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ABSTRACT: A glasshouse pot experiment tested the effects of 14 different combinations of substrate type, pH and
nutrient treatments on the occurrence and severity of leaf chlorosis in a susceptible variety of petunia. Plants grown at
optimal pH level (4.7) in peat substrate with low limestone dose were symptom-free even without added micronutrients.
Severe chlorosis occurred in plants grown at high pH in peat substrate with high limestone (pH 6.7) and in peat-bark-
compost (pH 6.2); it was associated with decreased Fe and Mn content in leaves. Regular application of nutrient solution
with low concentration of Fe, Mn, and other micronutrients as EDTA chelates greatly reduced chlorosis in plants grown
in peat-bark substrate and in peat-bark-compost, and it improved Fe uptake. An exception was peat substrate at high
pH level and high limestone where chlorosis was only partially reduced by this treatment. Regular application of Fe, Mn,
and other micronutrients as sulphates or citrates had no substantial effect; only application of three additional substrate
drenches of 30 mg/l Mn from Mn-EDTA and 90 mg/l Fe from either Fe-EDTA or Fe-EDDHA substantially corrected
chlorosis and increased foliar Fe and Mn in cases where plants were grown in high limestone peat substrate.

Keywords: Petunia x atkinsiana; chlorosis; iron; manganese; iron chelates; Fe-EDTA; Fe-DTPA; Fe-EDDHA;
Mn-EDTA

Abbreviations: Fe-EDTA - ferric salt of ethylenediaminetetraacetic acid; Fe-DTPA — ferric salt of diethylen-
etriaminepentaacetic acid; Fe-EDDHA - ferric salt of N,N’-ethylenediamine-di-(o-hydroxyphenylacetic acid);

Mn-EDTA — manganese salt of ethylenediaminetetraacetic acid

Petunia and closely relative Calibrachoa belong
among the Fe-inefficient plants that are very sus-
ceptible to neutral and above pH, and react by
decreasing Fe uptake followed by chorosis and
growth depression (FISHER et al. 2003; SMITH et
al. 2004a,b; Wik et al. 2006). In neutral and well-
aerated soils iron occurs in a ferric form and most
of it is bound in insoluble oxyhydroxide polymers
with very low concentration of ferric ions in the soil
solution. The situation gets much worse in soils of
high pH (GUERINOT, Y1 1994; MARSCHNER 1995).
Crop plants uptake iron mainly from natural or
synthetic chelates which are therefore preferred as
a Fe source in most of nutritional systems.

Several Fe chelates are characterized by differ-
ent stability at high pH. Ferric salt of ethylenedi-
aminetetraacetic acid (Fe-EDTA) contains 6% Fe
and is stable below pH 6 but very unstable above

pH 6.5 and only 5% Fe remains chelated at pH 7.5.
Its effectiveness is very low in soils where the iron
is displaced by other cations (Ca**, Zn?*, Cu**) and
is precipitated (TiLLs 1987; REED 1996; DE KRED
1998; PEsTANA et al. 2003). It is valuable mostly
as a relatively cheap foliar spray that does not tend
to cause leaf damage (TiLLs 1987). Foliar spray
of chlorotic Calibrachoa plants with Fe-EDTA at
60 mg/l Fe is more effective than foliar spray with
ferrous sulphate. Higher concentrations increase
chlorophyll content even more efficiently but can
necrotize leaves (FISHER et al. 2003).

