-19 118 b¥ 103 ab 65 ab 34 abc 182 b 136 abc
SC 134 87 bce 83 abe 48 be 41 abe 135 be 124 bed
SC 500-p 97 be 83 abe 43 cd 34 abe 141 be 117 bed
Wheat land 97 be 88 abe 47 be 35 abe 143 be 122 bed
TAM 428 83 bed 120 a 23d  43ab 107 cd 163 ab
Redbin? 60 82 bed 67 be 40 ed 33 abe 122 ¢d 100 cd
Redlan | 178 a 115 a 72 a 44 abe 250 a 186 a
PlainsJaL 58 cd 46 c 27 cd 24 be 85 ecd 70 d
SC 109-9 66 cd 82 abce 38 cd 28 be 104 ¢d 110 bed
CK 60 90 bed 98 ab 43 ed 40 abe 133 be 138 abe
K§ 5 } 66 cd 66 be 40 ed 27 be 106 cd 96 cd
Martin 121 b 110 ab 64 ab 52 a 185 b 162 ab
NP _ 48 4d 53 ¢ 25 d 32 abe 73 4 85 cd
sC 33—;-8-E6 65 cd 78 abe 33 ed 20 ¢ 96 cd 97 cd
|
Treatmerlt means 90 A 85 A 43 A 35 B 133 A 122 A
|
T Numbegs followed by the same letter in each column are not significant
at P=0,05 according to Duncan's Multiple Range Test.
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root dry

ments, ne

d. |T

-Eatter was produced by NP and KS % under the NO

76

3 and P treat-

ppectively.

p/Root Dry-Matter Ratios

1

matter +e
grown

Seven-:jy

|

respective of plant age, treatment effects on top/root dry-

}e similar. The ratios tended to be slightly higher for plants
3 treatment.
~old treated genotypes did not differ in top/root dry-matter

the P treatment than for plants grown in the NO

ratios when grown in the NOE treatment (Table 17). However, in the P

treatmeny
treatment
top/root
top/root
treatmert

i

had a h

When NO

, Martin had a higher ratic than other genotypes. 3

was added to 10-day-old seedlings, TAM 428 had a higher
dry-matter ratio than the other genotypes (Table 18). The
dry-matter ratios also differed among genotypes that received

Of plants grown in NO3

her top/root dry-matter ratio than the other genotypes.

s at 14 days (Table 19). treatment, NP

Disc

e —

7

other qnf

temperltl
et al., |
deficiegn
of man

i~
b

For ex

ssion

y nutrient imbalances such as high CaC0,, Mn, Zn, Cu, P, and

EL
ironmental factors such as light quality (Brown et al., 1979),
re, moisture, and oxygen tension (Burtch et al., 1948; Wallihan
961; Wallace et al., 1981; Clark et al., 1981) will induce Fe
y in many plants. With these factors being optimum, cultivars

rop species have been identified for tolerance to Fe deficiency.

ple, Hawkeye soybean (Brown et al., 1960), Coker 227 and Coker

74-22 ogt cultivars (MacDaniel and Dunphy, 1978), sorghum (Mikesell et

al., 197

(Brown| qt

3), WF 9 cern (Clark and Brown, 1974), and T 3238FER tomato

al., 1974) have been identified as 'Fe-efficient.’
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Joghum is one of the more susceptible crop plants to Fe defici-

ency (Brioyn et al., 1975). Cultivara or gencotypes more tolerant to low

Fe would pe helpful in solving this problem in many of the sorghum grow-

ing areas|of the world., 1In an effort to identify more 'Fe-efficient!

sorghum

gpnotypes, screening methcocds for 'Fe-efficiency' were devised

and eva}uFted. Iron deficiencies were imposed on sorghum plants by the

addition pf CaCO, and P and growing plants with different sources of N

3

in nutrient sclutions.

In Experiments 1 and 2, sorghum genotypes differed in suscepti=-

bility td Fe deficiency depending upon the method used Lo induce the Fe

stress,
ference
grown i
deficie

develop

Since genotype X treatment interactions were significant, dif-
5 [in genotype responses wWould be expected. When the plants were

k CaCO., or P treatments, SC 118-15E developed the most severe Fe

3
gy symptoms cut of the U.S. genotypes used and SC 33-9-8-E4

ed the least severe Fe deficiency symptoms. The Nigerian geno-

types wefe usually more Fe deficient under the high P treatment than

under t
earlier
FFB-L h
Fe defi

genotyp

induce

screeni

he CaCO Genotypes, however, showed Fe deficiency symptoms

3!
$nder CaCO3 than under P treatments. Under both P treatments,
afl the most severe Fe deficiency symptoms and L 187 had the least
clency chlorosis under the same P treaiments of the Nigerian

ef screened. From these two experiments, the P treatment to

F

I

deficiency symptoms in sorghum plants was a better method for

nig sorghum genotypes for 'Fe-efficiency.' Both P treatments were

1]

about as effective (Table 23).

ciency

In Experiments 3, 4, and 5, plants developed more severe Fe defi-

3 alone than when they received

dhlorosis when supplied with NO
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either NH)

earlier in

N sources
KS 56, TX
grown wit

-
with Nﬂq

TX 07, an

toms, whe

19
or (NOS + NHZ). The Fe deficiency symptoms also appeared
- +
3 4 °F both
The most Fe deficient genotypes were Redlan, CK 60, SC 109-9,

plants grown with NO_ than in plants that received NH

414, Caprock, KS 57, TX 7078, and SC 29 when the plants were

N03

ere SC 109-9, Redlan, Wheatland, KS 56, SC 369-3-1JB, TX 415,

The most Fe deficient genotypes when plants were grown

i NH 3494. Genotypes with the least severe Fe deficiency symp-

h grown with NDS, were SC 33-9-8-E4, Plainsman, TX 412, Norghum,

SD 102, ahd 5C 149. When grown with NHZ, K8 56, Plainsman, SC 33-9-8-E4,

TX 412, S
symptoms.

In
deficient

T=-day=-old

the P trgatment.

slight Fq
Fe defic]
possibly
sorghum
medium,
the form
Fe in thg
also inaf
frequencly
rating.

The plan

make morfe

L

D 102, Norghum, SD 106, and SC 149 had the least Fe deficiency

experiment 6, younger seedlings (7 and 10 days old) became Fe

3 than with added P.

seedlings were more Fe deficient in the NO

faster when grown with NO In addition, the

; treatment than in

Plants treated with N03

Phosphorus treated plants showed good differential

at 14 days developed only

deficiency.

ency symptoms even at 14 days of age. These observations can be

explained by how the two treatments induced Fe deficiency in the

3
d excess P induced Fe deficiency by making Fe unavailable by

notypes. The NO. effect was through pH increases in the growth

Ing insoluble Fe-P compounds and subsequent precipitation of the

growth medium (Mengel and Kirkby, 1979). Phosphorus may have

tivated Fe within the plant root tissue. Table 24 shows the

distribution of the genotypes within each Fe deficiency class

The distributions were only similar for 10-day-old seedlings.

ts treated at 14 days of age had the ability to get more Fe or

Fe available because of their larger root systems than in the

younger

plants.
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Distribution of genotypes based on the degree of Fe
deficiency symptoms at 7, 10 and 14 days of age.

Fe stress treatments

ficiency Seedling age
JRERE: oy (days) NO3 0.39 mM P
0| ~-0.5 7 1 6
0} 6-1.0 7 3 il
111-1.5 7 2 3
116~-2.0 7 2 1
211-2,5 7 3 0
216-3.0 7 1 0
3}1-3.5 7 1 0
316-4.0 7 1 0
0] -0.5 10 0 2
0f6-1.0 LO 1 2
111-1.5 10 4 3
14 6~-2.0 10 3 3
2L1-2.5 10 4 3
21 6-3.0 10 1 1
3L1-3.5 10 1 0
3L6-4.0 10 0 0
0 -0.5 14 14 0
OL6-1.0 14 4] 0
1.1-1.5 L4 0 4
1.6-2.0 14 0 2
2l.1-2.5 L4 0 3
2.6-3.0 14 0 2
3.1-3.5 14 0 2
3.6-4.0 14 0 0




Bl

11 NU; is to be used as a screening method, plants younger than

14 daysiopd should be used or plants need to remain longer than 7 days

in the

day-old

05 solutions before 'Fe-efficiency' 1s assessed. Seven- to lé-

plants could be screened in P treatments with good results.

- Reductions in dry matter caused by Fe deficiency were signhificant

only whe

because

yields

byl plants were grown with 0,39 mM P in solution but were not large

df the limited time the Fe stress was imposed. To use dry-matter

4 a parameter of 'Fe-efficlency' in young plants, a longer Fe

deficiehcy stress period should be used. In Experiments 1 and 2, geno=-

types that produced higher top dry-matter yields tended to have higher

Fe defiLjency ratings. This is to be expected due to a dilution effect.

The tre

Plants |

Etments had 1little or no effect on root dry~matter yields,

rown with {NOS + NHZ} produced higher top dry-matter yields than

{ -
plants grown with either NO, or NHZ alone. The root dry-matter yields

were higher in the (NO

ment.
bility
toxicit

plant u

3
- NHZ) and No; treatments than in the NHZ treat-

o3

The lower root dry-matter yields, despite increased Fe availa-

+
4

y|or the acid pH. Scme elements are known to be limited for

in the NH, treatment, could have been caused by either NHS

s under these conditions.

Teble 23 shows the frequency distribution of the genotypes

screened| under the various treatments. It is evident from this table

that tﬁeLfrequency distribution for the genotypes =screened in Experi-
|

ments :1'.

and 2 was similar under the two P treatments. However, the dis-

tribution was different for the CaCl. treatment. Most genotypes fell

within
rating

higher

3

‘the lowest Fe deficiency rating. Only one genotype received a

Higher than 1.5 in the CaCD3 treatment, but eight genotypes got a

Ae deficiency rating in the P treatments.
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Table 25.| Ranking of sorghum genotypes based on the degree of Fe
deficiency ratings in the Fe stress treatments.
Treatmentg Expt. No. Genotype classes
'"Fe efficient’ 'Fe inefficient'
0.15 mM 23603 h S SC 33-9-8-E4, SC 118-15E, Redlan,
Plainsman, KS 5 Martin
2 RZ 1, L 181, H.P 3, L 187,
FFB-L L 1449
0.17 mM P 1 SC 33-9-8-E4, NP,  SC 118-15E, Redlan,
KS 5 SC 500-6~1
2 RZ 1, KANO L.1, FFB-L, C 7.4,
L 187 SK 5912
0.39 mM [P E SC 33-9-8-E4, NP,  SC 118-15E, Martin,
Plainsman CK 60
2 RZ 1, L 181, FFB-L, C 7.4,
KANO L.1 H.P 3
NO; 3 Plainsman, Redlan, CK 60,
8C 33-9-8-E4 SC 109-9
4 TX 412, Norghum, KS 56, TX 414,
Sb 102 Caprock
5 SD 102, SC 149 KS 57, TX 7078,
sSC 29
nit 3 KS 5, Plainsman, SC 109-9, Redlan,
4 SC 33-9-8-E4 Wheatland
4 TX 412, SD 102, KS 56,
Norghum SC 369-3-1JB
5 SD 106, SC 149 TX 415, TX 07,
NB 9434
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In komparing the NOJ and NHZ

high Fe dgficiency rating in the NO3 solutions, while most genotypes

treatments, many genotypes received

received the low ratings in the NHz solutions. Of the 32 genotypes

grown witH either source of N, 22 genotypes received an Fe deficiency

3
ceived a gimilar rating when grown with NHZ. No genotype received a

rating higher than 2.0 in the NO_, treatment, but only nine genotypes re-
rating higher than 3.0 in the NHZ treatment solution as compared to eight
genotypes|that received a rating higher than 3.0 in the NOS treated solu=-
tions, Based on Fe deficiency ratings, the genotypes considered to be
more 'Fe-pfficient® and 'Fe-inefficient' when grown with the various
treatment are shown in Table 25.

From these experiments, Fe deficiency can be induced in sorghum
genotypegq by the addition of excess Ca003 or P and by growing plants in
NOE or N}: treated solutions. The effectiveness of these treatments
depends ypon the rates used, the length of time plants are allowed to
grow in freatment solutions, and the sorghum genotypes.

