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ABSTRACT
Alfalfa (Medicago sativa L.) is a vitally important forage crop. Due to its perennial characteristics, a
gradual decline of soil nutrients (especially micronutrients) leads to a reduction of grass quality.
Numerous studies have reported a direct relationship between ferrite levels and physiological function
of plants. The present study investigates the impact of ferrite levels on alfalfa and tests five ferrous
sulphate concentrations and three spraying frequencies. To investigate the influence of iron on alfalfa
photosynthesis and iron uptake, we measured photosynthetic capacity and hay yield of alfalfa on iron
deficient soil. We furthermore investigated the effects of iron on alfalfa yield and explored its mechanism
of action. The results revealed that the wiron fertilizer sprayed at the appropriate concentration
(0.6%-0.8%) increased the Fv/Fm and Fv/F0 of the photosystem II complex. Spraying furthermore
increased electron transport rate and photochemical quantum yield, reduced non-irradiative energy
dissipation, and hence increased the photosynthetic rate and hay yield of alfalfa. Two applications of
0.6% ferrous sulphate spray increased the chlorophyll concentration of alfalfa by 26%. Three applications
increased hay yield by 22% compared with check. Two applications of 0.8% spray increased
photosynthetic rate by 42% and three applications increased the iron content of leaves by 117%.
These results indicated that applying Fe (foliar-applied) from seedling to squaring stage improved the
photosynthetic capacity and yield of alfalfa.
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INTRODUCTION

Alfalfa (Medicago sativa. L.) orlucerne, is an important for-
age legume throughout the world and is known as “the king
of forages” (Li et al. 2014). Alfalfa is often considered to be
a speciality fodder crop, requiring careful management to
achieve high levels of production and persistence. The grass
production and quality will decline steadily after continu-
ous planting without fertilization in consideration of soil
nutrient depletion. Currently, this is the key problem of al-
falfa production. This is closely associated with photosyn-
thetic capacity and affected both by genetic factors and ex-
ternal environmental conditions, with a special emphasis
on fertilization and water conditions. The amount of soil
trace elements is closely related to the production and the
quality of alfalfa, and iron is the main trace element for
alfalfa production. The northwest arid and semi-arid areas
of China are part of China’s iron deficient soil region. Thus,
iron fertilization is important to enable good yield in the
main planting area of alfalfa in the northwestern region. As
a perennial plant, alfalfa absorbs high levels of soil N, P and
K (Razmioo & Henderlong 1997), but cannot always obtain

sufficient supplies of micronutrients from calcareous soils.
Recent research has focused on maximizing yield and the
efficiency of N, P and K utilization (Sions & Grant 1995,
Raun & Johnson 1999, Huo & Wang 2013). Micro-element
nutrient research has focused mainly on B, Mo and Zn (Zong
et al. 2010, Liu et al. 2004), and a variety of microelement
fertilizer applications (Liu et al. 2008, Hu et al. 2008). How-
ever, there has been little research on iron nutrition in al-
falfa.

Iron is an essential element for plants because it is cru-
cial for photosynthesis and it is involved in many physi-
ological actions such as chlorophyll synthesis, redox reac-
tions, and respiration. It affects many physiological proc-
esses including N and carbohydrate metabolism and proto-
plasm properties (Su & Miller 1961, Tong et al. 1986). Of
the plant leaf iron, 60% is bound to the thylakoid mem-
brane of chloroplasts and 20% can be found in the
chloroplast stroma (Terry & Low 1982). Iron deficiency re-
duces the amount of all membrane components, including
electron carriers of the photosynthetic electron transport
chain (Spiller & Terry 1980, Sandmann & Malkin 1983)
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and light-harvesting pigments (Terry & Abadia 1986).
About 40% of the soils in the world are iron deficient, lead-
ing to a potential worldwide malnutrition problem. Iron chlo-
rosis is one of the leading factors limiting crop productivity
(Terry & Abadia 1986). Researchers exhibited great interest
to understand the factors and processes that lead to iron
chlorosis in plants (Spiller & Terry 1980, Terry & Abadia
1986). Nevertheless, the causes of iron chlorosis are not
completely clear, and the available means for treating iron
chlorosis are not yet satisfactory. Soil applications of iron
are generally ineffective due to the fact that inorganic iron
sources that are applied to soils rapidly form compounds.
This makes the iron unavailable to plants (Mortvedt 1991).
Numerous studies have shown that foliar sprays can effec-
tively correct iron chlorosis (Kadman & Gazit 1984, Raese
et al. 1986). Alfalfa yield is predominantly determined by
photosynthetic activity. Studies on photosynthesis in al-
falfa have mainly concentrated on changes of CO

