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Micronutrient deficiencies in Macadamia integrifolia Maiden
& Betche seedlings. -

Abstract — Introduction. Micronutrient deficiencies are likely to occur in macadamia nut
plants grown on infertile soils of Brazil. Yet, visual symptoms and concentrations of these nutri-
ents are not well characterized. Materials and methods. Micronutrient concentrations were
assessed in plants of Keauhou and Ikaika cultivars of Macadamia integrifolia, grown with six
nutritious solutions: one complete, the five others with individual omission of a specific
element. Results. The results showed that lower leaves of macadamia seedlings grown in com-
plete solution contained 12.9 and 18.6 mgkg™ B, 2.6 and 2.7 mg-kg™! Cu, and 28.3 and
18.1 mg-kg™! Zn for cultivars Keauhou and Ikaika, respectively. In the lower leaves of the
plants grown in B- and Zn-free solutions, the two cultivar B and Zn concentrations were
5.7 and 6.1 mgkg™ and 20.3 and 18.0 mg-kg™, respectively. In the complete solution, lower
leaves contained 221.7 and 289.3 mgkg™ Mn and 129.8 and 121.4 mgkg™! Fe, as compared
to 145.5 and 91.1 mg-kg™' Mn and 38.6 and 48.9 mgkg™ Fe, in the Mn- and Fe-free treatments,
Discussion. The young macadamia plants studied did not differ in symptoms of Fe, B, Cu
and Zn deficiency or in the levels related to these symptoms, although a difference between
cultivars was detected for Mn levels. The elements that most limited dry mater production
were, in decreasing order, Fe, Cu and Mn. © Editions scientifiques et médicales Elsevier SAS
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Déficience en microéléments dans des plantules de Macadamia integrifolia.

Résumé — Introduction. Les macadamiers qui se développent sur les sols peu fertiles du
Brésil devraient présenter des déficiences en microéléments. Pourtant, les symptémes occa-
sionnes et les teneurs de ces €léments n'ont pas €€ bien éudiés. Matériel et méthodes, Cer-
laines teneurs en microéléments ont €té évaluées sur des plants des cultivars Keauhou et Tkaika
(Macadamia integrifolia), développés sur six solutions nutritives différentes : I'une compléte,
les cing autres caractérisées par la soustraction d'un élément donné. Résultats, Les plus basses
feuilles des plantules développées sur solution compléte contenaient, pour les cultivars Keau-
hou et Tkaika, respectivement, 12,9 et 18,6 mg-kg™! de bore, 2,6 et 2,7 mgkg™ de cuivre, et
28,3 et 18,1 mg-kg™! de zinc. Dans les feuilles les plus basses des plantules placées sur solu-
tions sans bore et sans zinc, les concentrations ont €té de 5,7 et 6,1 mg-kg™! de bore, et 20,3
et 18,0 mg-kg™! de zinc, pour les deux cultivars, respectivement. Les feuilles basses des plantes
mises sur solution compléte contenaient 221.7 et 289,3 mgkg™ de manganése, et 1298 et
121.4 mg-kg™! de fer 4 comparer aux 145,5 et 91,1 mg-kg™ de Mn, et 38,6 et 48,9 mgkg™! de
Fe, obtenus dans les solutions dépourvues de Mn et de Fe, Discussion. Les plantules de maca-
damier étudiées n'ont pas présenté de symptomes ni de teneurs différents li€s aux déficiences
en Fe, B, Cu et Zn, bien qu'une différence entre cultivars ait été détectée pour le taux de Mn.
Les €léments qui ont le plus limité la production de matiére séche ont €€, par ordre décrois-
sant, Fe, Cu et Mn. © Editions scientifiques et médicales Elsevier SAS

Brésil / Macadamia integrifolia / nutrition des plants / carence minérale /symptéme

Fruits, vol. 55 (2) 127



128

P.C.L. Marrocos et al.

1. introduction

Macadamia (Macadamia integrifolia) is
a nut tree originating from the humid forests
of Australia. The plant was introduced 1o
Hawaii about a century ago. In Brazil, com-
mercial cultivation of macadamia only
started about two decades ago; the plants
are often grown on degraded soils of low
fertility. Insufficient information exists in
the Brazilian and international literature
about the nutrition and requirements of
macadamia plants, especially with respect
1o micronutrients.