Ferric salt of diethylenetriaminepentaacetic acid
(Fe-DTPA) contains 11% Fe and is stable at pH be-
low 7 but above pH 7.5 only 60% Fe remains che-
lated (TiLLs 1987; REED 1996). Ferric salt of N,N’-
ethylenediamine-di-(o-hydroxyphenylacetic acid)
(Fe-EDDHA) with 6% Fe was a very efficient source
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of Fe even in calcareous soils because of its stabil-
ity at pH above 9 (TiLLs 1987; REED 1996). Fe-ED-
DHA applied in nutrient solution at 1-4 mg/l Fe
to severely chlorotic Calibrachoa plants grown in
substrate with high pH was more efficient than
Fe-EDTA which only worked at the highest con-
centration (Wik et al. 2006). A single drench with
Fe-EDDHA at high concentrations from 20 to
80 mg/l Fe was more effective than a single drench
of Fe-DTPA or a foliar application of ferrous sul-
phate, Fe-EDTA or Fe-DTPA (FisHER et al. 2003).
Three soil drenches of 30 mg/l Mn from MnSO,
and 90 mg/l Fe either from Fe-EDTA, Fe-DTPA,
or Fe-EDDHA stimulated Fe and Mn uptake and
nearly eliminated lime-induced chlorosis in petu-
nia mother plants (SRAMEK, DUBSKY 2008).

High substrate pH can also limit the uptake of
manganese and its deficiency symptoms are similar
to Fe deficiency symptoms. The two ions are an-
tagonistic and several authors found a negative ef-
fect of iron chelates application on Mn uptake in
the case of Fe-EDDHA in soybean plants (Room-
1ZADEH, KARIMIAN 1996; GHASEMI-FASAEI et al.
2003) and Fe-EDDHA and Fe-DTPA in petunia
plants (SMITH et al. 2004b).

The objective of this work was to compare the
treatments consisting of different substrate com-
position, pH and concentrations and forms of Fe
and Mn on mineral uptake, chlorosis and growth of
petunia plants.

Table 1. Treatment combinations

MATERIAL AND METHODS

The variety Petunia x atkinsiana Karma was cho-
sen as the experimental plant because of its known
enhanced susceptibility to the iron deficiency. Cut-
tings were rooted in peat-perlite substrate (ratio
70:30 by volume) amended with dolomiticlimestone
(2 g/1) and later transplanted into 10 cm plastic pots
(volume 400 ml) containing one of four substrates.
Altogether 14 different treatment combinations of
substrate, lime and nutrients were applied (Table 1)
with three replications with 8 plants per replicate
arranged in a fully randomized design.

Treatments P3 and P12 were peat substrates with
1 g/1 PG Mix fertilizer (14% N, 16% P,O,, 18% K,O,
0.7% MgO) amended with dolomite limestone
(85% CaCO,, 5% MgCO,) attherates of 3g/1(P3)and
12 g/l (P12). Treatment B was peat-bark substrate
(ratio 60:40 by volume) amended with 2 g/l dolo-
mite limestone, 6 g/l ammonium nitrate (27.5% N),
0.8 g/l Fosmag MK (25% P,0;), and 0.25 g/l potas-
sium sulphate (50% K,O). Treatment G was peat-
bark-compost substrate (ratio 60:30:10 by volume)
amended with 1.3 g/l dolomite limestone and 0.4 g/1
ammonium nitrate.

All plants were pinched, cultivated in a green-
house at the day/night temperature of 17/15°C and
were irrigated manually, which, from April 2 to
April 25, included nutrient solution in six-day in-
tervals. All nutrient solutions contained 380 mg/I N

Treatment Substrate Limestone (g/l)  Form of Fe and Mn in nutrient solution = Form of additional Fe and Mn
P3-W P3 3 - -

P3-S P3 3 sulphates -

P3-C P3 3 citrates -

P3-E P3 3 EDTA chelates -

P12-W P12 12 - -

P12-W-E P12 12 - Fe-EDTA, Mn-EDTA
P12-W-D P12 12 - Fe-DTPA, Mn-EDTA
P12-S P12 12 sulphates -