ULing the total dry-matter produced under the various Fe stress
treatments as a basis of 'Fe-efficiency,' Martin, Redlan, and SC 118-15E
were the|most 'Fe-efficient'! genotypes (Table 26). TAM 428 could also
be consirered as 'Fe-efficient' among the U.S. genotypes. FFB-L and

SK 5912 Fere the most 'Fe-efficient' among the Nigerian genotypes.

B. Relationship of Nutrient Solution to Soil

Screening for 'Fe-Efficiency’

Jereening sorghum for 'Fe-efficiency' in nutrient solutions
allows flor closer control of the growth medium conditions and for reduc-

tion of |many complicating factors in scils. However, sorghum production




occurs in

must bel

of these

previousl

85
soils and the results obtained in nutrient solutions and soils
lated if the screening method is to be of value. The purpose
xperiments was to screen sorghum genotypes in soils that had

y been screened in nutrient sclutions. These experiments were

conducted| in a greenhouse (see Materials and Methods).

T

burg) soifls were used to grow the sorghum genotypes.

b low Fe (Bridget and Bridgeport) and one sufficient Fe (Sharps-

The properties of

each soill are given in Table 1. The low Fe scils are from western
Nebraska d Kansas where Fe deficiency is a common problem to many crop
plants. th of the low Fe soils had high pH values (8.1) and low DTPA-

extract

|
50 times
differehc

level ané

.

le Fe, The sufficient Fe soil had a lower pH (6.8) and nearly
1more DTPA-extractable Fe than the low Fe soils. Although some
es in chemical properties were noted for each soil, the Fe

pH were the most pronounced differences. The Bridget soil had

about twg times more Zn than the Bridgeport soil, and this element could

possibly|affect Fe uptake and use,
1. Growth of Plants

The genotypes were grown in two experiments. Fourteen genotypes
were screened in the first experiment and 12 in the second. Seed germi-
nation 3 good except for SC 109-9, SC 369-3-1JB, TAM 428, and Norghum
on Bri; t soil. Plants grew well until Fe deficiencies developed.
Iron defliciency was the only problem noted on plants grown in the low
Fe soil.| Some P deficiencies were noted on plants grown in the Sharps-

burg s@ﬁ?.




2. Iron

e ot

Deficiency Symptoms

soils 5 iays after plant emergence.

|
soil, 5S¢/ 1

3-1JB, No
I
and Plain

followiﬁg

Bridget Is

|
and SC 50

Wheatlard
developéd
and SC 1}

I

Redlan, |F

to show|
TX 70?8;
i1

- ments wer

burg sc

symptoms

: Bridget
in inten
Norghud,
other éea

were TQM

were slg

Ibdn deficiencies began to appear in plants grown on the low Fe

Of the plants grown on the Bridget
34, Wheatland, Redbine 60, SC 109=9, NP, SC 33=-9-8=E4, SC 369-
fghum, and TX 07 developed Fe deficiency symptoms first. Redlan
%man began to show Fe deficiency the next day and Martin the
day. Genotypes that developed Fe deficiency last in the
hil were SC 118-15E, TAM 428, SD 106, KS 5, TX 7078, TX 414,
p-6-1 (8-1Q days after emergence). On the Bridgeport scil,
. SC 109-9, SC 369-3-1JB, TX 07, Norghum, and SC 33-9-8-E4
some Fe deficiency symptoms 5 days after emergence. SC 134
R-15E became Fe deficient the next day. Martin, Redbine 64,
lainsman, and CK 60 developed the symptoms on day 9. Genotypes
e deficiency last (days 10-13) in this scil were TAM 423,

3D 1906, K5 5, NP, and SC K00-6-1. Plants grown in the Sharps-

remained green throughout the experiment. When the gxperi-

e terminated, plants developed moderate to severe Fe deficiency

(Tables 27 and 28). Plants were mcre Fe deficient on the

%oil than on the Bridgeport soil. The genotypes also differed

gity of Fe deficlency symptoms. SC 109-9, SC 369-3-1JB, K3 56,

and SC 118-15E had more severe Fe deficiency symptoms than the
otypes. The genotypes with least severe Fe deficiency symptoms

428, SC 500-6-1, and SD 1G6, The genotype x soil interactions

hificant,
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3. Dry-Mdtter Yields

Only the above ground portions of plants were harvested.

Dry~

matter prdduction of plants grown in the Sharpsburg soil was 2 to 3

times hig
(Tables 2
two times
genotypes
SC 118-15

SC 109-9

4., Dis¢

g
classify

the rank

er than that of plants grown in Bridget and Bridgeport soils
T and 28). Plants grown in the Bridgeport soils produced about
more dry matter than plants grown in the Bridget soil. The
also differed in dry-matter yields. In the low Fe soils,

L, SC 500-6-1, and SD 106 had the highest dry-matter yields and

pnd SC 369-3-1JB had the lowest.

sion
ing Fe deficiency ratings and dry-matter yields as criteria for
g sorghum genotypes into 'Fe-efficient' or 'Fe-inefficient,'

gs of the genotypes are given in Tables 29 and 30.

Cdnsidering these criteria for 'Fe-efficiency' the most 'Fe-effi-

cient' ggnotypes when grown in the low Fe soils were SC 500-6-1 and

SD 106.
ent! geng

low Fe sg¢

ever, TANM 428 had poor growth when grown on the Bridgeport soil.

most 'Fe¢
SC 1069

Wh
tions we

types dif
in nutrip

Wheatlangd

TAM 428 might also be considered as one of the more 'Fe-effici-
types since it had low Fe deficiency ratings when grown on both
ils and had good growth when grown on the Bridget soil. How-
The
inefficient' genotypes when grown on the low Fe soils were

and 5C 369-3-1JB.

en the results of screening sorghum genotypes in nutrient solu-

re compared with the results of screening in low Fe soils, geno-

not respond the same., If Fe defliciency ratings of genotypes
nt solutions were compared with those in soils, SC 118-15E,

, SC 369-3-1JB, SC 109~9, KS 56, and TX 07 would be considered
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Table 30.| Rankings of genotypes based on top dry-matter produced on
the low Fe soils.
c Dry-matter satd
ategpry yields

Bridget

Bridgeport

Fe effidient

Fe inefficient

(% of highest)

86~100

71~85

56~70

41-55

0-40

TAM 428, SD 106,
SC 500-6-1

SC 118-15E, KS 5,
TX 7078, Martin,
Wheatland, Redlan,
SC 33-9-8-E4

Plainsman, NP,
SC 134, TX 412,
Norghum

KS 56, TX 414,
CK 60, TX 07

§C 109-9,
SC 369-3-1JB

KS 5, SC 118~15E,
8D 106, SC 500-6-1

NP, Martin, TX 412,
TX 414,
SC 33-9-8-E4, CK 60

Wheatland,
Redlan, SC
Plainsman,
Redbine 60

KSs 56,
134,
TX 7078,

TAM 428, TX 07,
SC 369-3-1JB

SC 109-9




'Fe-ineff

SC 500-6-}

ent' when
'Fe-effic
9-8-E4, N
in low Fe
solutions

On)
solutions
and TX 70
SC 109-9,

It
in 801151
ent soluf
supply of

uptake ar

92
lcient' in either screening method. However, TAM 428 and
would be considered moderately 'Fe-efficient! to 'Fe-effici-
grown in both low Fe soils, but they could not be considered
ient' when grown in nutrient solutions. The genotypes SC 33~
P, Norghum, Plainsman, and TX 412 were moderately 'Fe-efficient'
| soils. SD 106 was 'Fe-efficient' when grown in NHZ—treated
as well as when grown on the Bridgeport soil.
the basis of dry-matter yields of the genotypes in nutrient
and on low Fe soils, Martin, SC 118-15E, Redlan, Wheatland,
78 could generally be considered 'Fe-efficient.' One genotype,
would be considered 'Fe-inefficient.'
is not surprising that plants grown in nutrient solutions and
did not respond the same since the growth conditions in nutri-
ions can be controlled more precisely than in soils. The
elements like P, Mn, Cu, and Zn, which can interfere with Fe

d translocation, can be controlled in nutrient solutions but

not as e
more rea
accessib
a soil.

readily

when gro
Zn and |t
more sev

plants g

sily in soils. In addition, Fe in nutrient solutions would be
ily available for plant use than in a soil because of root
|1ity and the ease in changing the pH of a solution compared to
Genotypes that have low Fe requirements should compete more
For Fe in solution but may not be able to obtain sufficient Fe
w1 on a low Fe soil. Bridget soil contained higher levels of
his might partially explain why plants grown on this soil had
bre Fe deficiency symptoms and lower dry-matter yields than

Pown on the Bridgeport soil. Nutrient solution experiments are

invaluabﬂa for studying mechanisms involved in uptake and utilization of




nutrients
Thus, sc

with scre

3e
low Fe an

ditions t

types coqsidered to be '"Fe-efficient' and 'Fe-inefficient.'
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but most plants grown for food production are grown in soils.
ening responses in nutrient sclution need to be correlated

ning results in soils.

C. Physiological Properties of Sorghum Genotypes

Showing Differential Responses to Fe Deficiency

veral experiments were conducted in nutrient solutions and in

H Fe-sufficient soils under growth chamber and greenhouse con-

b determine differences in physiological properties of geno-
Studies were
to determine genotype differences or effects on (1) varied Fe
2) production of 'reductant' in nutrient solutions, (3) pH of

{5) leaf chloro-

) mineral element concentrations and ratios, and (7) dry-matter

conducted
levels,
nutrient |solutions, (4) plant heights and leaf areas,
phyll, (4
produced |per unit Fe taken up.
1. Genogype Response tc Varied Levels of Fe
a. Plant growth
S

in separ?te containers with NO

22, and

added to

P'7T mM Fe.

L 33-9-8-E4, NP, XS 5, 3C 118-15E, Redlan, and Martin were grown

3
Plants that received the 0 Fe treatment had no Fe

as a source of N and with 0, %, 11, 16,

the initial growth solution and other Fe treatments had a low

amount ok Fe added to the initial solutions. Seedlings were normal

before i
ent with

better

reatments were added.
in 3 days and grew poorly thereafter,

ith increasing levels of Fe.

Plants grown without Fe became Fe defici-
Plants grew progressively

The highest Fe level appeared
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adequate for maximum growth even though slight Fe deficiency symptoms
appeared ln some of the genotypes.
b. Ipon deficiency symptoms
Wiphout added Fe, plants of each genotype developed Fe deficien-

cles withhn 3 days, and the deficiency symptoms became progressively

worse wi
plants g
genotype
SC 118-1
greatest
were add
ency sym
days).

they wer

T
level of
level of
genotype
without,
initial

units fn

d.

th time, Differences among genotypes could be detected for

pwn without Fe, but few differences could be detected among

q when Fe was added at any level. In solutions with added Fe,
éE had the most severe Fe deficiency. Genotypes showed the

differences in Fe deficiency symptoms 5 days after treatments

d. Except for SC 118-15E, genotype differences for Fe defici-
toms were small at the time the experiment was terminated (21
lants develcped the same degree of Fe deficiency symptoms when

¢ grown with the various amounts of Fe in solution,

H increases in nutrient solution

ble 31 shows changes in the nutrient solution pH with each
Fe and each genotype. The pH increased with time for each
Fe and for each genotype, but differences due to Fe levels or
were not statistically significant. Changes of pH in solutions
e tended to be lower than in solutions with added Fe. The
pbH of the nutrient solutions was 5.6 and varied by only 0.5 pH

pm 0 to the high Fe level.

Dry-matter yields

Top, roect, and total dry-matter yields are given in Tables 32 and

33. Dry

-matter ylelds generally increased as Fe increased in the growth
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Table 3%. The degree of Fe deficiency symptoms observed on the upper
' | leaves and Increases in pH of the nutrient solution for
( selected sorghum genotypes grown at varied levels of Fe,

| Fe level (mM)

Genét pes
{ 0 5 11 16 22 27 Genotype
Fe deficiency ratingt .

