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Summary. Iron-deficiency chlorosis brings about significant yield losses in numerous crops. 
The introduction of resistant genotypes is one possible solution to the problem. In this study 
the development of Fe deficiency symptoms (growth depression and yellowing of the youngest 
leaves) at early stages of growth in five Bulgarian cultivars of bread wheat grown hydroponically 
was compared. Chlorophyll fluorescence measurements were also carried out in order to assess 
the extent to which the stress had damaged the photosynthetic apparatus. Although at day 10 some 
effects of Fe deficiency on root length and chlorophyll content were observed, a differentiation 
among the cultivars could not be found. At day 17 the shoot growth was also affected and the 
chlorophyll as well as the carotenoid contents were lower. Sadovo 1, which is standard for the 
registration of new varieties in Bulgaria, was the most Fe-efficient among the studied cultivars, 
characterized by the smallest decrease in root length, shoot biomass, chlorophyll and carotenoid 
contents, and relative growth for the 7-day period. In Gladiator 113, Iskur 45 and Sadovska belija, 
together with a greater drop in the abovementioned parameters, lower actual PS II efficiency and 
higher amount of light, dissipated thermally by the PS II antenna were found, thus suggesting a 
greater susceptibility to Fe deficiency. Under optimum Fe supply Lozen 6 had the greatest biomass 
and relative growth, and high chlorophyll content. Under Fe deficiency it was characterized by 
the largest reduction in relative growth and in root length, but by a comparatively low decrease 
in chlorophyll content and by unchanged fluorescence parameters. The detected variability in 
the early responses of the studied cultivars to Fe deficiency might be important for the early 
establishment of seedlings and thus, it might be related to iron-efficiency in field conditions.
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INTRODUCTION

Iron-deficiency chlorosis is 
widespread and brings about significant 
yield losses in numerous crops, including 
wheat, when grown on calcareous soils. 
The introduction of genotypes resistant 
to Fe-deficiency chlorosis development 
is one possible solution to the problem. 
(Jolley et al., 1996). Lately, several 
studies have reported that when wheat 
suffers from Fe deficiency, differences 
among genotypes exist with regard to 
the release of phytosiderophores, which 
are non-protein amino acids highly 
effective in mobilizing sparingly soluble 
Fe (Tolay et al. 2001, Shen et al. 2002, 
Zhang et al. 2003). But in addition to 
Fe uptake, other factors such as internal 
Fe utilization and seed reserves also 
contribute to Fe deficiency susceptibility, 
so it is important to consider the integral 
plant reaction. Chlorophyll synthesis and 
chloroplast development on one side, 
and meristematic growth on the other, 
are both sensitive to Fe supply and might 
react or not react simultaneously to Fe 
deficiency (Gogorcena et al. 2001, Gruber 
and Kosegarten, 2002). In this study the 
development of Fe deficiency symptoms 
(growth depression and yellowing of the 
youngest leaves) at early stages of growth 
in five Bulgarian cultivars of bread wheat 
(Triticum aestivum L.) was compared. 
Chlorophyll fluorescence measurements 
were also carried out as they assess 
the extent to which the photosynthetic 
apparatus had been damaged and thus can 
give insight into plant’s ability to tolerate 
environmental stresses (Maxwell and 
Johnson, 2000). The objects of the study 
include high yielding cultivars, some used 
in agriculture (Sadovo 1 and Sadovska 

belija) and others of breeding interest due 
to their highly productive spike (Gladiator 
113), disease resistance (Lozen 6), high 
grain quality (Iskur 45) or high tolerance 
to excess copper (Sadovska belija). 