P12-C P12 12 citrates -

P12-E P12 12 EDTA chelates -

B-W B 2 - -

B-E B 2 EDTA chelates -

G-W G 1.3 - -

G-E G 1.3 EDTA chelates -
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(144 mg/l N-NH,), 35 mg/l P, 330 mg/l K, and
35 mg/l Mg. Experimental treatments consisted of
four different forms of micronutrients. Treatment
W (combinations P3-W, P12-W, B-W, G-W) con-
tained no micronutrients while all the other treat-
ments included 1.4 mg/1 Fe, 0.8 mg/1 Mn, 0.5 mg/1
Zn, 0.2 mg/l Cu, 0.5 mg/l B and 0.08 mg/l Mo.
Treatment S (combinations P3-S, P12-S) contained
Fe, Mn, Zn, and Cu in sulphate form. Treatment
C (combinations P3-C, P12-C) contained Fe, Mn,
and Zn in citrate form and Cu as sulphate. Treat-
ment E (combinations P3-E, P12-E, B-E, G-E) con-
tained Fe, Mn, Zn, and Cu as EDTA chelates. Boron
and molybdenum were always applied as H,BO,
and Na,MoO,. Treatment combinations P12-W-E
and P12-W-D were regularly fertilized without mi-
cronutrients and got additional three drenches of
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Fig. 1. A symptom-free plant evaluated
on the scale (1-8) with the degree of
chlorosis 1

30 mg/l Mn from Mn-EDTA and 90 mg/] Fe from
either Fe-EDTA or Fe-DTPA (combinations P12-W-
E, P12-W-D). High Fe doses were applied together
with Mn, since previous works, mentioned above,
showed that Fe chelates (Fe-DTPA, Fe-EDDHA)
can decrease Mn uptake causing the deficiency
(RooMI1ZADEH, KARIMIAN 1996; GHASEMI-FASAEI
et al. 2003; SMITH et al. 2004b).

The components and the substrates were analyzed
for chemical properties according to the European
Standards. Electric conductivity (EN 13 038), pH
value (EN 13 037), and the content of available cal-
cium (EN 13 652) were estimated in water extract
1:5 (v:v); content of other available nutrients (EN
13 651) was estimated in CAT extraction (0.01 mol/l
CacCl, and 0.002 mol/l DTPA) with the extract ratio
1:5 (v:v).

Fig. 2. A severely chlorotic plant evalu-
ated on the scale (1-8) with the degree
of chlorosis 8
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Table 2. Chemical properties of substrates at the beginning of the experiment, before planting of petunia plants

Substrate pH EC* N** p** K** Mg**  Ca** Fe** ~ Mn** Zn** Cu** B** Mo**
P3 4.7 0.34 225 67 158 90 50 20.5 3.4 4.0 1.8 0.21 0.17
P12 6.6 0.30 164 24 141 146 69 15.7 4.2 3.0 1.6 0.17 0.08
B 5.1 0.31 190 28 191 97 78 345 256 7.0 1.3 0.48 0.02
G 53 0.38 159 43 577 130 58 388 199 6.6 1.6 0.78 0.03

*Electric conductivity (mS/cm), **available nutrients (mg/1)

At the end of the experiment the incidence and
severity of leaf chlorosis was estimated visually. To
set the degrees of chlorosis, a scale from 1 to 8 was
used; symptom-free plants were evaluated 1, most
severely chlorotic plants 8 (Figs. 1 and 2). More-
over, fresh and dry weight of the plants was evalu-
ated. All the data sets were tested for normality and
analyzed with one-way ANOVA (Unistat 5.2). The
significance level P = 0.05 was used and significant
differences between means were evaluated with the
Duncan’s multiple range test.

The content of macronutrients and micronutri-
ents in the leaves was determined from milled sam-
ples mineralized in a microwave digestion appli-
ance (Mileston model MLS 1200) according to the
manufacturer’s recommended procedure. Concen-
trations of P, K, Ca, Mg, and micronutrients were
determined using inductively coupled plasma spec-
trometer (Thermo Jarrell Ash Trace Scan model
ICP-OES). For determination of total nitrogen, leaf
samples were mineralized according to Kjeldahl in
H,SO, with selenium, and were spectrometrically
analyzed according to the recommended proce-
dure (Skalar model SAN plus System).