SC 33-9-18-E4 4.0 a¥ 0.0c¢ 0.04 - - 0.0 ¢ 0.7 C
NP 3.5 a 0.0 ¢ 0.5b 0.54d 0.0d 1L.0b 0.9 BC
KS 5 3.5a 1.0 b 1.5a 1.6 ¢ 1.6 c 1.00b 1.5 8
SC Ll18-15E 2.5 b 2.5 a 1.0b 1.5® 2.5a 2,52 2.1 A
Redlan| 2.0be 0.0c¢c 1.0b 3.0a2 1.5b 1.0n 1.4 B

Martin 1.5 ¢ 0.5 ¢ 0.5¢ 0.0 e 0.04 0.0 ¢ 0.4 ¢

Treatnept means 3.2 A 0.7 B 0.8 ©.9B 0.98 .98

Increase in sclution pH

SC 33-9-8-E4 1.1 1.5ab 1,7 a 1.6ab 1l.4 a8 1.5ab 1.5 A

NP 0.8b 1.5ab I1.6a 1.5ab 1.7 2 1.8 a 1.5 A
KS 5 1.5 a l.4ab 1,6 2 1.2 b 1.5a 1.5 ab 1.5 A
8C 118415E 0.8b 1.5ab 1l.6a 1.2b 1l.5a 1l.3b 1.3 A |
Redian ¢,9b 1.3 b 1.,7a 1.5ab 1l.6a 1.4 ab 1.6 A
Martin 1.4a 1.8a 1.6a 1.8a 1.6a 1.5ab 1.6 A

Treatmfnt means 1.1 4 1.54 1.6 A 1.54A 1l.6A 1.5A
B
* 0 = Np Fe deficiency (green); 4 = Severe Fe deficiency (severe
interyeinal chlorosis),
T Numbefs followed by the same letter in each column are not significant
at B=D.05 according to Duncan's Multiple Range Test.
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Table 32.] Top and root dry-matter yields of selected sorghum genotypes

grown under varied levels of Fe.

Geno

Fe level (mM)

types

0 5 11 16 22 27 Ge::ziﬁe

mg/plant

Top yield
SC 33-9-{8-E4 30 b7 172 cd 115e 224 ¢ 2334 195c¢ 178 C
NP 33b 255b 293 b 332 b 343 b 235c 282 B
KS 5 45b 1246 e 166d 307b 292 ¢ 315b 208 C
SC 118-15E 43b 203 ¢ 186d 219 ¢ 250d 20l c 184 C
Redlan 43 b 156 de 240 ¢ 256 ¢ 255d 305b 209 C
Martin 251 a 378a 390a 526a 521 a 545a 435 A

Treatmeht means 74 ¢ 214 B 248 B 311 A 316 A 333 A

Root yield
SC 33-9-8~E4 9 c 71 71 105 94 78 71 D
NP 12 be 133 b 140 b 170 b 159 b 204 b 136 B
KS 5 14 bec 58 d 73 ¢ 139 b 138 bec 168 ¢ 98 C
SC 118415E 17 b 86 ¢ 92 ¢ 92 c¢ 122 cd 82 4d 82 CD
Redlan 13 be 58 4 85 ¢ 9%9¢ 1101d 1154 79 D
Martin 108 a 178 a 192 a 285a 279 a 293 a 222 A
Treatmrnt means 29 C 97 B 109 B 148 A 148 A 157 A
t Numbefrs followed by the same letter in each column are not significant
at P=D.05 according to Duncan's Multiple Range Test.
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Table 33.| Total dry-matter yields and top/root dry-matter ratios of
selected sorghum genotypes grown under varied levels of Fe.

Fe level (mM)

Genotypes

0 5 11 16 o gy Cenotyps
means
mg/plant
Total yield

SC 33-9-B-E4 39 bT 243 d 289 de 330 cd 327 d 273d 250 D
NP 45b 387 b 433 b 453 b 451 b 639 b 418 B
KS 5 53 b 182 e 360 ¢ 445 b 429 b 432 ¢ 306 C
SC 118-15E 60 b 289 ¢ 278 e 310d 371 c 283 d 265D
Redlan 57 b 212 de 324 cd 355 ¢ 357 cd 421 ¢ 288 D
Martin 359 a 556 a 532a 8l0a 79 a 788 a 657 A

Treatmept means 103 C 311 B 357 B 459 A 464 A 490 A

Top/root ratio

SC 33-9R-B-E4 32a2.4b 3,1a 2.2b 2.5a 2.5ab 2.6A
NP 3.4a2.2b 2.3b 2.2b 2.22ab 2.1b 2.3 B
K8 5 3.3a2.1b 2.3 b 2.3 ab 2.2 ab 2.4 ab 2.4 AB
SC 118415E 2,6 b2.2b 2.4b 2.4ab 2.0b 2.5ab 2.4 AB
Redlan 3.3 a2.9a 2.6b 2.7a 2.6a 2.7 a 2.8 A
Martin 2.3 2,1 1.8 2.2 1.9b 2.1b 2.1 8

Treacmknt means 3.0A2,4B 2,38 2.3B 2.3B 2.3B

T Numbefs followed by the same letter in each column are not significant

at P=pD.05 according to Duncan's Multiple Range Test.
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medium. Hlants given 5 pM Fe in the growth medium had dry-matter in-

creases od about 200% over plants grown without Fe. Doubling the amount

of Fe in ffhe nutrient soluticn to 11.0 uM Fe increased dry-matter yields
by only another 32%. Further increases in Fe gave only small or no
increases|in dry matter, Iron at levels below 5.0 pM inhibited growth

and with Fe above this level, the increases in dry matter were rela-

tively 11. The trends in dry—matter'increases were similar for both
top and rpots.

Thp genotypes differed in dry-matter yields (Tables 32 and 33).
Regardlegs of Fe level, Martin outyielded the other genotypes. In fact,
in solutipns with no Fe, Martin had over 6-fold higher dry matter than
the next fhighest yielding genotype. SC 33-9-8-E4 produced the lowest
top and rfoot dry-matter when no Fe was added.

Eyen though added Fe increased dry matter of all genotypes, the
increasel were different for each genotype. Dry-matter increases from 0
to 5 uM Fe were greatest for NP and least for Martin, but each genotype
shouedimTrked increases. At Fe levels above 5 uM, increases in dry
matter fpr each genotype were relatively small. From these observations,
NP was the most responsive genotype to added Fe and Martin was the least.
F%r maximum dry-matter production, the genotypes required differ-
ent amoths of Fe in the growth media. SC 33-9-8-E4 and K2 5 needed
16 uyM Fe, SC 118-15E and Martin required 22 pyM Fe, and Redlan and NP
required 27 pyM Fe. Martin produced more dry matter at the low Fe and
appeared to be the most efficient genotype for dry-matter production at

low Fe Jevels.
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e. Tdp/root dry-matter ratios
Tof/root dry-matter ratios of sorghum genotypes grown without

added Fe yere higher than for plants grown with Fe (Table 33). These
ratios wege unchanged for plants grown with Fe at § to 27 uM. In solu~
tions with no added Fe, root growth was generally inhibited more than
top growth to give higher top/root ratios. Martin had the lowest top/
root ratip. The other genotypes had similar top/root ratios.

f. Mineral element concentrations

Nquient element concentrations for five of six Fe levels are

given in
data are

TH
with inct
little o;

2

each Fe ]

Tables 34, 35,

leasing level of Fe in the growth medium.

36, and 37. Only micronutrient elements and P

reported here.

e concentration of Fe in the upper leaves and roots increased

The level of Fe had

no effect on the Fe conceritration in the lower leaves. At

level, genotypes differed in Fe concentration in all plant parts

except f

in the lpwer leaves.

roots th

T
roocts (:I
for pl

centrat

1

lower 1
]

amount ¢

r plants grown with 16 pyM which had similar Fe concentrations

The Fe concentrations were generally higher in the
in both upper and lower leaves.

e amount of Mn accumulated in the upper and lower leaves and

reased as the level of Fe in the growth medium increased except

g8 grown with 22 pM Fe in solution which had the highest Mn con-

ns in the roots. Manganese concentrations were in the order of

]o
aves > upper leaves > roots.
he level of Fe in the growth medium had little effect on the

pf Cu accumulated by plants in the upper and lower leaves.
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However, p?ants grown with higher Fe levels tended to accumulate higher

amounts of]
roots than

In
medium, ti
Fe did nof

roots, ZIn

Cu in the rocots. The Cu concentrations were higher in the
in the upper and lower leaves.

the upper leaves, the higher the level of Fe in the growth
e lower the amount of Zn accumulated by plants, The level of
influence Zn concentrations in the lower leaves and in the

concentrations tended to decrease as the level of Fe in solu-

tion incn?
and lower

Th
concentr
Fe which h
plants gro
in the ufg

P]
upper legv
in P conge

the lowe

concentrat

ased. Zinc concentrations were generally higher in the upper
leaves than in the roots.

genotypes showed significant differences for Mn, Cu, and Zn
ions at each Fe level except for plants grown with 5 and 11 pM
ad similar Cu and Zn concentrations in the lower leaves.

Also,

wn with 0, 11, and 16 yM Fe did not differ in Cu concentrations

per leaves,

ants grown without added Fe had higher P concentrations in the

es than plants grown with added Fe (Table 37}). No differences

ntrations were noted for genotypes grown with added Fe. 1In
leaves, the level of Fe in the growth medium did not affect P

ions. In the roots, P concentrations decreased with increas-

ing levell of Fe in solution up to 16 uM Fe and then increased for plants

grown wijth

|

were hi*he

3
accumuldte
the roofs.

each Fe

level were small.

22 uM Fe.

the average, when the genotypes were grown with added Fe, they
d similar amounts of P in the upper and lower leaves and in
The differences amongst genotypes in P concentrations at

In comparing plant parts, P concentrations

r in the lower leaves. The order of P concentration in the




Genotype
means

16

11

Fe level (uM)

Genotype
means

16

11

Phosphorus concentrations in the upper and lower leaves and roots of selected sorghum genotypes

grown with varied levels of Fe.

Table 37.
Genotype
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b was lower leaves > roots > upper leaves.

Lrient element concentration ratios

The

|
leaves and
The

grouwn with

upper and
roots. T
in the grq

Qi
When plan
P:Fe and
higher Mn

and lower

Mn:Fe ratios than the cother genotypes.

P:Fe, Mn:Fe, Fe:Cu, and Zn:Fe ratios in the upper and lower
roots are shown in Tables 38, 39, and 40,

P:Fe ratios in all plant parts were much higher in plants
cut. added Fe. This was also the case for Mn:Fe ratios in the
lower leaves and the Zn:Fe ratios in the lower leaves and

e Fe:Cu ratios generally increased with increasing Fe level
bwih medium,

Fferences in these ratios were also noted amongst genotypes.
Ls were grown with added Fe, 3C 118-15E generally had higher
This genotype also had

:Fe ratios in the rocts and higher Zn:Fe ratios in the upper

leaves than Lhe other genofypes.

The leve
UL/LL Fe
howeveﬂ,

the R/LL

h'

qble 4] shows the Fe ratios amongsat the various plant parts.
Y of Fe in the growth medium did not significantly affect the
ratios as well as the R/UL and R/LL Fe ratios. The genotypes,
differed., The UL/LL Fe ratios were higher for SC 118-15E and

and R/UL Fe raticos were higher for 3C 33-9-8-E4,

fotal Fe content

[
|
T
level in
higher i
" Fe levfl
added ye

|
other ge

bt.al Fe content in all plant parts increased with increasing Fe
the growth medium {Table 42}, The contents were generally
h the upper leaves than in the lower leavés or roots. At each
s genotypes differed. Averagely, when plants were grown with

y Martin had much higher Fe content in all plant parts than the

notypes.
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Fe concentration ratios for selected sorghum genotypes grown with varied levels of Fe.

Table 41.

Fe level (uM)

Genotype
means

16

11

Genotype
means

22

16

11

Genotype

1.2 a 2.1 a
1.8

-

1.4 b

0.9 A
0.7

UL/LL
1.0 a 0.6 ab

1.3 b7 0.50b

0.6 b 0.4 ¢

SC 33-9-8-E4

NP

1.7 b

1.3 be 0.8 ¢

1.6 ab 0.8 ¢

1.1 a2 0.8 ab 0.6 ab
0.5b 1.2 a 0.7 ab
0.8 ab 1.2 a 0.30b

1.7a 1:I B

0.8

0.7

KS 5

4.4 a

0.3b 1.8ab 1l.6b
1.9a 2.3 a

1.7 a

1.1 A

2.5 a

1.2 a0:5 ¢

SC 118-15E

Redlan

1.2 be 1.2 be

1.3 be 1.3 be

1.6 b

0.6 A

0.8 ab 0.3 b 0.8 a

1.1 b

3.1 a

0.7 A

0.8 ab 0.6 ab 0.5 ab

0.1 ¢ 0.7 ¢

Martin

Fe level

1.8 A

1.5 A

0.8 A 0.9A 0.6A 2.0A 1l.4A 1.7a

0.6 A1.0A

means

R/LL
1.0 bc 2,9 a 1.1 a

s
1.0

1.6 a
0.9 0.8b

SC 33-9-8-E4

1.8 a 0.6 c 1.0 a

1.5b 0.6 a

1.1 ab 0.6 ¢

KS 5

1.5 ab 2.0b 1.3 a

1.9 a2 0.6 ¢

0.8 b
1.9a20.9b

SC 118-15E

Redlan

1.0 a

0.9 B

0.4 b 1,2 ab 0.9 bc 0.8 ¢ 0,6 a

Martin

Fe level

1.1 A1.1A 1.3 A 1.4A 0.9A

means

109

T Numbers followed by the same letter in each column are not significant at P=0.05 according to Duncan's
Multiple Range Test.