2
 concen-

tration (Sanz-Sáez et al. 2010, Aranjuelo et al. 2005, Sanz-
Sáez et al. 2013), abiotic stresses such as salt and drought
stress (Fan et al. 2013, Han et al. 2007, Kou et al. 2013), P
and water availability (Sun & Wang 2012), and B availabil-
ity (Zong et al. 2010).

The effects of foliar-applied ferrous sulphate on photo-
synthesis for alfalfa growth are currently not clearly under-
stood and the effect of iron on photosynthesis needs further
investigation. In this report, we determined the effects of
iron spraying at different concentrations and different fre-
quencies on alfalfa (Medicago sativa L.). We measure leaf
iron content, photosynthetic capacity and yield, in order to
determine the action of iron on alfalfa photosynthesis and
the optimal rate and timing of iron fertilization.

MATERIALS AND METHODS

Experiment Location Profile

We conducted the field experiment on the No. 1 experiment
farm of the Northwest A &F University (NWAFU, Yangling,
Shaanxi, China, 34°21’ N and 108°10’ E). This farm is lo-
cated in a semiarid climate with an average annual light
regime of 2,150 hours, an average annual temperature of
12-14°C, and a low temperature extreme between -15 and
-21°C. The soil is Lou soil (Earth-cumuli-Orthic Anthrosols)
with an organic matter content of 15.9 g kg-1, total N con-
tent of 1.12 g kg-1, and available iron content in 0-20 cm
soil layer of 3.67 mg kg-1 (compared to a critical iron con-
centration standard of 5 mg kg-1). No fertilizer was applied
during the growth period of alfalfa.

Materials

Alfalfa, cv Algonquin (introduced from Canada) has been

growing for five years, which was sowed at 15 kg seeds ha-1.
During the whole growing period, dryland farming prac-
tices were employed and no agricultural pesticides were
applied. Hand weeding was done as appropriate.

Experimental Design

The experimental design was a randomized block and we
used six FeSO

4
·7H

2
O fertilizer concentrations in w/w (C0:

0.0, C1: 0.2, C
2
: 0.4; C3: 0.6; C4: 0.8; C5: 1.0 g FeSO

4
·7H

2
O

100 mL-1). Iron as foliar fertilizer sprayed at the six rates
prior to the first cutting with spraying frequencies of each
concentration as one (S1), two (S2) or three (S3) times. Stages
of application were: S1 at the seedling establishment stage;
S2 at both the seedling establishments and the branching
stages; and S3 at the seedling establishment, the branching
and the squaring stages. Each treatment was replicated three
times and plots were 3 m × 3 m (9 m2). Iron fertilizer volume
for each plot was 1 L. Thus, six concentrations of iron were
applied in each of three application regimes.

Methods of Measurement

The photosynthetic activities of alfalfa treated with the dif-
ferent amounts of Fe were simultaneously measured three
days after alfalfa squaring (between the sixth and the ninth
day after the third Fe fertilizer spray).

Gas Exchange Parameters

We measured photosynthetic rate (P
n
), intercellular carbon

dioxide concentration (C
i
) and stomatal conductance (C

d
) of

the middle leaflets of the second fully expanded leaves of
alfalfa branches from the top. For measurements, we used a
Li-6400 portable photosynthesis system (LI-COR, USA) and
conducted all measurements between 9:00 h and 11:00 h on
a sunny morning. The LED actinic light was set at 600 µmol
m-2 s-1, flow velocity of 500 mmols-1, external CO

2
 concentra-

tion of about 380 µmol CO
2
 mol-1, leaf temperature between

23°C and 24°C, relative humidity (RH) of about 14.4-19.4%,
and each replicated treatment was measured five times.