RESULTS AND DISCUSSION

The substrate components differed in pH value,
EC and available macronutrients and micronutri-
ents. Compost and bark had sufficient natural con-
tent of all micronutrients with exception of molyb-
denum. Bark was very high in Mn, compost in Zn
and B.

All substrates were within the acceptable range
for available nutrients at the start of the experiment
with exception of substrate G which was very high
in available potassium (Table 2). Substrate com-
position and limestone doses in peat substrates
affected their initial pH values as well as available
nutrients content. The lowest pH was determined
in the low-limestone substrate P3, the highest in
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the high-limestone substrate P12 (Table 2). This
was consistent with our goal to set conditions unfa-
vourable for micronutrients (especially Fe) uptake
in this substrate. Substrate P12 contained more Ca
and Mg and less Fe than P3. Substrate G was high in
Mg and both peat-reduced substrates (B, G) were
higher in nearly all micronutrients than peat sub-
strates, only Mo and Cu were exceptions (Table 2).

By the end of the experiment there were no signif-
icant differences among substrates in available nu-
trients except for substrate G which remained very
high in potassium. Substrates B and G had higher
content of available Fe, Mn, Zn and B (50.3, 20.4,
7.38 and 0.62 in B; 55.1, 18.2, 8.19 and 0.80 in G,

Table 3. Degree of chlorosis (1-8) at the experimental

treatments

Treatment Chlorosis evaluation*®
P3-W 1.0¢
P3-S 1.0¢
P3-C 1.0¢
P3-E 1.0¢
P12-W 6.7°
P12-W-E 1.7¢
P12-W-D 1.7¢
P12-S 5.3¢
P12-C 7.78
P12-E 5.0
B-W 1.7¢
B-E 1.0¢
G-W 5.0
G-E 1.5¢

*1 — non-chlorotic leaves, 8 — fully chlorotic leaves, mean
values with the same letter were not significantly different
at the level P = 0.05
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Table 4. Content of macronutrients (%) and micronutrients (ppm) in the leaves

Treatment Ca Mg K Fe Mn Cu Zn B
P3-W 0.945¢d 0.35% 3.24b¢ 128b¢ 111Ped 7be 392 20
P3-S 0.87 0.33% 2.86° 116b< 108> 7be 38° 48
P3-C 0.90 0.34%° 2.96° 111bcde 114bcd gb 40? 50°
P3-E 0.794 0.32% 2.89¢ 147° 93cde gb 38° 502
P12-W 1.46 0.43% 4.28%¢ 71¢ 61 3¢ 46° 144
P12-W-E 1.082b<d 0.31% 3.443b¢ 145° 80def 15° 582 15¢
P12-W-D 1.06%>4 0.31% 3.28%¢ 230° 130b¢ 5be 542 13¢
P12-S 1.242b¢ 0.36% 3.61%¢ 744 50f 4be 42? 322bed
P12-C 1.33% 0.35% 3.922b¢ 105b¢de 65¢f 3¢ 46° 392bc
P12-E 1.20%¢ 0.342° 3.342b¢ 73¢ 421 3¢ 442 28bed
B-W 1.10%><4 0.32% 3.98%¢ 85d¢ 177° 5be 532 36%°¢
B-E 0.96"<d 0.28% 3.63%¢ 94¢cde 118> 5be 412 37%b¢
G-W 0.76¢ 0.23% 5.35% 77% 138% 7be 47° 332bed
G-E 0.714 0.21° 5.07% 90cde 9pcde 7be 49? 302Ped

Mean values with the same letter were not significantly different at the level P = 0.05

respectively) than peat substrates (37.2, 2.7, 4.0 and
0.28, respectively). Initial pH values did not change
during cultivation in peat substrates whereas an in-
crease from 5.3 to 6.2 was recorded in substrate G
and from 5.1 to 5.4 in substrate B; the differences
were significant (P = 0.05) between P3 on one side
and P12, B and G on the other side, as well as be-
tween P12 and both B and G.