Total Fe content in the upper, lower leaves and roots of selected sorghum genotypes grown with varied

levels of Fe.

Table 42,

EV A
M

a2 L
I—p

Te—teve

Genotype

Genotype

Genotype

22

16

11

22

16

11

means

means

41.8 b 21.0B

30.9 b 22.5d

14.0 ¢

AL
53.5b  29.7 B 7.84d 20.2 b
12.2 b 34.4 a

A4 e

g ;|

8

19.8 ¢ 14.2 d

11.9 a 28.5 b

SC 33~9-8-E4

NP

25.0 B

12.6 ¢

30.6 B
40.4 A
29.9 B

45,9 a 24.1 d
29.3 B

23.7 b

19.2 & 32.2 ¢ 23.2 B

16.4 ¢ 24.8 b

14.4 ¢
6.0b 20.9b 16.7 ¢

39.3a 20.9b 54.5 a

47.6 a 6l.1 a

28.9 b

c

24

KS 5

13.7 e 13.1 C

11.8 ¢

12.4 ¢

?lz
35.0 ¢

33.9 be
32.8 ¢

56,2 a 19.3 ¢

14.6 a 25.3 b

SC 118-15E

Redlan

27.4 B

22.7 d

35.6 b 52.8 a

49.2 a

24.2 b

41.0 A

37.9 b 50.7b 46.6 A

77.5 a

7.5 b 20.4 c

Martin

Fe level

19.2 B 19.1 B 23.5 AB 26.8 AB 31.0 A

38.6 A

38.3 A

31.3 B

11.3 C 29.5 B

means

12.2 b 11.8 B

4.6 d 22.5 a

17.2 b

7.8 be
9.0 b
5.8 ¢

0.6 b

SC 33~9-8-E4

12,1 B

d 13.5b

8.7
13.6 ¢

7.6 B

7.5

3.5 d
9.9 ¢

13.10 ¢

KS 5

m M
o ™
o0~

12.2 cd
4.3 e
17.5 b

5.0 cd
3.8d

1.6 b
15.7 a

4.8 a

SC 118-15E

Redlan

<
~r

18

17.2 a

23.2 a

Martin

Fe level

11.1 AB

11.9 AB 13.1 A

7.9 B

2:3 ¢

means

T Numbers followed by the same letter in each column are not significant at P=0,05 according to Duncan's Multiple

2
—
o

Range Test.



1

i, Dry-matter preduction per unit Fe taken up

hvepage dry-matter production per unit Fe taken up was higher when
plants werg grown without added Fe than when plants were grown with added
Fe {(Table 43}, However, differences amongst Fe levels were significant -
only forithe upper leaves dry-matter production. The genotypes also dif-
fered. 8¢ 118-15E and Redlan produced the highest upper leaf dry-matter

per unit e and K3 5 and Redlan produced the highest reoot dry-matter per

unit of FL.

2. Genotype Responses in Experiment to Study 'Reductant' Produced

a. GLowth of plants
TJe genotypes SC 33-9-8<E4, NP, SC 118-15E, and Martin were grown

in nutriqnt solutions with 18, 36, and 54 M Fe. No Fe deficiency ap-

peared irt the plants, and they grew well during the experiment. When the
experiment was terminated, NP showed slight P deficienciss. Dry-matter
yields of genotypes are shown in Table 44. Martin had the highest dry=-

matter ylelds and SC 118-1%E had the lowest.

b, Plant height and top/root ratios

No differences in plant height were observed due to Fe treatments
{Table 44). Genotypes, however, differed. Of the genotypes used, SC 33-
9-8-E4 Yaz the tallest and SC 118-168E was the shortest. Genotype x Fe
level interactions were not significant, SC 33-9-8-E4 had higher top/

root ratios than the other genotypes (Table 44).

c. | 'Reductant' released by roots into nutrient solution

The relative amounts of 'reductant' released into the nutrient

soluticn by the four genotypes grown at various levels of Fe with plant

? . ! t
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Table 44, | Dry-matter yields of selected sorghum genotypes grown in
nutrient solutions with three levels of Fe.
Genotypes
Fe levﬁl
SC 33-9-8-E4 NP 5C 118~15E Martin Treatment means
(uM) mg/plant
Top yield
18 529 a’ 580 415 a 584 b 527 A
36 455 b 574 396 a 627 a 513 A
54 476 b 569 392 a 540 ¢ 494 A
Genotype Pe&ns 486 B 574 401 € 584 A
Root yield
18 298 a 318 264 a 399 a 320 A
36 256 b 335 243 ab 423 a 314 A
54 234 ¢ 320 229 b 339 b 280 A
Genotype| means 263 C 324 245 C 387 A
18 827 a 899 679 a 983 b 847 A
36 711 b 909 639 b 1050 a 827 A
54 710 b 722 621 b 878 ¢ 733 A
Genotypl means 749 C 843 646 C 970 A

T Numbefs followed by the same letter in each column are not significant
at P=0.05 according to Duncan's Multiple Range Test.
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Table 45, | Plant height and top/root dry-matter ratios of selected
sorghum genotypes grown in nutrient solutions with three
levels of Fe.

Genotypes
S SC 33-9-8-E4 NP SC =18-15E Martin Treatment means
(uM)
Plant height (cm)

18 322a° 28a 14 a 26 a 25 A

36 29 a 28 a 15 a 27 a 25 A

54 29 a 25 a 15 & 23 a 25 A
Genotype Leans 30 A 27 AB 15 C 25 B

Top/root ratio

18 1.8 b 1.9 a 1.6 a 1.5 a 1.7 A

36 1.8 b 1.7 8 1.7 a 1.5 a 1.7 A

54 2.3 a 1.6 a 1.7 a 1.6 a 1.8 A
Genotype[means 2.0 A 1.7 B 1.7 8 1.5 B

¥ NumberF followed by the same letter in each column are not significant
at P=0.05 according to Duncan's Multiple Range Test,
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age are givyen in Table 46. The genotypes did not show any differences in

the amcunt$ of 'reductant' released by their roots during the first two
sampling days. The amounts of 'reductant' released due to Fe treatments
were markefily different, the amounts increasing as Fe level increased.
From the third sampling until the experiment was terminated, the geno-
types showed differences in the relative amounts of 'reductant' they re-
leased. 3JC 33-9-8-E4 released more 'reductant' than the other genotypes.

Thgd amount of 'reductant' released increased with plant age after
day 10 unfil day 16. After day 18 (6th sample) the release of 'reductant'
declined qradually until the experiment was terminated. The decline in
‘reductan}' corresponded with rises in solution pH.

Differences among genotypes were significant only after day 10,
most likely because seedlings initially had different and sufficient
amounts ok Fe available from the seed and the release of 'reductant'
into the hutrient solution was not crucial. In addition, the mechanism
for 'reductant' synthesis may require activation and the time lag was
necessary for this. Over all sampling dates, the amount of 'reductant'
released |was affected much more by Fe level than by genotype (Table 46).
Plants r&leased about 2.5 times more 'reductant' at 36 pM Fe than at 16
M Fe an# over two times more at 56 uM Fe than at 36 uM Fe. The amount
of 'redugtant’ released by the plants followed nearly a linear increase

with incpeased Fe level.

d. penotype effects on nutrient solution pH

The pH of the nutrient solutions increased slightly for the first
¢ days gdfter the treatments had been added and then decreased gradually
for 8 ddys before increasing again. The decreases in pH appeared to be

indepengent of the Fe in solution. The pH decreases were smaller for
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SC 118-15E [than for the other genotypes (Fig. 10) and were larger for

SC 33-9-8-B4.

3. Genotype Differences in Leaf Properties

Twepity-two sorghum genotypes were grown on two low Fe and one Fe-
sufficient| soils in a greenhouse to determine the effects of differential

Fe deficiehcy on plant height, leaf areas, chlorophyll concentrations,

and dry-mdtter yields of genotypes. Plants for these determinations were

the same gds those grown on the low Fe and Fe-sufficient soils described

on pages $2 and B5. Plants were grown in two groups at different times.

a. Plant growth and Fe deficiency symptoms

These have been discussed under Section B, pages 85-86.

b, P

lant height

PJ
face to
on plant
Plants g
grown in
conditiof

ferent i

ant heights were measured for each genotype from the soil sur-

ffhe tip of the youngest fully expanded leaf. The soil effects
height were different for the genotypes (Tables 47 and 4B).
own on Bridget soil at the later date were taller than plants
the greenhouse during the months of May and June, so greenhouse
ns were not that different in day length but appeared to be dif-

n temperature.

than pl
s0il we)
and SC p

respect

e considerably taller than plants grown on the low Fe soils,

ively.

both groups, plants grown on the Bridgeport soil were taller

ts grown on the Bridget soil and plants grown on the Sharpsburg
NP
00-6-1 were the tallest genotypes in the first and second groups,

Plainsman and SC 369-3-1JB were the shortest genotypes in
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the first $nd second groups, respectively. The genotype x s0il inter-

actions we

c., Le

e not significant.

A" surface area

Fon
genotypes
first groy
grown in
areas of j
Bridgepors

3

times mor

]
=

25% more |

type x sof

d. Cn

in the three soils (Tables 47 and 48).

he first group.

both groups of genotypes, the leaf surface area varied among

Plants grown in the

p had about twice the amount of leaf surface as the genolLypes

With each group of genotypes, leaf surface

plants grown in the soils followed the sequence of Sharpsburg >

> Bridget. Plants grown on the Sharpsburg soil had over two
leaf area than plants grown on the Bridget so0il but had only
eaf area than plants grown on the Bridgeport soil. The geno-

1 interactions for both groups were significant,

lorophyll content in Fe deficient and green leaves

Lie
ent), 3C
group andg
(slightly

phyll de

a

ves from SC 118-15E, Martin, SC 33-9-8-E4 (severely Fe defici-

500-6-1, TAM 428, and NP (slightly Fe deficient) from the first

KS 56, Norghum {severely Fe deficient), TX 7078, and SD 106

Fe deficient) from the second group were selected for chloro-

cerminations.

T

bles 49 and 50 show fresh and dry weighta, specific leaf

weights,| and i1eaf areas of the two top leaves taken for chlorophyll

determi
dry welg
phyll eqg
SC 118-1
areas a#d

ations.

ncentration, and in Fe deficiency symptoms.