Chlorophyll Concentration

Two tenths of the middle leaflets of the second fully ex-
panded leaves of alfalfa branches (from top) were cut for
further analysis. We extracted total chlorophyll content us-
ing a mixture of acetone, ethanol and water (V/V: 4.5:4.5:1)
and centrifuged at 1600 rpm for 10 min. The extraction was
done in the dark with all samples kept on ice. The extrac-
tion volume was 10 mL. The absorbance of the supernatant
was measured using a dual-wavelength/double beam (UV-
3000) spectrophotometer. Chlorophyll a and b were meas-
ured at 663.2 and 646.8 nm, respectively. The results were
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analysed based on the equations of Wellburn (1994) and
then normalized to leaf dry weight. The chlorophyll con-
centration was calculated by Lichtenthaler’s formula
(Lichtenthaler &Wellburn 1983).

Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters of the middle leaf-
lets of the second fully expanded leaves of alfalfa branches
from top were measured with the PAM-2100 portable chlo-
rophyll fluorometer (Heinz Walz GmbH company, Effeltrich,
Germany) and with five replicates. Before the measurements,
the leaflets were set under dark adaptation for two hours.
The measurements were done at 23-24°C. Plants were first
adapted for 30 min in total darkness. The initial fluores-
cence (F0) was determined by the measuring beam of the
PAM fluorometer. The maximal fluorescence (Fm) was de-
termined at the beginning of each measurement using a satu-
rating pulse (2000 µmol m-2 s-1). Actinic light was obtained
from an LED (70 µmol m-2 s-1). The variable fluorescence
(Fv) was taken from the formula, Fv=Fm-F0 and the follow-
ing fluorescence quenching parameters were used:

NPQ = (Fm-Fm’)/Fm’ = Fm/Fm’-1;

Photochemical quantum yield, E-Yield = (Fm’-Ft)/Fm’

Fm and F0 were measured after dark-adaptation, while
Fm’ was measured on an illuminated sample. Ft is the fluo-
rescence yield at a given time (Horton & Bowyer 1990,
Schreiber & Bilger 1987).

Hay Yield and Active Fe Concentration

At the early flowering stage, a 1 m × 1 m (1 m2) sample area
of alfalfa was chosen in each replication of each treatment
and alfalfa was cut close to the ground as a fresh sample.
Fresh replicate samples for each treatment were weighed
separately and then mixed well. Three 100 g sub-samples
(fresh weight) were taken from the mixture and these were
brought to the laboratory. Samples were then deactivated at
105°C for 15 minutes, dried at 65°C to constant weight,
cooled and weighed. The dry percentage weight and the
hay yield (kg ha-1) were calculated. Dried leaves from each

treatment were triturated and incinerated, before extracting
the active Fe using 0.1 mol L-1 HCl. Each 1.0 g dried sample
was extracted in 10 mL HCl for 5 h with sequential oscilla-
tion (Pierson & Clark 1984, Takkar & Kaur 1984), before
determining the active Fe using an atomic absorption spec-
trophotometer (Pye, UK). The active Fe concentration (mg
kg-1) = (Fe mass concentration, ¼ g mL-1) × (the solution to
be tested, mL) / the mass (g) of the dried sample.

Statistical Analysis

We performed Duncan’s multiple range test and regression
analysis, using SAS 8.0 (SAS Institute Inc., Cary, North
Carolina, USA).

Data were analysed by using Statistical Analysis Sys-
tem 8.0 software (SAS Institute Inc.,  Cary, North
Carolina, USA). Results were analysed using one way analy-
sis of variance (ANOVA) followed by Duncan’s multiple
range test. Significance was determined by different letters
are significantly difference at P<0.05 probability levels, re-
spectively, which represent multiple comparisons among
different concentrates in the same spraying time. The re-
sults are expressed as mean values and standard deviation
(SD) and all assays were carried out in replicates (three sets
of each analysis).

RESULTS AND ANALYSIS

Active Fe Concentration of Alfalfa Leaves

The active iron concentration of alfalfa leaves rose signifi-
cantly (P< 0.05) with increasing concentration of iron ferti-
lization (Fig. 1). With one (S1) and two (S2) iron fertilizer
treatments, the active iron concentration of alfalfa leaves
significantly increased as iron fertilizer concentration in-
creased (P< 0.05) with a peak at C5 (S1 and S2). With three
iron fertilizer sprays (S3), the active iron concentration in-
creased from C0-C4 and peaked at C4 (367 mg kg-1). How-
ever, the active iron concentration declined at C5, although
it still remained much higher than that of the control. The
average active iron concentration in alfalfa leaves at lower
concentrations (C1-C4) with different spraying frequencies

Table 1: The method of different ferrous sulfate level in this experiment.