Composition of substrates and limestone dos-
es had a great effect on the degree of chlorosis
(Table 3) and on Fe and Mn content in the leaves
(Table 4). Among treatment combinations without
micronutrient application, only plants in P3-W had
healthy dark green leaves. The rest of plants were
considered slightly chlorotic (B-W plants), chlo-
rotic (G-W plants) or severely chlorotic (P12-W
plants). The leaves of P3-W plants had the highest
Fe content and were higher in Mn than the leaves
of P12-W plants. The highest amount of foliar Mn
was found in the combinations B-W and G-W (Ta-
ble 4), clearly due to the effect of high available Mn
in these substrates (Table 2).

Application of micronutrient in sulphate form
(P12-S) only slightly corrected chlorosis (Table 3)
and had no effect on foliar Fe and Mn (Table 4).
Micronutrients in citrate form (P12-C) had more
severe chlorosis (Table 3) despite a slight positive
effect on foliar Fe. In all cases, Fe and Mn content
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in chlorotic leaves was below 80 and 65 ppm, re-
spectively (Table 4).

Nutrient solution E improved the colour of plants
grown in substrate B and, to some extent, also in
substrate G (treatment combinations B-E, G-E). In
P12-E the effect was weak and the plants remained
chlorotic (Table 3).

In the experiments carried out by SMITH et al.
(2004a) regular fertilization with solution contain-
ing 2 mg/l Fe from Fe-EDTA similarly did not pre-
vent a decrease in chlorophyll and carotenoids con-
tent when substrate pH was above 6. On the other
hand regular fertilization with 4 g/1 Fe from Fe-ED-
DHA had a positive effect in Calibrachoa plants
grown at high substrate pH. Lower concentrations
of Fe-EDDHA (2 mg/1 Fe) or the maximal used con-
centration of Fe-EDTA (4 mg/1 Fe) gave worse but
acceptable results (Wik at al. 2006).

Solution E increased Fe content in the leaves in
P3-E and, to a lesser extent, in B-E and G-W (com-
pared with P3-W, B-W, and G-W, respectively). On
the other hand, leaf Mn decreased in P12-E and,
to a lesser extent, in B-E and G-E (Table 4), where
substrates with very high content of available Mn
were used (Table 2).

MiiLs and JoNES (1996) reported 84—-168 ppm
Fe and 44-177 ppm Mn in dry matter of healthy
petunia leaves. In our experiment foliar Fe and Mn
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in P3-W as well as in several other treatments were
within this range (Table 4).

SMITH et al. (2004b) measured 159 ppm Fe in the
leaves of Petunia grown at pH 4.6 and 91 ppm Fe at
pH 7 with a decrease of chlorophyll content when
foliar Fe content was below 100 ppm. Other find-
ings showed that correlation between Fe content
and chlorophyll content does not always occur in
the case of lime-induced chlorosis. The Fe concen-
tration (on dry weight basis) could be greater in
chlorotic leaves than in non-chlorotic ones because
Fe can be immobilized in leaf free space due to too
high pH (MILLs, JONES 1996; PESTANA et al. 2003).
SMITH et al. (2004b) found that foliar Mn was af-
fected to a lesser extent than Fe by substrate pH in
the range of 4.6 to 6.1 and that substantial increase
in foliar Mn occurred at pH 7, which was inconsis-
tent with our results.

Three additional drenches of 90 mg/l Fe from
Fe-EDTA and 30 mg/l Mn from Mn-EDTA (P12-
W-E) substantially corrected chlorosis with in-
creased foliar Fe and Mn. Effect of Fe-DTPA and
Mn-EDTA (P12-W-D) on chlorosis was similar,
with an even greater increase in foliar Fe and Mn
(Tables 3 and 4).