The genotypes differed in leaf surface area in fresh and

hts in concentrations of chlorophyll a and b; in total chloro-

In the first group,

|56, 3C 500-6-1, and 3C 33-9-8-E4 had comparable leaf surface

were higher than the other genotypes. TX 7078 had the highest



124

v 89z 920 . - DSOI suzew 110§
& g7l 5 £6T qz0z q 6 moyB1oN
2 ETT q 0£2 >TT o 2w 9¢ 51
¥V oLl q 64¢ q® 6T¢ ® 971 90T as
v 181 B T6¢ L3 44 - ®LT1T 8407 XL A
¥ 08Y% 4 20¥ ¢ 3 ¢1¢ sugsm TTOG
¥V 6Z% P 96€ e 804 ) q 06T dN
A 2 664 P 8Lc¢ - B 972 Aty WYL
vV 62¢€ 2 9%y q LTy . B T#T 1-9-005 28
v 61¢ B Gg{9 q ¢1I% qe (77 7a-g-6-¢¢ IS
4 187 ® 88¢ 2 09¢ q 20T UT 118y
Y It£¢ : q €46 L YA 19 €81 AST~8IT IS T
s1yZTom 1ysaig
Juetd /3w
”_”mamoﬁ ad£{jouan Sanasdaeyg +unoumm3um +umm3Hm add30t09 dnois
TFos
*25n0YUS9IT B UL STIOS IUSTOTIINE-3] pPuer a3 MOT
uo umoa1f gaddzroved wnyBios peioaTas woil saars] dol omi oyl Fo sIydTem Lap pue Usd1g gy 2TGEL



*1s9y 92upy oTdII{nR S,uedung

0 01 BurpIooor €O Q=4 1B JuUedIJTuSTS JoU DIF UNNTOD LYIWe UI 19IPT °wes aYl Aq pemoTTod sasquny
— “STIOS 3 MOoT 31 Jo =2F¥riaay
*STTOS 9 M0T o

v 1% 1 82 091 sugaw TIoS

q T2 2 9¢ q 62 2 €T uny2I08

291 q 6t QLT 21T 9¢ 81

vV 8¢ 9 6t ® O¢ ¥ G7 90T ds
¥ L L -1 E 9¢ QLT 807 XI A

V¥ 16 g 19 3 &€ suesw [TOS

V 66 po el vl q Z¢ aN

V 65 Ca4-] 9 69 ' £g 2% WVL

g 8% 29 %6 q 29 9 %t T=9-00G DS

g 5% B 871 419 q BZ 7A-g-6-tL 0S

g0y P 6% 2 18 4 62 UTJIBH
g ey qe ET1 2 €S q ¢€ 46T-g¢1T 0S5 T

syysTem LiQ
auetd /Su —
Fsuean ad{jousy 2anqsdaeyg +210da3pTag +328pTag
ad£{youssn dnoig
Tros

(penuriuod) gy SIqeL



126

v ez 96°T av 1°¢ stedw TIo§
v o'z qQT1°¢ 961 q0°2 unyS1oN
vV 8'T1 9 12 99T q 0°2 9¢ 83
vie 9 1°¢ 98'T L a4 80T ds
Y 0'¢ A4 LA q98'T 8L04 X1 A
¥ 6°'C e g2°C sugouw TTOS
q%°C qe 8'7¢ qQ %z q€£°¢ di
¥V 1'¢e 9 £°¢ Bt ® 6T BZH HVL
417 q L°¢ q 22 26T T~9-00% 08
g1°¢ B R q¢£°% 2 6°1 7i-2-6=t{ 05
g1 qe 0°t °q 1°7 29 0°¢ uTlaey
gT1°¢ qe 0°¢ LT IR L AST-QTT O5 T
(®91® JDEBIINS JeoaT ANEUV\.ua Azp Bw) “am JesT oTJTo2dg
$suesm adL3ouad Bangsdieysg +3x0daldprag +398pTag
adfjous9 dnoan
oy
*agnoyue=18 ® UT STTOS JUSTOTFINS-3J] PuB 34 Mo Uo umoxd sedliouad
uny8ios po3Do]es woiy saawa] dol Oad JO SeaIw 8d23iAns Jed pue sIYFTeam FJee OTJToeds Q¢ @TqRL



5 +3s9] ofuey oTdiirny S, uwoung
— 01 Surpioode ¢0'Q=d 1T 1UEOTIFEITS 20U 2IP WANTOD IBD UT 131797 SuBS 3Y]} £q POAOTTOF SISqUON
*8YTOS @3 MoT 24l Jo 3fvisay
*STI0S 94 MO 4
¥ iT d 9°%T 25°L SuEDW TTOS
g 70T 26771 B T°ST 9¢€'9 mny2IoN
I 4 §°81 q 01T q 9°¢ 94 A
¥V 6°71 4 Z2°81 ® 19T LA 90T as
v 9°¢1 B #°2¢ B £'9T E 678 8L0GL XL <
vV 2°1¢ v 8'Le g 6°6T sueaw TTOS
¥V 1°¢e 2 6742 v 9°Z¢ 2 6% dN
g ¢76T q T°¢ZE 2 £°07 AR 82k RVL
vV 9°¢? qe 6°g¢ qe 6°8¢ ' %81 T~9-005 D5
94 0°'7¢ 9 679¢ 4 €792 q 9°¢T YA-g-6—£E DS
g 8°pT P 976T 2q g% 2q 191 uTITeN
vV £t B ZULE B LLE 2 6"CT JFCT~8TT 28 T
AHQMﬁm\Naov ed1T 27BJINE JBY]
fsurom adLjouap Sangsdaeys 43ao0dagprag 4398pTag
ad{jouag dnoias

TTo8

(panuriuo)p} r-pg STGEL



leaf area

in the se
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slas well as the highest fresh and dry weights of the genotypes

cgnd group. Fresh leaf weights were higher for 3C 33-9-8-E4

compared t¢ the other genctypes in the first group and dry weights were
higher for|TAM 428, SC 33-9-8-E4, and 3C 118-15E. Higher specific leaf
weights wepe noted for TAM 428, but no differences among genotypes were
noted in the second group. Thus, TAM 428 most likely had thicker leaves
than the gther genotypes.

3C |118-15E had the lowest chlorophyll a concentration of the
genotypes [in the first group. 3C 33-9-8-E4 and TAM 428 contained the
highest amounts of chlorophyll b. TAM 428 had the highest total chloro-

phyll and
group did
genotypes
even tho
highest g

Fr
the Shary
: Bridgepol
b

higher f

higher th

rt soils (Table 49).

SC 118-15E contained the lowest. The genotypes in the first

not differ in chlorophyll a/b raties. In the second group,
did not differ in chlorophyll a and b or in total chlorophyll
h Fe deficiency ratings were different. Norghum had the
hlorophyll a/b ratio.

esh and dry weights of the two top leaves from plants grown on
sburg scil were higher than for plants grown on the Bridget and
Even though specific leaf weights were

r plants grown con the Sharpsburg soil, they were not that much

an for plants grown on the low Fe soils., Total chlorophyll and

chloroph

11 a and b concentrations were higher in plants grown on the

Sharpsbupg soil than in plants grown cn the low Fe soils. Plants grown

on the
the Bridg
grown o

ferent fr

idgeport z2oil also had higher chlorophyll than plants grown on
et s0ll. The chlorophyll a/b ratios were higher in plants
the Sharpsburg soil, although they were not statistically dif-

om rabtics of plants grown on the Bridgeport soil,
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Table 51. | Chlorophyll concentrations in the two top leaves from
selected sorghum genotypes grown on low Fe and Fe-sufficient
soils in a greenhouse.

Soil

Group Genotype
Bridget+ Bridgeport+' Sharpsburg Genotype means}

mg/gm dry wt. -

Chlorophyll a

1 S¢ 118-15E 1.0 b 1.8 ¢ 3.9 b 1.4 C
rtin 1.3 b 2.4 be 5.3 a 1.9 BC
s¢ 33-9-8-E4 1.7'h 3.8 a 4,1 b 2.9 AB
TAM 428 2.8 a 3.7 a 3.9b 3.3 A
1.5 b 2.2 be 5.1 a 1.9 BC
Spil means 1.6 C 2.8 B 4,3 A
2 7078 1.6 a 3.4 a 5.1 a 2.5 A
106 2:3. 8 2.8 a 3.9 a 2.6 A
S 56 1.9 a 2.4 a 4.8 a 2.2 &
orghum 1.4 a 3.3 a 4.1 a 2.4 A
301l means 1.8 C 3.0 B 8.5 A
Chlorophyll b
1 $C 118-15E 0.6 b 0.9 ¢ 2.1 ab 0.8 B
Hartin 0.7 b 0.9 ¢ 1.8 b 0.8 B
5C 33-9-B~E4 0.8 b 1.9 a 2.5 a 1.4 A
bC 500-6-1 2.1 b 1.6 ab 1.1 ¢ 2.3 A
IAM 428 1.6 a 1.4 abe 2.0 ab 1.5 A
NP 0.9 b 1.3 be 2.2 ab
Soil means 0.9 C 1.3 B 1.9 A
2 TX 7078 1.0 ab 1.4 a I.5 % 1.2 A
SD 106 1.2 ab l.3 8 1.6 ab h B S
5 56 1.4 a 1.2 a 2.0 a 1.3 A
Norghum 0.8 b 1.4 a 1.6 ab 1.1 A
Soil means 1.1 C 1.3 B 1.7 A
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Table 51. | (Continued)

Soil

Grou Cenotype
g : Bridgett Bridgeport* Sharpsburg Genotype means}

mg/gm dry wt.

Total chlorophyll

1 SQ 118-15E 1.6 b 2.7 ¢ 5.9 be 2.2 4
rtin 2.0b 3.3 ¢ 7.1 ab 2.7 €
S¢ 33-9-8-E4 2.5b 5.6 a 6.6 ab 4.1 AB
5S¢ 500-6-1 2.6 b 4,6 ab 4.8 ¢ 3.6 B
TAM 428 4.4 a 5.1 a 5.8 be 4.8 A
N 2.4 b 3.4 be 7.3 a 2.9 ¢C
Spil means 2.6 C 5.1 B 6.3 A
2 7078 2.6 a 4.8 a 6.6 a 3.7 A
8D 106 3.5 a 4.1 a 5.5 ‘& 3.8 A
56 3.3 8 3.6 a 6.8 a 3.3°4A
rghum 2,2 a 4.7 a 5.7 a 3.5 A
0il means 2.9 C 4.3 B 6.2 A

Low Fe |soils.

Average of the low Fe soils.

t Numberg followed by the same letter in each column are not significant
at P=0|05 according to Duncan's Multiple Range Test.
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rient element concentrations

€. Nut
Cnl)

54, 55, 56
both the u

The
s0ils werd
concentray
Bridgepart
concentral
However, p
leaves on
had highep
while plah
plants gro
similar 4n

My
group wer
The genof

soils (T

hble B4),

r data for Fe, Mn, Cu, Zn, and P are reported here. Tables 53,
| and 57 show the concentrations of these nutrient elements in
bper and lower leaves of genctypes in the first group.

amounts of Fe, Mn, and Cu accumulated by plants on the three .i
different. Plants grown on Sharpsburg soil had higher Fe
ions in the upper leaves than plants grown on Bridget and
soils. FPlants grown on Bridgeport soil had higher Mn and Cu
ions than plants grown on sither Bridget or Sharpsburg scil.
lants had similar concentrations of P and Zn in the upper
all soils. In the lower leaves, plants grown on Bridget soil
concentrations of Mn than plants grown on the other two soils
ts grown on Sharpaburg soil had higher Fe concentrations than
wn cn the low Fe soils. Concentrations of Cu, Zn, and P were

the lower leaves for plants grown on the three soils.

trient element concentration data for genotypes in the second
'e available only for the upper leaves (Tables 56, 57, and 58}.

Lypes in this group accumulated similar amounts of P on all

Plants grown on Bridgeport soil had higher Cu and Zn

concentrFtions than plants grown onh Bridget and Sharpsburg soils. Fe

concentr

ations were higher in plants grown on Bridget soil than in

plants %rown an Sharpsburg soil. Plants grown on Sharpsburg soil had

higher Mn
h

higher 1

ithin each soil, genotypes differed.

concentrations than plants grown on the low Fe soils.

Martin and TAM 428 hnad

concentrations in the upper leaves than the cther genotypes.

Martin ilso accumulated more Mn, Cu, and Zn on the low Fe soils than the
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Table 55. | Phosphorus concentration in the upper and lower leaves of
selected sorghum genotypes grown on low Fe and Fe-sufficient
soils in a greenhouse.

Soil
Genotype
Bridget™ Bridgeport™® Sharpsburg Gzzgzzge
s % P-

UL
SC 118-1pHE 0.96 b’ 1.04 b 0.86 b 1.00 B
Martin 1.06 b 1.49 a 0.77 b 1.28 A
SC 33-9-$-E4 0.91 ¢ 0.90 b 0.59 b 0.90 BC
SC 500-6f+1 1.07 b 1.09 b 1.29 a 1.08 B
TAM 428 1.21 a 1.39 a 1.18 a 1.30 A
NP 0.60 d 0.90 b 0.83 b 0.75 C
Soil means 0.97 A 1.14 A 0.92 A

LL
SC 118-)5E 0.58 ¢ 1.02 b 0.88 b 0.80 BC
Martin ~ 1.00 b 0.61 ¢ -
SC 33-948-E4 1.05 a 0.85 b 0.77 be 0.95 B
SC 500-6-1 0.88 b 1.00 b 1.34 a 0.94 B
TAM 428 1.17 a 1.46 a 1.24 a 1.32 A
NP 0.68 ¢ 0.65 ¢ 0.59 ¢ 0.67 C
S0il megns 0.87 A 1.00 A 0.91 A

* Low Fe|soils.