Several studies have shown that leaf
boron (B) content of macadamia plant is
influenced by leaf age (1] and that the pro-
duction of nuts in shell is increased in the
varieties Keauhou and ITkaika when 0.02 %
boron (15 L per tree) is applied to the leaves
during nut development [2]. Stephenson
and Cull [3] indicated that 40-75 mg'kg™! B
in leaf to be an adequate range for Aus-
tralian conditions. Boron deficiency in
macadamia can cause the death of terminal
tissues, similar to P deficiency. However,
unlike P deficiency symptoms, small leaf
bunches are present on the B-affected
branches. Spraying B solution on leaves of
B deficient trees may stimulate new bud-
dings in defoliated areas. In seedlings, symp-
toms of B deficiency are observed when B
concentration in leaves drops below
15 mg-kg™!. Severe symptoms and eventual
seedling death occur at 9 mg-kg™ [4).

Symptoms of Fe and Mg deficiencies are
similar and characterized by a reduction in
chlorophyll production. However, unlike
Mg deficiency, Fe deficiency starts from
new leaves [5]. Typical symptoms of Fe
chlorosis in macadamia are interveinal
chlorosis of new leaves (a fine green vein
network on a yellowish background) fol-
lowed by whitening [4, 6-8]. This pattern
coincides with Fe distribution in leaf, with
the foliar lamina becoming yellowish while
the vein may remain green for some time.
Iron, also activates enzymes involved in
chlorophyll synthesis [9]. Gilfillan and Jones
[10] observed that macadamia leaves con-
taining 20 mg-kg™! of Fe showed slight symp-
toms of deficiency, and that a high correla-
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tion was obtained among leaf Fe concen-
tration, degree of chlorosis and chlorophyll
concentration.

The major symptom of Mn deficiency is
interveinal chlorosis with small necrotic
spots on new or mature leaves depending
on the plants species [11]. Intermediate
phloem mobility has been reported for Mn
[12]. For macadamia, adequate Mn levels
may vary from 50 to 1,500 mgkg™' [8].
Nagao and Hirae [4] reported that healthy
leaves of macadamia can accumulate Mn
levels, high enough to be considered toxic
o other species.

In greenhouse studies, Nagao and Hirae
[4] demonstrated that healthy macadamia
seedlings had leaf Zn concentration of
31 mgkg™!, instead of 17 mgkg™ in Zn-
delicient plants. Severe deficiency symp-
toms were observed when leaf Zn concen-
tration dropped below 14 mg-kg™ [4].

In view of potentially wide variation in
nutritional requirements among macadamia
cultivars, work on mineral nutrition is of
great importance to the success of maca-
damia cultivation in Brazil. Thus, our study
objectives were to characterize the symp-
toms of mineral deficiencies in macadamia
plants and to quantify nutrient contents in
leaves associated with these symptoms.

2. materials and methods

The experiment was set up in a green-
house at the Federal University of Vigosa
using two Macadamia integrifolia culti-
vars, Keauhou (HAES 246) and lkaika
(HAES 333). Seeds obtained from the exper-
imental station of Araponga of the Federal
University of Vicosa were germinated in
plastic trays containing acid washed sand.
Recently germinated seedlings were sub-
jected to adaptation in nutrient solution for
approximately 30 d.

Vases containing 13 L of nutrient solution
at half of the recommended concentration
were used. The recommended concentra-
tions of H,PO,~-P, NO,~-N, NH *-N, K,
Ca**, Mg** and 5O,*-S were 0.3, 14.0, 1.5,
4.0, 4.4, 1.0 and 1.0 mmol-L™!, respectively.



The micronutrients were supplied accord-
ing to the solution of Clark [13], except for
Fe, which was of 0.114 mmol-L™! in the
form of Fe-EDTA. The solution pH was
monitored daily and kept between 5.0 and
5.5 using HCl or NaOH. After a period of
adaptation, the plants were transferred to
vases containing 8 L of solution developed
for macacdamia at its recommended strength
and subjected to the following treatments:
complete (N, P, K, Ca, Mg, S, B, Cu, Mo, Fe,
Mn, and Zn) and with individual omission
of a nutrient (-B, -Cu, -Zn, -Mn, and -Fe).

The experiment consisted of two culti-
vars tested with six nutrient solutions,
resulting 12 treatments with three replicates
arranged in a randomized complete block
design. There were two seedlings per 8 L
vase.

The stock solutions of macronutrients
were subjected to purification for the
removal of Fe, Mn, Zn and Cu. These mel-
als were extracted with pyrrolidine ammo-
nium dithiocarbamate using chloroform
(CHCI,) as solvent according to the proce-
dure described by Fontes [14].

The stock solution of micronutrients
were not subjected to any type of purifica-
tion, except for the Fe solution. This stock
solution was passed through a Dowex 1 x-8
anion exchange resin (50-100 mesh) satu-
rated with Na. This form of resin would
retain Zn when Zn is present in an HCI
solution of 0.5 mol-L™, using the procedure
cited above [14].