FISHER et al. (2003) reported similar results with
Calibrachoa plants cultivated at high pH and treat-
ed with additional single drench of Fe. The most ef-
ficient source of Fe was Fe-EDDHA regardless of
concentration (20-80 mg/l Fe). The efficiency of
Fe-DTPA was always worse and depended on con-
centration.

Despite severe chlorosis in some plants, none of
the treatment combinations significantly affect-
ed plant fresh weight (87.9 + 8.2 g) or dry weight
(11.6 + 1.0 g). The market quality of chlorotic plants
was very poor and it was supposed that growth of
these plants would worsen during subsequent cul-
tivation.

Substrate composition and different application
of micronutrients did not show a great effect on
the leaf content of macronutrients and other mi-
cronutrients. Only the plants in P12-W treatment
had higher foliar Ca and K than P3-W plants. G-W
plants were lower in foliar N and higher in K. Ap-
plication of micronutrients increased boron in the
leaves of plants grown in peat substrates (Table 4).

CONCLUSIONS
Severe chlorosis of petunia plants grown at pH

6.6 in peat substrate with high limestone dose was
substantially corrected by substrate drenches of
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30 mg/l Mn from Mn-EDTA and 90 mg/l Fe from
either Fe-EDTA or Fe-EDDHA. This treatment also
increased foliar Fe and Mn.

Regular application of nutrient solution with low
concentration of Fe (1.4 mg/l), Mn (0.8 mg/l), and
of other micronutrients as EDTA chelates was not
sufficiently effective for plants grown in the high-
limestone peat substrates but increased foliar Fe
and eliminated chlorosis of plants grown in peat-
bark substrate (pH 5.4) as well as in peat-bark-com-
post (pH 6.2).

Regular application of Fe, Mn, and other micro-
nutrients as sulphates or citrates had no positive
effect.
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Vyskyt a korekce chloréz u petunii

ABSTRAKT: Cilem pokusu s petiniemi bylo zjistit, jak sloZzeni substratu, vysoké hodnoty pH substratu a aplikace
Fe a Mn v rtizné formé a koncentraci ovlivni pfijem Fe a Mn, chlorézu a rast. Zdravé rostliny byly vypéstovany pfi
optimdalnich hodnotach pH v raselinovém substréatu s nizkou ddavkou vdpence bez ohledu na to, zda roztok pouzity
pro prihnojovani obsahoval stopové ziviny nebo ne. Vysoké hodnoty pH substritu slozeného z raseliny, kary
a kompostu a hlavné raselinového substratu s vysokou ddvkou vdpence zptsobily silnou chlorézu a snizovaly obsah
Fe a Mn v listech. Pravidelné prihnojovani roztokem obsahujicim Fe, Mn a dalsi stopové Ziviny ve formé chelatt
EDTA v nizké koncentraci mélo pozitivni vliv na rostliny péstované v raselinokirovém substritu a v substratu
z ra$eliny, kiry a kompostu, kde zlepsovalo pfijem Fe a (témér) eliminovalo chlorézu. Toto o$etfeni mélo pouze
slaby ui¢inek na rostliny v raselinovém substratu s vysokou davkou vapence a v diisledku toho s vysokymi hodnota-
mi pH. Pravidelna aplikace Fe, Mn a dal$ich stopovych zivin ve formé sirant a citrat se témér neprojevila. Pouze
trojnasobnd zalivka roztokem s 30 mg/l Mn ve formé Mn-EDTA a 90 mg/1 Fe ve formé Fe-EDTA nebo Fe-EDDHA
vyrazné snizovala stupen chlorézy a zvy$ovala obsah Fe a Mn v listech rostlin péstovanych v ragelinovém substritu
s vysokou davkou vapence.

Klicova slova: Petunia x atkinsiana; chlordza; Zelezo; mangan; chelaty Zeleza; Fe-EDTA; Fe-DTPA; Fe-EDDHA;
Mn-EDTA
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