Concentrations                                                     Spraying frequency
One time (S1) Two times (S2) Three times (S3)

C0 (0%) C0 S1 C0 S2 C0 S3
C1 (0.2%) C1 S1 C1 S2 C1 S3
C2 (0.4%) C2 S1 C2 S2 C2 S3
C3 (0.6%) C3 S1 C3 S2 C3 S3
C4 (0.8%) C4 S1 C4 S2 C4 S3
C5 (1.0%) C5 S1 C5 S2 C5 S3
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varied in the order S3>S2>S1, and all were higher than the
control (P <0.05).

Chlorophyll Content of Alfalfa Leaves

With one, two, and three iron fertilizer sprays, the chloro-
phyll content of alfalfa leaves significantly increased with
increasing iron spray concentration and was followed by a
decline (Fig. 2). The differences in chlorophyll contents
with different frequencies of iron fertilizer spray applica-
tion were not significant (C1, C2 and C3). S by C interac-
tions were also not significant (P < 0.05). A single bout of
iron fertilizer spray resulted in peak chlorophyll content at
C4 (increased by 28.1% compared to C0). Two bouts of
spray resulted in a peak at C3 (reaching 3.4 mg g-1), while
three sprays resulted in a peak at C2. Iron fertilizer applica-
tion above the concentration peaks ultimately led to a de-
crease in chlorophyll content. A regression analysis of chlo-
rophyll concentrations on the active iron concentrations of
alfalfa during the early flowering stage (Fig. 3) resulted in a
significant linear relationship (r2 = 0.4262, P < 0.01).

Photosynthetic Capacity of Alfalfa

Gas exchange parameters of alfalfa: With each of the three
spray frequencies, the photosynthetic rate (P

n
) of alfalfa led

to an initial increase before declining with increasing iron
fertilizer concentration (with S1 as exception; Fig. 4a). With
the exception of C5S3, iron application resulted in a sig-
nificantly higher P

n
 compared to the control concentration

(C0) (P < 0.05), although we did not detect significant vari-
ation in P

n
 with different spraying frequencies (Fig. 4a). The

S by C interaction was not significant (P < 0.05). P
n
 of al-

falfa peaked at C3 with a single spray (increased by 35.53%
compared to the control), at C4 with two sprays (increased
by 41.7% compared to the control), and at C2 with three
sprays (increased by 32.6% compared to the control).

With different spraying frequencies, the stomatal con-
ductance (C

d
) of alfalfa showed an initial increase before

reaching a plateau (S1) or even decreasing with increasing
iron concentration (S2 and S3; Fig. 4b). We found a similar
trend to that for P

n
. We did not detect significant differences

for S by C interactions or for C
d 
at different spraying fre-

quencies (P < 0.05).

Intercellular carbon dioxide (C
i
) provides a measure for

the dark reaction substrate during leaf photosynthesis. With
each of the different spraying frequencies (S1, S2 and S3),
the C

i
 of alfalfa increased initially with increasing frequency

(C1), before declining to well below the control treatment
(Fig. 4c). With the exception of the C1 level, compared to
the control concentration, the iron C

i
 concentration de-

creased with all iron treatment concentrations to a variable

extent. This result suggests that iron fertilizer sprays could
indirectly raise the carbon dioxide assimilation efficiency.
The C

i 
values were not significantly affected at different

spraying frequencies and we did not detect a significant S
by C interaction.

Chlorophyll Fluorescence Parameters

A frequently used standard for the occurrence of photo-in-
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hibition of photosynthesis is the decrease in maximum light
energy conversion efficiency by the photosystem II reac-
tion center (F

v
/F

m
). The potential chemical activity of

photosystem II is F
v
/F

0
. The F

v
/F

m
 and F

v
/F

0
 showed an

identical response with the three spraying frequencies and
the five iron concentrations (Fig. 5a and 5b). We measured
an initial increase followed by a decline with increasing
iron fertilizer concentrations (Fig. 5a and b). The F

v
/F

m
 and

F
v
/F

0 
did not differ significantly (P < 0.01) with the three

spraying frequencies and the S by C interaction was nonsig-
nificant.