¥ Averagp of the low Fe soils.

T Numberp followed by the same letter in each column are not significant
at P=0L05 according to Duncan's Multiple Range Test.
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Table 57. | Phesphorus concentrations in the upper leaves of selected
sorghum genotypes grown on low Fe and Fe-sufficient soils
in a greenhouse,

Soil
Genotype
# Bridget® Bridgeportt Sharpsburg Gﬁigﬁﬁ e
2P
TX 7078 1.04 at 1.10 ab 0.90 a 1.07 A
SDh 106 0.65 b 0.88 b 0.80 a 0.77 B
KS 56 1.02 a 1.33 a 1.08 a i.17 A
Norghum 0.95 a 0.90 b 1.10 a 0.93 AB
80il means 0.92 A 1.10 A Q.97 A

* Low Fe|soils.

¥ Average of the low Fe soils.

+ Number$ followed by the same letter in each column are not significant
at P=0}05 according to Duncan's Multiple Range Test.
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other genofypes. In the lower leaves, differences were also noted

amongst gepotypes in the concentrations of all nutrient elements.

f. Nufrient element ratios

The P:Fe and Mn:Fe ratios in both upper and lower leaves of geno-
types in the first group were higher in plants grown on Bridget and
Bridgeport] soils than in plants grown on Sharpsburg soil (Tables 59 and 60).
The Fe:Cu|and Fe:Zn ratios were much higher in plants grown on Sharps-
burg scil |both in the upper and lower leaves.

Table 61 shows the ratios for genotypes in the second group.

Both P:Fe|land Mn:Fe ratios were much higher for plants grown on Bridget
and Bridgfport scils. The Fe:Cu ratios were higher in plants grown on
the Bridgpt soil, However, the Fe:Zn ratios were similar for plants
grown on [the three soils.

In both groups, genotypes differed within each soil. However, in
the firsyl group, the FeiZn ratios in the upper leaves and Mn:Fe ratios
in the lqwer leaves were similar for plants grown on Sharpsburg soil.

In the s¢cond group, the P:Fe, Mi:Fe, and Fe:Zn ratios were much higher
in TX TO%S on the low Fe solls than in other genotypes. SD 106 had the

lowest PpFe, Mn:Fe, and Fe:Zn ratios amongst the genotypes.

g. [otal Fe content

Ih both upper and lower leaves, total Fe content was higher in
plants grown cn Sharpsburg soil than in plants grown on Bridget and
Bridgep!rt goils (Table 62). The difference between Bridgeport and
Bridget |soils was also significant. In the second group, plants grown

orn Sharﬁsburg soil contained twice as much Fe as plants grown on Bridget




EN

*189] °8uery ITATITOH S,usdung

03 Burpaoode 6'0w=d 2T WEDTITUSTS JOU 2IB WIMTOD YIBS UL I3IIIT 9WRS Y3l £q pomoTTol savquny 1
*STTO0S 34 MOT 9yl Jo o3viaay 3
*SYTOS 3 MO

¥ ¢ 92T g 670 VvV Z°T1 1 6°¢ 46"y Sue2lt TFOS
¥ 0T E T ®T'1 ® 870 L2e'h BT ¢X B 6°C q 1'% an
V1'1 LR L A ! E g0 g e qe g°' 11 B0 Q&% 87 WYL
¥YI1'T LR A ®ET E 8°0 g2y 9 %01 LA 29 §°¢ T-9-005 DS
V 6°0 B Z°C T O e {0 g 4°¢ >0t B 6 DALY a-g-6=tE D8
Vo't e 42 2171 E 670 g 6°¢ q 8°01 q 6°¢C q 8% UT1XEl
V't L LA ) ® 1T Ve 9 L B iy E '8 HAST-8TT 08
uz:ed Ty o4
490 vV 9'2 Vv %°C o L°6f g4 0°9T¢ V 9°%97 supall TEOS
gy [°¢ q 60 qe 2°¢ E 9°7 a 1'zoe € Q68 q 27861 P 6'60T di
4482 q %0 29 ¥°Z B g7 ¥V 8°00¢ ¥ £7°t8 € %°8E¢ I WA geh WV
a4 2°¢ q¢*0 29 €°¢ 9 8°T a z7°/0¢ € g°cg q £78LT 2 LNIEE T=9=-00% 38§
¥V 6'2 LA qe g§°¢ B 0°¢C q4 2’992 F §°69 ® 6°CTLC q ¢'%TE HI-8-6—€¢ 08
¥ 2'¢t 9 %*Q B¢ L -4 2 2°€L AR R ¥3 B £°0€7C 2 §T6Le UT3IIER
D81 q96°0 s 0°¢ 961 D 2°0¢C B ¢'8L ¥ 8'6EC PO 9°02¢ d6T-81T 0%
o - T 3d:d
$SUTSC  gynqedaeyg L jiodedprag L 1e8prag it o o0 Bangsdieyg L 310dadprag L 193pia
AL OILEY + : + * + v M m
— ad{gouag + mamMWﬁmw ad47ouan
Tros

. +ggnoquaalf e UT STIOS JUSTOTIINS-BI PUR 3f
Mo uo umoa® sadLiousd mnuBros pejoarws Jo seapsy ioddn 9y3l UF SOTIEI JUBESTI IUSTIIDN ‘65 ITGEL



142

*1s3] a8uwy °TdyITNN §,uBdUNQ
031 Surpioode ¢N*O=d 3I€ IVEITITuS8Ts 10U PIB WMNTOD YOBD UF 13339T 2uwes 3y3 £q pamoyTo] siaquny .
*STF0s 84 moT 9yl jo ¥3eaLdAy 3
*STIOS 23 MOT 4

Y T1°€ Vet g €°¢ vV 8771 q49'L g 9°8 sugpauw TTOS
g 172 qQ7°¢t qe T1°¢ L At 4 g 0°¢L Qe ¢ €1 9 9°9 qQ€°L dN
a4 %c qe g°¢ q8°'C B 0°Z g6°9 1 23 qQ€°L q$°9 8TY WVl
VE't qQ1°¢t ' /'t B 6T q49°¢L B O°%T ® 9'g 9 9°9 T~9-00S OS§
v 8°¢ 28I e gt ® 81 V68 q 1701 ® £°6 q¢°g hd-8-6-££ OS5
i B LY q.L°¢ — = e gt q2Z°9 - uTlaey
g46'2 270 qL°2 B g vV L°0T q g el qQ9v'L LR A asT-81T OS
uz:aj ny:ag
2L°0 g 0°¢t VoY 4 ¢°99 VY I°%6 vV 6'98 sueaw TIO§
Vers ' L°0 vE2 T 9°9 g 8799 0 g0 q 8°89 q8°%9 dN
g 1°¢ B L0 q6°¢C q 9°t V % 12T B 0°'T6 B 8°91T ® 0°8CT 8Z% WVL
4 E°¢€ ® L0 QLT q 6°t 98°8L qQ 1°69 q £°68 q2°89 1-9-00S 08
Ot B G0 q6°2 qL°¢E ¥ Z°EOT ® B'¥6 qQT1°28 B $°77T YE-8-6-tt 0OS
-t 2 6°0 Q 2°¢ e == 2 0'0% q 9°98 - UTIITR
g ¢6°¢ g L°D q9°% 2 %'t 9 1°98 Q229 B 0'€ZT 4,9 C°6% IET-8TT OS5
94 T U ai:d
+sugall g SuRaW
5dX35055 8angsdaeys  31odalprag +umwvﬁum.|mmmuocau 8angqsdaeysg +uuoawwﬁﬂum +uumuﬁum P

1T08

‘asnoyueei? ® Ur STFOS JUSTOTIINE-a3 pue af Mol uo umoid
sodfjous8 wnySi10s Po1J9T2S JO SIAEDT I2MOT @Y3 UT SOTIBI UOTILIJUSOUOD JUIMWDTD JUITIINN (9 STqEL



143

*3sa1 @28uey o7diiTnW S,uedung
03 Surpaoode ¢O°*O=d I® IUBDTITuUSTS JoU IIB UWNTOD YOED UF 13332 2wes 2yl £q pasorol siaquny ,
*8TT0S 34 MOT ¥yl jo 28elaay +
*STJOS 2 MOT

L A VY O°'T Vil g 6°¢ g ¢°¢ vVais sueam TIO§
v 71 Q%1 @ 1°1 BE'T g 6°¢ 9.8 q T1°€ QLY unyfroN
av 0'1 qQ0°T qe 6°0 201 g 9°¢ LY Qe 9°¢ q6°¢ 9¢ sA
960 260 qL°0 ' 0T VL9 Q1€ LA E 8'8 90T as
VST B LT L A LS ¥ g%t 18°¢C q6°C q 8°¢ 8L0L X1
uz:aj npiaj
YE'Y g 0°€ g E°¢ vV 9°6LT g S T%C J 6°€TT sugaw 110§
q0°¢ q96°C ® 2t q ¢t g L°G6T q S 66T q L°022 q 9°0LT wny310N
g 0°¢ qL°2 B 1€ q 8°7 4 6°%02 q £°991 qQ 1°€TT q L7981 9¢ SX
g L°T q7°¢C 96T qQ$°T 2 0°1€T B 2°%9¢ 2 0°29T1 2 6766 90T as
VI1°s L & BO'Y LA V T°6L¢ ® Z7TLE B Z°09€  ,F 7°86C 8.0, XL
31U 2i1:d
supau sueaw
sy 8angsdaeys 310delprag  39%prag B Fesi 8anqsdaeys ,3xodefprag ,393pTag i faoues

T108

*asnoyuaais ' ul STIOS JUSTOTIINE-a] pur aj moT uo umoad
sad{jouad uwnySi0s pa3daTAS Jo saaraT zaddn a9yl UT SOTIEI UOTIVIJUIDUOD JUAWATD IUSTAINN  'T9 2TqeL



144

*399] ofuey STdrITnR S, uecung
01 Suipioode €0°0=d 1® 1UBDTITUSTS JOU 21 UBNTEY (IVD UT IAJIST BWES 8Y3 £q peme1TOF sasquny
*§TTOS 931 MoT 243 Jo 28eiaay
*STIOS 8 MOT 4

v e0'¢ 4 12°T J 960 ¥ 6°g8 g4 5°%¢ 2 5°TT suEell TIOS
g 9L70 q08'T q S0°T B GHT0 g T°4T QLY q Z2°T1¢ 906 dN
g #8°0 g 79°¢ 9 1Z2°T e /%0 g €791 q £°8¢ q4 #°07 e T°C1 gZ% WV.L
V %5°1 q 9£°2Z ' Bl B %0 ¥V 0°97 Lt A B §'LE B T°%T T=9-005 0§
3 8%°0 2970 2 EZ%'0 B %60 qe°s1 oq €IS q 670 9 9°6 H3-g-6-¢¢ 08
- q96°T g 92°1 - - 29 1°0¢ q L*°%E - UT3IIBR
a4 08°0 q 89°1 q g6°0 2 1970 g 2741 B L0/ 9 8°1¢ LA A a61-81T 2%
T/ (TT+1n) T=201
¥ I1°81 g 611 2871 ¥ 0°0% 4 T°71 J %Yy supem TIOZ
L8 2 ftaT qQ 1°T1 ® 2’9 g %4 G L°T€ q ¢*0t e £y aN
g 06 9 eTET q 8'6 B {8 g49°9 ' £'GY q96'9 2 0% 8Z% WV
Vv Iiet ' 6°%C ' 1797 ® '8 ¥ 6°¢1 B 790 B L'02 E0°Q T-9-00% 08
g 1°6 @ 80T qQ %'¢T ' g'¢ g£°9 q 0°8¢ q 9°8 BI'Y wi-g-6-¢¢ 08
- q £°8T1 q 6'0T -= g¢'8g q ¢ 1t q £'7T LI A 4 UT JIER
9 6°6 B6&'EC __ q9TIT ® g4 g4 6°/L B H'9y  _ qe'01 1B 8% HST-8TT 38
TI "In
24 8- ag FMe——
$SUESM  grngsdieyg ,31todefprag 3e8prag mMMMMMM 2anqsdieys 310da8prig  398prag
rousd 9 ad{jousn

TEOS

‘asnoyuaalE v uT STTOS JUITOTIINS-3J
pug v moy uo umoid sodilousl wayB10os PIIVITIS Jo sOTIRI 3 TT/IN IYI puy Iu2IUO2 33 TeIOL 79 ITqRL



145
s0il. Planfts grown on Bridgeport scil also had higher Fe content than
plants groyn on Bridget soil.