During the experiment, the solutions
were changed periodically at intervals
determined by the reduction in electric con-
ductivity of the solutions to 30 % of the ini-
tial value. On the first change, Fe concen-
tration was increased to 0.152 mmol-L-!,
The volume of the nutrient solution in the
vases was kept constant by daily addition
of demineralized water. An Fe concentra-
tion of 0.038 mmol-L! was added to the Fe-
free solution 18 d before the end of the
experiment to prevent plant death.

Symptoms of deficiency were obtained
for all the studied micronutrients, except for
Zn, 105 d after the application of the treat-
ments. The plants were then collected and
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subdivided into upper leaves (leaves located
in the upper third of the crown near the
apex), lower leaves (leaves located in the
two lower thirds of the crown), stalks and
roots. They were washed with deionized
water and dried in a forced-air oven at
70 °C until a constant weight was obtained.
The plant material was then weighed,
ground in a mortar to pass a 20-mesh sieve,
and mineralized with a nitric-perchloric
mixture (2:1). The material destined for B
determination was dry-ashed at 550 °C and
determined colorimetrically by the azome-
thine H method [15]. Iron, Mn, Zn and Cu
were determined by the atomic absorption
spectrophotometry, and P was measured
colorimetrically by the method of phos-
phomolybdate reduction by ascorbic acid
[16].

The data obtained were subjected to
analysis of the variance and to the Dunnett
test, with the level of significance set at 5 %.

3. results and discussion

In plants grown in solutions in which a
nutrient was omitted, the dry matter pro-
duction tends to decrease (fable ). How-
ever, a statistically significant difference
was only observed in the aerial parts of cul-
tivar Ikaika grown in the Fe-free solution.

Macadamia seedlings grown in the Cu-
free solution showed curving, deformation
and marginal chlorosis in totally expanded
new leaves. No description of the symp-
toms of Cu deficiency in macadamia was
found in the literature, Only mild chlorosis
was observed in new leaves of plants grown
in the Zn-free solution. Leaves of B-defi-
cient plants did not have well defined symp-
toms, but chlorotic spots were observed on
the limb close to the borders, as well as
death of the apical bud. Similar symptoms
were described by Nagao and Hirae [4].
Iron-deficient plants showed interveinal
chlorosis in new leaves, followed by intense
yellowing, with only the central vein
remaining green, and with necrotic points
on the limb close to the borders and apical
death.

Fruits, vol. 55 (2)

129



P.C.L. Marrocos et al.

In older leaves of macadamia seedlings
of cultivars Keauhou and lkaika grown in
the complete solution, Cu levels were 2.57
and 2.68 mg-kg™!, respectively (table Il) and
these levels were only affected by the Fe-
free treatment, which significantly increased
Cu levels in leaves. In all other treatments,
Cu levels were lower than 4 mg kg™, a level
considered adequate by Bittenbender and
Hirae [8], and much lower than 11 mgkg™,
a level considered to be adequate by Nagao
and Hirae [4]. Nevertheless, the nutritious
solution contained appropriate Cu concen-
tration, the plants did not present deficiency
symptoms, which indicates that the low
concentrations found in the tissues were
enough for the plant growth.

In older leaves of the Keauhou and Ikaika
cultivars grown in the complete solution, Zn
levels were 28.25 and 18.05 mg-kg™!, respec-
tively. In the lower leaves of the two culti-
vars grown in the Zn-free solution, Zn lev-
els were 20.33 and 17.98 mg kg™ (table ID.
Nagao and Hirae [4] reported Zn deficiency
in leaves containing 17 mg-kg™ Zn or lower.

In older leaves of the Keauhou and Ikaika
cultivars grown in the complete solution,
Mn levels were 211.7 and 289.3 mgkg™,
instead of 145.5 and 91.1 mg-kg™!, respec-
tively, in the Mn-free solution (table I).
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Bittenbender and Hirae [8] stated that Mn
levels of 50 to 1,500 mg-kg™ can be con-
sidered adequate. The range proposed by
these authors as adequated is excessively
wide, what was also evidenced by the
results discussed above. Nagao and Hirae
[4] reported that macadamia can accumu-
late very high Mn levels, which can be toxic
to other plant species,

Copper levels were the highest in the
stalk and roots (table [ID and in the leaves
(table ID of plants grown in iron-free solu-
tion. In general, a high Fe supply causes a
reduction of Cu, Zn and Mn concentrations
in plants, while high levels of these ele-
ments are observed in Fe-deficient plants
[17, 18].

The boron levels observed in the lower
leaves of plants grown in the complete solu-
tion (table IV) were low compared to the
values considered adequate by others [4, 8,
191, ranging from 40 to 100 mg'kg™'. How-
ever, cultivar Tkaika showed a higher B
level in the leaves of plants grown in com-
plete solution.