With each spraying frequency, total photochemical
quantum yield (E-Yield) of photosystem II increased ini-
tially and was followed by a decline with increasing Fe
fertilizer concentration. E-Yield peaked at C2 and was sig-
nificantly higher compared to that for the C0 and C1 iron
fertilizer concentrations (P < 0.01) (Fig. 5c and d). With S1

and S2 spraying frequencies, the photosynthetic electron
transport rate (ETR) of alfalfa peaked at C4 and was signifi-
cantly higher compared to that of C0, C1, C2, and C3 iron
treatments (P < 0.01). For S3 spraying frequency, the photo-
synthetic ETR of alfalfa peaked at C3 (reaching 113.23 µmol
m-2 s-1), which was significantly higher compared to all other
treatments (P < 0.01). No differences were observed for the
different spraying frequencies (P< 0.01), but the S×C inter-
action was significant (P < 0.01).

The non-photochemical quenching coefficient (NPQ)
of alfalfa indicates the amount of the photosystem II antenna
pigment-absorbed light energy that cannot be used for pho-
tochemical electron transport and that dissipates in the form
of heat (Gilmore & Yamamoto 1996). With each spraying
frequency, the NPQ was higher for both the low iron ferti-
lizer concentrations (C0 and C1) and the high iron fertilizer
concentration (C5), and was lowest at C2 (S2 and S3) and
C3 (S1). Differences were not significant among spraying
frequencies (P < 0.01), but the S×C interactions were
significant.

Regression analysis showed that there was a highly sig-
nificant quadratic linear relationship between the leaf ac-
tive iron concentration at the squaring stage and F

v
/F

0
 (r2 =

0.47, P < 0.01), and also with alfalfa Pn (r2 = 0.62, P < 0.01).

Alfalfa Yields

The yield response to iron fertilizer concentration varied
depending on spraying frequency (Fig. 7). With S1, all yields
were significantly higher compared to C0 treatment, whereas
only the C4 yield was above the control for S2 (P < 0.05).
With S3, yields increased up to C2 and C3 (P < 0.05), but
declined below the control level (C0) at C5.

DISCUSSION

Iron fertilizer uptake and chlorophyll synthesis relative
to iron fertilization rates: Soil iron primarily exists in
insoluble forms (Loeppert & Hallmark 1985). Iron is
transported to points of growth and expanding leaves mainly
via the phloem subsequent to spray applications, whereas
iron is immobile in lower and upper leaves (Stephan &
Scholz 1993). Thus, the iron that is sprayed onto leaves is
mobilized via the phloem (Robinson et al. 1997). We found
that rapid alfalfa growth during seedling establishment in
the spring (before the first cutting) requires comparatively
large amounts of iron and new leaves were likely to suffer
etiolation due to iron deficiency. Thus, a single spray
application of iron fertilizer during this period promoted
iron uptake and led to a significant increase in chlorophyll
concentration. The iron concentration in alfalfa leaves
increased with the iron fertilizer concentration.
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In plants, iron is mainly distributed on the thylakoid
membrane of chloroplasts and iron deficiency rapidly leads
to a significant reduction in the activity of cis-aconitate
and ferredoxin. This hinders the formation of pyrrole and
porphyrin rings, which eventually damages chloroplast
structure (Miller & Pushnik 1983). Mengel reported a very
close correlation (r = -0.97) between the degree of iron
chlorosis and leaf chlorophyll concentration (Mengel 1994).

We found that without ferrous sulphate treatment as well
as with the 0.2% ferrous sulphate treatment the chlorophyll
concentration was very low (W/W). However, chlorophyll
concentration increased with higher concentrations of iron
fertilizer treatment. The chlorophyll concentration decreased
when 0.8% ferrous sulphate (W/W) was sprayed at any fre-
quency, or when 0.6% ferrous sulphate (W/W) was sprayed
on two or three occasions. The active iron concentration
was significantly and positively correlated with chlorophyll
concentration, which indicates that active iron is closely
related to chlorophyll synthesis and that foliar ferrous sul-
phate application can significantly increase the chlorophyll
concentration.

Gas exchange parameters during photosynthesis: Iron has
a significant influence on plant photosynthesis, with ferri-
tin, cytochrome, iron-sulphur protein, and ferrihaemoglobin
all being involved in electron transfer and reductive bio-
synthesis. The concentrations of these substances and the
activities of iron-containing enzymes are decreased due to
iron deficiency, interfering with photosynthesis (Agarwala
1965, Lam & Malkin 1982).