MATERIALS AND METHODS

After seed germination on moistened 
filter paper, at day 3 seedlings were 
transferred into containers with half-
strength Hoagland-Arnon nutrient solution 
I with micronutrient supply according to 
a modified Hoagland’s “A–Z” solution 
(Hoagland and Arnon, 1938). Control 
(+Fe) and Fe deficient (-Fe) plants were 
supplied with 100 μM and 1 μM of 
Fe, respectively, in the form of Fe(III) 
ethylenediamine tetraacetate. The nutrient 
solutions were changed at days 8, 11 and 
14, and the analyses were made at day 
10 and 17. The plants were grown under 
controlled conditions in a growth chamber. 
The content of Chl a, Chl b and carotenoids 
in the youngest fully expanded leaves was 
measured in 80% acetone extracts and 
calculated according to McKinney (1941). 
Chlorophyll fluorescence was measured in 
leaf discs from the same leaves by a pulse 
modulation chlorophyll fluorometer (PAM 
101, H. Walz, Effeltrich, Germany) after 5 
min of dark adaptation, using actinic light 
at 100 µmol m‑2 s-1 and saturating light at 
3500 µmol m‑2 s-1 photon flux density. The 
minimal Chl fluorescence in the dark (F0), 
maximum fluorescence in dark and in light 
(Fm and Fm', respectively), fluorescence 
at steady-state photosynthesis (Ft) and 
fluorescence after switching off the actinic 
illumination (F0') were recorded. Variable 
fluorescence Fv  =  Fm–F0. Maximum 
quantum yield of PS II = Fv/Fm; actual 
quantum yield of PS II  ΦPS II = (Fm'–Ft)/Fm'; 
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photochemical quenching qP=  (Fm'–Ft)/
(Fm'–F0'); non-photochemical quenching 
NPQ  =  (Fm–Fm')/Fm' and qN = (Fm–Fm')/
(Fm–F0') were calculated according to 
Maxwell and Johnson (2000). The intrinsic 
PS II efficiency Φexc  =  (Fm'–F0')/Fm' and 
the relative amount of light absorbed by 
PS II and dissipated thermally D = F0'/Fm' 
were calculated according to Abadía et al. 
(1999). The relative growth was calculated 
as (W17–W10)/W10 where W is the total 
plant fresh weight at day 10 or 17 (de la 
Guardia and Alcántara, 2002). Means of at 
least two separate experiments with 3-10 
replicates are represented.

RESULTS AND DISCUSSION

As early as day 10 some changes 
caused by Fe deficiency were observed. 
With a drop of 27-36% the root length was 
the most sensitive parameter (Table 1). 
Still, there was no difference among the 
five cultivars. The shoot growth was not 
altered (data not shown). Some decrease in 
Chls, but not in carotenoids in the first leaf 
was found. The difference in the reaction 
to Fe deficiency among the cultivars comes 
from the difference in Chl content under 
optimum Fe supply. For instance, Lozen 6 
with the greatest decrease had the highest 
Chl content when supplied with 100 µM 
Fe, and had relatively high content under 
1 µM Fe, while Gladiator 113 had the 
lowest Chl content under +Fe conditions, 
and almost the same content under -Fe. 
It seems that 1µM Fe in nutrient solution 
together with the seed Fe was enough to 
meet the needs for Chl synthesis in plants 
with lower Chl content under optimum 
conditions, but not enough for plants with 
higher requirements.

One week later the above-mentioned 

parameters continued to be the most 
sensitive to Fe supply. Sadovo 1 was 
with the smallest decrease in root length 
(by 24%), while Lozen 6 was with the 
largest (by 46%). The Fe-deficient plants 
from Lozen 6 increased their root length 
on average by only 1 cm between days 
10 and 17, while for the other cultivars 
the increase was by 4-5 cm, and for 
the Fe-sufficient plants - by 7-10 cm. 
Despite of the considerable decreased 
root length, the root dry biomass did not 
change significantly due to Fe deficiency 
(data not shown). The roots visually 
appeared thicker, brownish, with more 
root hairs. This response might be related 
to advantageous modifications, resulting 
in phytosiderophores release, and thus, 
in more effective Fe absorption (Zhang et 
al., 2003). Based on the changes in root 
length Sadovo 1 might be qualified as the 
least susceptible cultivar to Fe-deficiency, 
whereas Lozen 6 - as the most susceptible. 
But changes in root parameters should 
be discussed together with changes in 
shoots, and especially together with 
chlorosis development, since a strong 
root growth reaction might be associated 
with more intense or efficient mechanisms 
for absorbtion and/or translocation of Fe 
when it is in low concentration. Indeed, Fe 
deficiency chlorosis resistance in soybean 
was not found to be correlated with root 
length (Vasconcelos et al., 2008). By day 
17 Fe deficiency had already affected the 
shoot growth. While the decrease in shoot 
length was within a small range, by 4-11%, 
the fresh biomass reduction was by only 
8% for Sadovo 1, and by 20-26% for the 
other four cultivars. Plants from Lozen 6 
had the highest shoot biomass under both 
optimum and suboptimum Fe supply, while 
the opposite was true for Sadovska belija.
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At day 17 the drop in Chl content 
was more pronounced than at day 10. 
This time the second leaf, which had 
very likely developed in conditions of 
exhausted seed Fe reserves (Shen et al. 
2002), was analyzed. On the other hand, 
the Fe mobilization from 1 µM solution 
was favoured by phytosiderophores 
release, which might vary among 
cultivars (Tolay et al. 2001; Shen et al. 
2002). Although Sadovo 1 and Lozen 6 
continued to demonstrate the highest Chl 
content when supplied with 100 µM Fe, 
they were characterized by the smallest 
decrease under Fe deficiency (by 34 and 
36%, respectively). The greatest decrease 
was observed in Gladiator 113 and Iskur 
45 (by 54 and 49%, respectively). A small, 
significant only for Sadovo 1, increase 
in chl.  a/chl.  b ratio by 3-7%, indicating 
a smaller photosynthetic unit size, was 
found. Carotenoid concentrations were not 
as strongly reduced as Chl concentrations, 
but in general the cultivars' order was the 
same. 