The |genctypes showed differences in Fe content alse. On the
Bridget sojl, however, Fe contents among genotypes in both upper and
lower leaves were similar. On the Bridgeport soil, SC 500-6-1 contained
higher Fe fin both upper and lower leaves than the other genotypes. Dif-
ferences apongst genotypes in Fe content were smaller on the Sharpsburg
s0il. In [the second group, KS 56 had the highest Fe content amongst the
genhotypes |grown on all soils.

Fot genotypes in the first group, the ratio of the Fe content in
the upper|leaves tc that in the lower leaves was much higher in plants
grown on Bharpsburg soil. The ratio was twice as high in plants grown
on Bridgeport soil as in plants grown on Bridget soil. The genotypes
had similpr ratios on the Bridget scil but differed on both Bridgeport

and Sharpisburg soils.

h, Qry matter produced per unit Fe

Plants grown on Brideet and Bridgeport soils produced more dry
matter p%r unit of Fe taken up in both upper and lower leaves than
plants gprown on Sharpsburg soll (Table 63). The genotypes differed in

the amoupt of dry matter produced per unit of Fe, SC 33-9-8-E4 produced

the highkst upper leaf dry matter per unit of Fe taken up and TAM 428
produced the lowest. Dry-matter production in the lower leaves was
similar |amongst the genotypes on the three soils.

In the second group of genotypes, plants grown on Bridget soil

had the]highest dry-matter production per unit of Fe taken up (Table
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#roductivity cf plants grown on Bridgeport and Sharpsburg solls

ar TX 7078 had the

The genctypes also differed on each soil.
rf-matter production per unit of Fe on Bridgeport and Sharpsburg
opghum had the highest dry-matter production per unit of Fe on
okl. On the low Fe scils, TX 7078 and Norghum had the higher

n proeduction per unit of Fe.

sion

qn though a particular sorghum genotype may have been classified
ficient' or 'Fe-inefficient,;' nearly every plant grown at very
yels will develop Fe deficiency symptoms. How early these symp-
hr and how severe they become will depend upon the initial Fe

n the geed. The genotypes identified as 'Fe-efficient’ in nutri-
ion screening studies became more Fe deficient than genotypes

d as 'Fe-inefficient' (Table 31), Except for Martin, as Fe in-~
n zolution, genotypes identified as 'Fe-inefficient' became
eficient than those identified as 'Fe-efficient.' These dif-
could be either due to differences in the rate of Fe uptake or

Fferences in the amount of Fe required for growth and metabo-

he differences in responses among genotypes could not be ex-

ecause of pH changes in the growth medium. In this experiment
e levels) Martin (an 'Fe~inefficient' genotype) behaved similar
0-8=F& (an 'Fe-cfficient' genotype). The response of Martin

explained in two ways. Firstly, Martin was classifled as 'Fe-

ent' in nutrient solutions where the genotypes were grown

in the same container. Martin would have to compete against

If the competitive ability
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of Martin ¢as not sufficiently high, it would become Fe deficient while
the others|would remain green. Secondly, Martin was one of the most

vigorous g?notypes and its Fe requirements may be higher than those of

the other genotypes.

In p study with barley plants, Agarwala et al. (1964) reported an
increase the dry-matter yields with increasing Fe supplies. Miller
et al. (1961) reported similar results for field beans. Twyman (1959)
reported fhat total dry weight of tomato plants decreased with low Fe,
Root yields of carrots increased with added Fe (Gupta and Chipman, 1976).
Iron defi?iency symptoms on carrot leaves and reduced yields of carrot
plants wepe associated with 39 to 82 ug/g Fe in the growth medium,
Agarwala pt al. (1955) obtained optimal yields of maize and radish at

0.5 and 0.1 mM Fe, respectively. In both plant species, characteristic

Fe deficifency effects were produced at lower levels of Fe. The dry-
matter yield and the genotype responses to varied levels of Fe are in
agreementl with the observations reported by other workers. The addition
of only uM Fe (the lowest level of Fe used) yielded 190% more dry
matter ig the tops than that of the no Fe treatment. Higher rates of Fe
brought gbout further yield increases, but the magnitude of the in-
creases fiminished as the level of Fe increased. For six genotypes, the
optimum flevel of Fe for root dry-matter production was 16 uM Fe (Table
32},

p/root dry-matter ratios were higher for plants grown in solu=-
tion wifh no added Fe. The lack of Fe restricted beth top and root
growth, [but the restriction appeared to affect roots more than tops

(Table ?3).
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Both the concentrabion and total Fe content were found to in-
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he lavel of Fe in the growth medium increased. These results
DeKock et al, {1960) who reported higher Fe concentrations in
bves as the Fe supply increased.

results also indicated the existence of antigonism between Fe

, and P, In all plant parts, the concentration of Mn was

ecrease with increased Fe level. This agrees with the find-

Inaka and Navasero (1966) who repcrted a decrease in Mn content

ants with increasing Fe levels. Zinc concentrationsg in the

res and the roots decreased as the level of Fe increased. This

bement with the findings of Bassiri et al, (1979} who observed

in 2n concentration in Mung beans with increasing Fe levels in

Brown et al. (1963) reported that Zn reduced the uptake and

of Fe by 15% when present in the nutrient solution at levels

&

5x 10 M.

e Fe nutrition of plants is also highly associated with their P

Phosphate generally accentuates Fe deficiency in plants.

955} emphasized P:Fe ratio in plants as a useful index of their

Biddulph and Woodbridge (1952) found that at pH 7, Fe was

hted on the surface and within the rcots of soybean plants grown

3

at 10"~ M. The soluble Fe in a nutrient =solution as acid at

4

be severely decreased by an increase in soluble P (Holmes,

{1978) reporied that at high pH, increasing so0lu-

ecreased Fe in roots but not in leaves and stems of scybeans.

ast, at low pH, increasing the P resulted in less Fe in leaves,

Iron concentrations declined in both millet and
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P levels increased and high P concentration in the growth

55Fe absorption and translocation in both crops (Ajaka-

ibited
this study (varied Fe levels) the P concentrations in the uppeh
blants grown without added Fe were twice as high as those in
leaves of plants grown with Fe. However, there were no differ-
concentrations in the leaves and roots of plants grown with
The genotypes did not differ in P concentrations in all plant
ese findings deviate from those of Mikesell et al. (1973} who
hat under Fe deficient conditions, 'Fe-inefficient' genotypes
accumulate high P than 'Fe-efficient! genotypes.

P:Fe and Mn:Fe ratios were found to be much higher in plants

The results agree with the findings of previous

DeKock et al., 1960) who reporied decreases in F:Fe ratios with

increasinF Fe level in the growth medium. However, the Mn:Fe and Zn:Fe

ratios in
creased.

T
Mn:Fe raf
ratios ip
plants w
higher d
Fe defid
per unig

=

]

fluoresd

pre grow with added Fe,

ry matber per unit Fe than plants grown with added Fe.

everal years ago, Brown et al.

the upper leaves and roots decreased as the Fe level in-

e moest Fe deficient genctype SC 118-1%E had higher P:iFe and

Lios in both upper and lower leaves as well as higher Mn:Fe

the roots and Zn:Fe ratios in the upper and lower leaves when
Plants grown without added Fe had

The most

ient genotype produced the highest upper leaf and root dry matter

of Fe taken up.

{1961) reported the release of

ing materials from the roots of Hawkeye (HA) and PI-54619-5-1
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(PI) soybe#ns. More fluorescent materials were released from the HA
('Fe-efficjent®) than from PI ('Fe-inefficient') soybeans. The release
of the fluprescent materials was considered incidental to the greater
reduction pf Fe3+ to Fe2+ by the root of Fe deficient HA than by the Fe
deficient PI soybeans. Subsequent studies indicated that in addition to

reduction pf F’e3+ by the root, nutrient solutions that had HA soybeans

3

grouwn in em reduced more Fe

* than nutrient solutions in which PI soy-

beans had |grown. Ambler et al. (1970) also showed that Zn suppressed

the formafion of 'reductant' in the roots of HA soybeans.

release of some type of 'reductant' by tomato [Lycopersicon

(L.) Mill] roots into nutrient solution has also been
d (Ambler, 1971). Even though the nature of the 'reductant'
en determined, Haju and Marschner (1972) observed a release of
from the roots of sunflower plants growing in culture solu-
r Fe~stress conditions following the precipitation of Fe3+-

in the solution. This release was accompanied by a decrease
in pH in{culture medium brought about by an excess cation uptake over
anion up$ake. The decreased pH and the reducing effect of the ribo-
flavin m¢bilized precipitated Fe by reducing it to Fe2+. Iron availa-
bility whs thus improved and regreening occurred in the plants.

The 'reductant' can reduce inorganic Fe3+ and chelated Fe3+

were of [the opinion that the 'reductant' contains phenolic compounds

(Brown 1: al., 1973) if present in sufficient quantities. These workers
which rdact to keep iron as Fe2+. Their belief was further strengthened
by Himed et al. (1963) who found that phenolic compounds contained in the

water eftract cak leaves solubilized Fe from freshly precipitated ferric
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hydroxide. | Olson et al. (1980) noted that p-coumaric acid (phenolic

compound) *as effective in reducing Fe3+ to FeZ+ in tomato,

Roots exudates are not uncommon, but the 'reductant' released
from Fe-deficient HA soybeans was believed to be adaptive. That is, it
is controlled by the Fe supply. The ‘reductant's' major role in the

2+

root may bL its ability to keep Fe~ in the reduced state, thereby in-

creasing its mobility and availability for transport (Brown et al., 1961}.

Evgn though 'Fe-efficient' and 'Fe-inefficient! sorghum genotypes

were growr under sufficient levels of Fe, freductant' released by the

roots was|detected. The release of 'reductants® could have been induced

since Fe was supplied as a chelate {(Fe-HEDTA]. Since chelates compete

with plan

competiti

L roots for Fe in the growth media (Brown et al., 1960}, this

bn could induce the release of 'reductant' by the roots. The

higher th% level of Fe added, the more the 'reductant' releassd by the

. roots to
By

the exter:

- lowering
gver, ma
result o
T

cant dif]
after ty

type {(5{

(Table

eatments were added).

compete with the chelate (Table 48).
own et al. (1973) proposed that the presence of 'reductants' in
mal solution may be indicative of a leaky root resulting from a

of the pH of the nutrient sclution. Of more importance, how-

F be the adaptive production of 'reductants' inside the root as a
' Fe deficiency to keep Fe in the more available Fe2+ form,
he sorghum genctypes used in this experiment showed no signifi-

ferences in 'reductant' released until after day 12 (& days

After that time, one 'Fe-efficient' geno-

33-9-8-E4} released more 'reductant' than the other genotypes

46). The responses of the other genotypes one considered to be

'Pe-effi{cient' (NP) and two considered to be 'Fe-inefficient' (SC 118—.

15E and

Martin) showed no particular trend in the amounts of f'reductant!

-
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released. |Top, root, and total dry-matter yields did not differ aﬁoﬁg
the varied|Fe rates (Table 45). In fact, the yields decreased gradually
as the supply of Fe increased above 18 mM indicating that at the higher
rates, Fe pay have had interacting or toxic effects. Toxic effects of
Fe have bepn reported tc be above 3000 ug/g Fe for rice (Tanaka and
Navasero, 1966). Iron levels causing toxic effects in sorghum have not
been reporfted. The effects of the higher Fe rates on decreased dry
matter apgeared to be more damaging toc roots than to tops. The levels
of Fe in fhe soil greatly influenced plant height and leaf surface areas
(Tables 4T and 48). Genotypes also differed in these parameters.

Of | the genotypes selected for chlorophyll determinations, differ-
ences in thliorophyll concentrations were noted only for the genotypes in
the first| group. SC 118«15E had the lowest chlorophyll a concentration
{Table 51f). Both SC 118~15E and Martin had the lowest concentraticns of
chlorophyll b and total chlorophyll. In both groups, genotypes differed
in fresh [and dry weights and leaf areas. TAM 428 also had a higher
specific|lieal weight than the cther genotypes in the first group.