In our study, photosynthetic rates were low without iron
fertilizer or with only a small amount of ferrous sulphate
sprayed. However, the net photosynthetic rate (P

n
) of alfalfa

increased dramatically with one spray treatment of 0.6%
ferrous sulphate (W/W), two treatments of 0.8% ferrous sul-
phate (W/W), or three treatments of 0.4% ferrous sulphate
(W/W). The stomatal conductance (C

d
) was significantly and

positively correlated with the P
n
 when the iron fertilizer

spray treatment was applied at different concentrations,
while the intercellular carbon dioxide (C

i
) was negatively

correlated with the P
n
. This shows that the P

n
 increased and

the C
i
 decreased with increasing iron fertilizer concentra-

tion, which in turn induced an increase in C
d
. However, C

d

was reduced when the iron fertilizer concentration was too
high, which we suspect being due to light respiration result-
ing in a reduction of CO

2
 utilization capacity.

Chlorophyll fluorescence parameters with iron fertiliza-
tion: In normal conditions, the energy absorbed by chloro-
phyll is mainly consumed in three ways: photosynthetic
electron transport, chlorophyll fluorescence and heat dissi-
pation. The variations in photosynthesis and heat dissipa-
tion are capable of causing chlorophyll fluorescence to vary;
thus variations in chlorophyll fluorescence can reflect vari-
ations in photosynthesis and heat dissipation (Petersonet
al. 1998). In our study, lower maximum light energy con-
version efficiency of photosystem (F

v
/F

m
) and potential

chemical activity of photosystem (F
v
/F

0
) appeared in the

iron deficient treatment and high iron treatments. We found
higher F

v
/F

m
 and F

v
/F

0
 in the treatments in which we

administered iron fertilizer at a large enough concentration.
This indicates that in iron deficiency, leaves cannot capture
sufficient light energy. Over-supply of iron will likely lead
to photo inhibition, reducing the potential chemical activ-
ity of the photosystem potential. Upon spraying of 0.6%
(W/W) ferrous sulphate, the photochemical efficiency was
promoted and thus alleviating photo-inhibition. This im-
plies that iron deficiency reduced ETR and E-Yield, due to
ferritin and iron-sulphur protein syntheses hindrance and
consequently hindrance of the photosynthetic electron trans-
port (Kampfenkel et al. 1995, Bertamini 2002). This is pro-
vided that the significantly lower photosynthetic electron
transport rate in iron-deficient grape vine leaves is mainly
due to the loss of photosystem II activity (Bertamini et al.
2002). We found photosynthetic electron transport improve-
ment with spraying of 0.4% and 0.6% of ferrous sulphate. In
our treatments, where iron was administered at a high con-
centration, the NPQ increased and the captured light energy
was likely not effectively utilized and dissipated as heat.
Where we utilized iron fertilization, the variations of alfalfa
leaf F

v
/F

0
, F

v
/F

m
, NPQ, ETR and E-Yield indirectly sup-

ported the P
n
 results. Consequently, proper iron fertiliza-

tion helped both capture and conversion of light energy of
alfalfa, yet too much of an increase in iron fertilizer concen-
tration turned out to be detrimental to raising P

n
 and F

v
/F

0
.

Alfalfa yield: A reduction in photosynthetic efficiency typi-
cally accompanies nutrient limitation, causing reduced pro-
duction, due to impairment of synthesis of fully functional
macromolecular assemblages. Several studies (Raese et al.
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Fig. 7: Effect of three frequencies application and six Fe
concentrations on hay yields of alfalfa.



772 Li Chun-xia et al.

Vol. 16, No. 3, 2017  Nature Environment and Pollution Technology

1986, Sanz-Sáez et al. 2010) indicate that iron fertilizer
sprays are effective in correcting iron chlorosis in fruit trees.
Heitholt et al. (2003) and Mostaghimi & Matocha (1988)
reported that iron fertilizer sprays improved plant growth or
yield. We found that, when iron fertilizer is sprayed at
appropriate concentration, alfalfa yields significantly
increased and are highest with 0.6% ferrous sulphate. This
concentration is also related to the P

n
 results, indicating

that iron fertilization influenced chlorophyll synthesis, light-
capture capacity, light energy conversion efficiency and
potential chemical activity of photosystem reaction center.
This consequently increased the apparent photosynthetic
transport rate and total photosystem photochemical quantum
yield, and reduced the non-irradiative energy dissipation.
Thus, leaves had a reduced capability of photosynthesis
through full utilization of captured light energy via
maximizing photosynthetic rate and yield. We conclude
that proper iron fertilization is able to promote alfalfa and
to increase its yield with the best performance for C3 (S3),
C4 (S2) and C4 (S1).