The chlorophyll content is often 
regarded as the best measure of iron 
availability inside the plants. Some 
additional information about the extent 
to which the energy absorbed by 
photosynthetic pigments is utilized, and 
more precisely, about the functioning 
of PS II, might be obtained from 
chlorophyll fluorescence measurements. 
As characterized by the ratios Fv/Fm and 
Fv/Fo the chlorotic plants from all cultivars 
demonstrated an insignificant decrease in 
the dark adapted PS  II efficiency, i.e. in 
maximum quantum yield if all PS II centers 
were open. On the other hand, at steady-
state photosynthesis, the actual PS  II 
efficiency (ΦPS II), decreased significantly 
in Sadovska belija, Iskur 45 and Gladiator 

113, and this decrease was mainly due 
to changes in intrinsic efficiency (Φexc), 
while the proportion of open PS II reaction 
centers, assessed by “photochemical 
quenching” i.e. by qP, did not change. 
In Sadovska belija and Gladiator 113 Fe 
deficiency increased the amount of light 
dissipated thermally by the PS II antenna, 
as assessed by D, qN and NPQ. Iskur 
45 was the only cultivar with significant 
changes in the fluorescence parameters at 
day 10 - the values for Φexc, qN and D in 
chlorotic plants were respectively 89, 121 
and 124% of the values in control plants 
(data not shown). A similar decrease in 
actual PS  II efficiency and an activation 
of photoprotective mechanisms due to 
Fe deficiency had also been found by 
other authors. Usually the lower ΦPS II had 
resulted from reduction in both of Φexc 
and qP. A sustained decrease in the dark 
adapted PS II efficiency might be expected 
only when leaves have lost most of their 
Chl (Abadía et al. 1999; Gogorcena et al. 
2001; Donnini et al. 2003). 

We applied the method, proposed by 
de la Guardia and Alcántara (2002) in 
order to compare the cultivars for their 
responses to Fe deficiency. When the 
relation between the relative growth and 
the Chl content at day 17 was studied 
(Fig.1), the position of Sadovo 1 in the 
upper right corner of the graph confirmed 
the results from the previous analyses that 
it was the most Fe-efficient among the 
studied cultivars. This cultivar, recognized 
as a standard for productivity in Bulgaria 
since its release in 1972, because of its 
ecological plasticity and sustainable yield 
under various conditions, appeared to be 
less affected by Fe deficiency at early 
growth stage. The opposite was true 
for Gladiator 113, occupying the lower 



Variability of wheat response to Fe deficiency 177

Gen. Appl. Plant Physiol. 2009 vol. 35 (3–4)

Fig.1. Effect of Fe deficiency on the relationship between chlorophyll content at day 17 and 
relative growth between days 10-17. Both indices are expressed as percentage of the values 
under 1 μM Fe to the values under 100 μM Fe. The absolute values for the relative growth are 
represented in the lower right corner of the figure. The absolute values for Chl content are as in 
Table 1.

left corner of the graph. Iskur 45 and 
Sadovska belija also belong to the group 
of susceptible cultivars, this classification 
also being confirmed by the results from 
fluorescence measurements. Lozen 6 
was characterized by a comparatively 
low decrease in Chl content, but by the 
greatest decrease in relative growth. Under 
optimum Fe supply it had the greatest 
biomass and high Chl content at days 10 
and 17, and the greatest relative growth for 
this period. Although one might speculate 
that in -Fe conditions its photosynthetic 
functions were more preserved as also 
supported by chlorophyll fluorescence 
measurements, it fell behind in meeting 
its higher growth potential. Moreover, this 
was the cultivar with the largest reduction 
in root length. In a previous study Lozen 6 
had demonstrated resistance to some plant 
diseases and 5-10% higher productivity 
than Sadovo 1 (unpublished results). Still, 
a more prolonged study of its reactions to 
Fe -deficiency is necessary. The detected 

variability in the early responses of the 
studied cultivars to iron deficiency might 
be important for the early establishment of 
seedlings and thus, it might be related to 
iron efficiency in field conditions.
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