T#e level of Fe supply greatly influenced the chlorophyll concen-
trations|in plants (Table 51). Plants grown on the Fe sufficient soil
generally contained 2.1 and 1.4 times more total chlerophyll than plants
grown on| the Bridget and Bridgeport soils, respectively. These results
agree wilth Sideris and Young (1956) who reported that the tofal chloro-
phyll cdncentrations in pineapple leaves were 2.2 ftimes greater in
plants grown with ample Fe as in Fe deficient plants. Shetty and Miller
(1966} ¥eported that chlorophyll a and b in tobacco chloroplasts isolated

from chlorolic tissue was lower than that of normal tissue. They ncted
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a 45% decrdase in chlorophyll labelling in deficient tissue compared to
normal tisjue. A marked correlation between Fe supply and chlorophyll

content in|Timothy and Yorkshire grasses has also been reported

(O'Sullivafi, 19€9}. Aparwala et al. (1965) observed a linear correla-
tion betwegn chlorophyll concentration and Fe supply in maize and

radish up ko a concentration of about 0.5 pM Fe., Marsh et al, (1963}

reported that Fe deficiency in cowpea resulted in the limited formation
of a~-amind leavulinic acid which is a rate-limiting step in chlorophyll
synthesis

Th# limited Fe supply seemed to impose a greater limitation on

the synthesis of chlorophyll a than on chlorophyll b. This is pointed
out by thg amounts of chlorophyll a noted in plants grown on the Bridget
and Bridgeport scils. Plants grown on Bridget and Bridgeport soils had
only &O%xand 67%, respectively, chlorophyll a concentration in plants
grown on [the Sharpsburg soil, whereas the chlorophyll b concentrations
in plantL grown on the Bridget and Bridgeport soils were 64% and 80%,
respectiyely, of that found in plants grown on the Sharpsburg soil.
Chlorophyll a/b ratios were higher for plants grown on the Sharpsburg
soil.,
Ih the first group of genotypes, plants grown on the Fe sufficient
Sharpsbyrg =soil had higher Fe concentrations in the upper leaves than
plants #rcwn on the low Fe soils, but genotypes in the second group had
higher e concentrations in the upper leaves when grown on Bridget soil.
Both of|these findings agree with the fiindings of other workers. DeKock
et al. f1960) reported higher Fe concentrations in Fe deficient mustard

leaves ghan in green leaves. On the other hand, Sideris and Young
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hrted higher Fe concentrations in green leaves of pineapple

plants tha? in the Fe def'icient leaves.

In

both groups of genotypes, plants grown on Bridget and Bridge-

port soild had higher Mn and Cu concentrations in the upper leaves than

plants grg
Fe supply
tion of M

The P and

on all sol

et al. (1
ply of Fel
P:Fe and
than in {

case for

lants grown on the Fe sufficient soil.

Fe:Cu ratios.

wn on Sharpsburg soil. This was not surprising since the high
in the Sharpsburg soil would depress the uptake and transloca-
y Cu, and Zn (Tanaka and Navasero, 1966; Dokiya et al., 1968).

Zn concentrations in the upper leaves of plants were similar

1s.

Th% nutrient element ratios are in total agreement with Biddulph

p52) who reported lower PiFe ratios in bean plants as the sup-

in the growth medium increased. In both groups of genotypes,

Mn:Fe ratios were higher for plants grown on the low Fe soils

The reverse was the

Of the genotypes in the second group, the P:Fe

and Mn:F

ency s

(1973) who observed that under low Fe conditions,

toms.

ratios were higher in TX 7078 which had only slight Fe defici-
This did not agree with the findings of Mikesell et al.

'Fe-inefficient' geno-

types tepded to have higher P:Fe ratios than the 'Fe-efficient’ sorghum

genotypep.

tal Fe content in both groups of genotypes was higher for

plants

own on Sharpsburg scil.

But, dry-matter production per unit of

Fe taker] up was much higher for plants grown on the low Fe soils than

for plarlts grown on the Fe sufficient soil.

fered.

(severely

The genotypes also dif-

Two genotypes SC 500~6-1 (slightly Fe deficient) and KS 56

Fe deficient) generally had higher Fe contents than the other
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genotypes.| However, some of the genotypes, TX 7078 (slightly Fe defici-
ent), SC 3B-0-8-E4 and Norghum (severely Fe deficient) had the highest

dry-matter| production per unit of Fe taken up on the low Fe scils.
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SUMMARY AND CONCLUSIONS

rghum {Sorghum bicolor (L.) Moench] genotypes were screened for

ilal Fe use by inducing Fe deficiency through the addition of P,

d using NO; as the source of N in nutrient solutiona. Some

were also screened in low Fe and Fe-sufficient =o0ils in a

to correlate the nutrient solution responses with those in

e physioclogical properties of selected genotypes evaluated

renotype responses to varied levels of Fe, (2) 'reductant' re-

the roots into nutrient solution, (3) differential changes in

pH, (4) plant height and leaf surface area, (5) chlorophyll

tions, (6) mineral element concentrations and ratios, and (7)

dry matt

G
In nutrig
SC 149,
Nigerian
15E, Redl
genotypd
considey
cies.
considege

KS 56,

ineffig

r produced per unit Fe taken up.
notypes differed in their response to induced Fe deficiency.

nt solution studies, 3C 33-9-8-E4, NP, Plainsman, K3 5, 3D 102,

'Y 412, and Norghum (U.S. genotypes), RZ 1, L 181, and KANO L.1

genotypes were ¢onsidered to be more ‘Fe-efficient' and SC 118~

an, Martin, SC 109-9, KS 56, SC 369-3-1JB, TX 7078, CK 60 (U.S.

8), FFB-L, 5K 5912, L 187, and C 7.4 (Nigerian genctypes) were
ed to be 'Fe-inefficient' based on the degree of Fe deficien=-

In the low Fe scils, SC 500-6=-1, NP, TAM 428, and SD 106 were

d to be 'Fe-efficient' and SC l18-15E, 3C 369-3~1JB, SC 109-9G,

Norghum, Wheatland, and SC 33-9-8-E4 were considered to he 'Fe-

ient. !

/
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On [the basis of the degree of Fe deficiency symptoms, the nutrient

solution rjesults did not correlate closely with the soil results. When P

and NOS treatments were added to 7-, 10-; and lé4-day-old seedlings, the

younger sgedlings became Fe deficient first. However, at the time
experiments were terminated, the older plants were more Fe deficient
than the younger plants. The two treatment effects were similar only on

10-day~-olfd seedlings. The 7-day-old seedlings developed more severe Fe

3
oped mo severe Fe deficiency symptoms in the added P treatments.

deficienqy symptoms in the NO, treatment, and l4-day-old plants devel-

Rggardless of the age at which the two treatments were added to
plants, $he genotypes differed in the degree of Fe deficiency symptoms.

The vari&us genotypes also differed in dry-matter yields. The most

-

3
as the source of N, the pH of

effectivg treatments were (.39 mM P and NO, added at 1.4 mM N/plant.

3
the growWth media decreased initially and then increased for the duration

en plants were supplied with NOC

of the gxperiments. When plants were induced into Fe deficiency by the
addition of P or supplying N as NHZ, the pH of the nutrient solutions
decreased throughout the duration of the experiments. When 03003 was
added the growth medium, the pH decreased and after 4 days increased.
Dry-matter reductions due to Fe deficiencies induced in nutrient
solutions were small because of the short duration of the stresses im-
posed ([T days). However, in the low Fe soils the reductions in dry-
matter |yields caused by the low Fe were large.

From these experiments, the following conclusions were drawn:

{1) Fe|deficiency can be induced by withholding Fe, by the addition of
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?
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excess P and CaC03 or by using NO_ or NH| alone as a source of N.

3 4

{2) Plantyq that developed moderate Fe defici?qcy symptoms had only small

reduciions in dry matter.

{3) Rate ¢f Fe deficiency development depended upon the age of the

plantf used.

{4) Added|NO

K

induced Fe deficiency'in young seedlings but not in clder

3

seedllings. Added P induced Fe deficiency at all seedling ages.

{5} Sorghum can be screened for 'Fe-efficiency' in nutrient solutions.

The

(a)

{b)

in the

sampli

detimum or best conditions to.screen for 're-efficiency' were:
Four-day-cld seedlings grown in 0.3 strength nutrient solu-
tion for 3 days without added Fe.

it 7 days of age, uniform seedlings were transferred to a

full strength nutrient solution with 2.3 yMole Fe and

cither 0.39 mM P or 0.15% mM CaCoO Plants were grown in

3
these treatment solutions for 7 days.

Alternatively, T7-day-cld or older plants could be supplied

3
N/plant or the same Fe level and 0.39 mM P and plants

with 2.3 uMole Fe and NO, only as the N source at 1.4 mM
should remain in treatment solutions for 5-7 days. As

many as 125 plants/7.0 1 container could be used. )
The four genotypes grown with three levelsz of Fe did not differ

amount of 'reductant' released by the roots for the first two

g dates. After 6 days in treatment, SC 33-9-8-E4 released movre

‘reductant' than the other genotypes. The higher the level of Fe in the

growth

medium the more ‘reductant' released by plant roots. 'Reductant!

released by plants grown wWith 54 yM Fe was 5 to 6 times higher than

rli‘- :
! i) e

H

R L]
]
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'reductant' released by plants grown with 18 yM Fe. Decreased pH of the
growth meLium increased 'reductant' and subsequent increase in pH de-
creased 'peductant.' Sorghum genotypes will release ‘reductant' from
their r even when supplied with adequate levels of Fe.

low Fe in the Bridget and Bridgeport soils caused marked
reductionfs in plant heights, leaf surface areas, chlorophyll a and b,
and totall chlorophyll concentrations. Plants grown on the Fe-sufficient
soil had [higher specific leaf weights than those grown on the low Fe
soils. Lore severe Fe deficiencies were noted on plants grown on the
Bridget TOil than on plants grown on the Bridgeport soil even though
both soils had similar amounts of available Fe. These differences could
have beeh due to the higher Zn in the Bridget soil which may have inter-
acted wigth Fe. The Bridgeport soil gave better differential Fe defici-
encies than the Bridget soil. The Fe deficiencies on plants grown on
Bridget [were too severe to give good differential responses among geno=-
types sdreened for 'Fe-efficiency.’

In nutrient solutions, Fe concentrations in the upper leaves and
roots iTcreased with increasing Fe level in the growth medium. Manganese
concentpPations decreased in all plant parts as the level of Fe increased.
Similarfy, Zn concentrations in the upper leaves and roots decreased.
Phosphokus concentrations in all plant parts were similar irrespective
of the [level of added Fe. However, plants grown without added Fe had
higher [P concentrations than plants grown with added Fe. Total Fe con-
tent sz higher in the upper leaves (Fe-deficient) of plants than in the
lower Jeaves and roots. Plants grown without added Fe produced more dry
matter|per unit of Fe taken up. Genotypes differed in these variables

at eac* Fe level.
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Wth plants were grown on low Fe and Fe-sufficient soils, plants
in the fipst group had higher Fe concentrations in the upper leaves when
grown on phe Fe~-sufficient soil than plants grown on the low Fe soils.
GenotypejL:rown on the Fe-sufficient soil also had higher total Fe con-
tent. Pllants grown on Bridgeport (low Fe) soil had higher Mn and Cu
concentrgtions than plants grown on Sharpsburg (Fe-sufficient) soil.
Genotype% had similar P and Zn concentrations in both upper and lower
leaves or] all secils. Plants grown on the low Fe soils produced more dry
matter p&r unit of Fe taken up. The genotypes also differed on each

goil for|dry matter produced per unit Fe taken up and Fe, Mn, Cu, and Zn

concentthions.
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Table Alp. Mean squares for top, root, total dry-matter yields, and
top/root dry-matter ratios for selected scorghum genotypes
grown with three levels of Fe.

Source of

Variatidn df Top Root Total _ Top/Root
Model 13 21573.89%# 12606.78%# 70608 .98 %* 0.13%
Genotypgs (A) 3 66245, 93#% 37184, 52%# 171523,07%% D.3] %%
Fe levels (B) 2 3278.12 5508.03 4460.,14% G.l4¥
AxB 6 2441, 40 1493.97 9024.69 0.06
Error 22 4738.22 2356.23 14643.13 0.04
Total 35 1090L.47 6163.39 35430.45 0.07

C.V. % 13.46 15.92 : 15.08 11.77

* Dengtes significance at P=0.05.

** Dengtes significance at P=0.01.
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