Boron is considered to be an element of
little or no mobility in plants, with difficulty
in retranslocation [20]. Long distance B
transport is confined to the xylem and
related to the transpiration rate [21). In a
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stucly of B remobilization in tomatoes, Oertli
[22] observed small new growths after the
induction of deficiency and noted B move-
ment in the stalk, but found no evidence of
B translocation from leaves to new tissues.
However, Hu et al. [23] isolated and char-
acterized a mannitol-B-mannitol complex
in the phloem of celery plants and detected
the presence of sorbitol-B-sorbitol and fru-
tose-B-frutose complexes in peach plants,
the first proposed mechanism of the mobil-
ity of B in these species.

In the lower leaves of plants grown in
the complete solution, P levels (table IV)
were higher than those considered ade-
quate by Bittenbender and Hirae [8], i.e.
0.8-1.1 g-kg™! P. Plants cultivated in nutri-
tious solution tend to have higher concen-
tration of most nutrients in leaves (author's
observation). Leaf P concentrations of
1.7-1.8 g-kg™! or higher can lead to the
development of Fe deficiency [4). However,
Fe levels in the lower leaves of Keauhou
and Tkaika plants grown in complete solu-
tion were 129.83 and 121.37 mgkg™,
respectively (table V).
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In the roots of plants grown in Fe-free
solution, Fe levels were high compared to
those observed in the control treatment,
probably because of the addition of Fe to
the nutrient solution 18 d before harvest in
order to prevent plant death. The P levels
detected in the stalk and roots were higher
in the cultivar lkaika (table V).

4. conclusion

In B-free solution, macadamia leaves did
not show well defined symptoms, but
chlorotic spots on the limb close to the bor-
ders, and apical bud death were observed.
Plants with Cu deficiency showed curving,
deformation and marginal chlorosis in fully
expanded new leaves. Plants grown in Mn-
free solution showed a small difference in
terms of visual symptoms, i.e. leaf narrow-
ing and border deformation in the Keauhou
cultivar and interveinal chlorosis in the
upper leaves and deformation of leaf bor-
der and tip in cultivar Ikaika. Plants with Fe



deficiency showed interveinal chlorosis in
new leaves followed by intense yellowing,
with only the central nerve remaining
green, and chlorotic points on the limb
close to the borders and apical death.

Young macadamia plants of both culti-
vars Keauhou and lkaika did not differ in
symptoms of Fe, B, Cu and Zn deficiency
or in the leal concentrations of these nutri-
ents, although a difference between culti-
vars was detected for leaf Mn concentra-
tions.

Plant dry matter production was the low-
est in the Fe-free treatment, followed by
those in the treatments with B-, Cu- and
Mn-free solutions.

note

This work is part of a doctoral thesis pre-
sented by the first author to the Federal
University of Vigosa, Brazil.
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Deficiencia de microelementos en plantulas de Macadamia integrifolia.

Resumen — Introduccion. Las macadamias que se desarrollan en suelos poco férles de
Brasil deberian presentar deficiencias en microelementos. A pesar de ello, no se han esudi-
ado bien los sintomas ocasionados y los contenidos de estos elementos, Material y métodos.
Ciertos contenidos en microelementos fueron evaluados en plantas de cultivares Keauhou e
Tkaika (Macadamia integrifolia), desarrolladas en seis soluciones nutritivas diferentes: una com-
pleta y las cinco restantes caracterizadas por la sustraccion de un elemento dado. Resultados.
Las hojas mas bajas de las plantulas desarrolladas en solucion completa contenian respectiva-
mente, en ¢l caso de los cultivares Keauhou e Tkaika, 12,9 y 18,6 mgkg™ B, 2,6 v 2,7 de Cu
y 28,3 y 18,1 de Zn. En las hojas mds bajas de las plintulas colocadas en soluciones sin boro
v sin zinc, las concentraciones fueron de 5.7 v 6,1 B, y de 20,3 y 18,0 mg-kg ™! Zn, para ambos
cultivares, respectivamente, Las Hojas bajas de plantas colocadas en solucién completa con-
tenian 2217 y 289,3 mg-kg™! de Mn, y 1298 y 121,4 mg-kg™! Fe; compirese con los 1455 y
91,1 mg-kg™ Mn, y 38,6 y 48,9 mg-kg ! Fe obtenidos en las soluciones sin Mn y Fe. Discusion.
Las plantulas de macadamia estudiadas no han presentado sintomas ni contenidos diferentes
ligados a las deficiencias de Fe, B, Cu y Zn, aunque se detecté una diferencia entre los culti-
vares en el nivel de Mn. Los elementos que mas limitaron la produccion de materia seca fueron,
en orden decreciente, Fe, Cu y Mn, @ Editions scientifiques et médicales Elsevier SAS
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sintomas
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