CONCLUSIONS

1. The photosynthetic capacities and the productivity of
alfalfa were effectively enhanced via three separate
sprayings of 0.6% (W/W) ferrous sulphate: once at seed-
ling establishment, once at branching and once at squar-
ing. We observed the same enhancement for two sepa-
rate sprayings of 0.8% (W/W) ferrous sulphate: once at
seedling establishment and once at branching.

2. In iron deficient regions, spraying iron onto alfalfa leaves
enables an effective increase of active iron and chloro-
phyll concentrations, enhances maximum light energy
conversion efficiency and potential chemical activity
of the photosystem reaction center. Furthermore, it leads
to lower non-irradiative energy dissipation and a raise
of both photosynthetic efficiency and yield.

3. Our results suggest that both the photosynthetic capacity
and yield of alfalfa were raised with an increase of the
concentration of ferrous sulphate and a decline of
spraying times. We suggest that with ferrous sulphate
concentrations of more than 0.8%, it will be possible to
increase the photosynthetic capacity and yield of alfalfa
by spraying ferrous sulphate only once in the appropriate
period. However, this requires further detailed
investigations.

ACKNOWLEDGMENTS

This study was sponsored by National High Technology
Research and Development Program of China (Project No.
2013AA102902) and 111 Project (No. B12007). We thank

Dr Duncan E. Jackson for improving the English language
content of this manuscript. We are grateful to Professor David
Hopkins work in Heriot-Watt University of UK, and kind
help with the language of this manuscript. The authors are
indebted to the anonymous reviews for their supports dur-
ing the preparation of early version of this manuscript.

REFERENCES
Agarwala, S.C., Sharma, C.P. and Farooq, S. 1965. Effect of Fe sup-

ply on growth, chlorophyll, tissue Fe and activity of certain en-
zymes in maize and radish. Plant Physiol., 40: 493-499.

Aranjuelo, I., Perez, P., Hernandez, L., Irigoyen, J.J., Zita, G., Martinez-
Carrasco, R. and Sanchez-Diaz, M. 2005. The response of nodu-
lated alfalfa to water supply, temperature and elevated CO2: pho-
tosynthetic downregulation. Physiologia Plantarum, 123: 348-
358.

Bertamini, M., Muthuchelian, K. and Nedunchezhian, N. 2002. Fe
deficiency induced changes on the donor side of PSII in field
grown grapevine (Vitis vinifera L. cv. Pinot noir) leaves. Plant
Sci., 162: 599-605.

Fan, F., Zhang, Y. and Jiang, J. 2013. Effects of salt stress on alfalfa
growth and photosynthetic physiological characteristics. Chinese
Agricultural Science Bulletin, 29(17): 14-18. (In Chinese with
English abstract)

Han, R., Lu, X. and Gao, G. 2007. Photosynthetic physiological re-
sponse of alfalfa (Medicago sativa) to drought stress. Acta
Ecologica Sinica, 27(12): 5229-5237.

Heitholt, J.J., Sloan, J.J., MacKown, C.T. and Cabrera, R.I. 2003.
Soybean growth on calcareous soil as affected by three Fe sources.
J. Plant Nutri., 4: 935-948.

Horton, P. and Bowyer, J.R. 1990. Chlorophyll fluorescence tran-
sients. In: Methods in Plant Biochemistry. New York: Academic
Press, 4: 259-96.

Hu, H., Jie, X. and Zhang, B. 2008. Effects of application of Zn, Fe,
and Mo on the alfalfa yield and their contents and absorption
amounts. Acta Agrestia Sinica, 16(4): 412-416.

Huo, H. and Wang, Q. 2013. Effect of irrigation and phosphor supply
levels on the number of shoots, hay yield and water use efficiency
of alfalfa. Chinese Journal of Soil Science, 44(4): 905-911. (In
Chinese with English abstract)

Kadman, A. and Gazit, S. 1984. The problem of Fe deficiency in
mango trees and experiments to cure it in Israel. J. Plant Nutri., 7:
283-290.

Kampfenkel, K., Montagu, M.V. and Inzé, D. 1995. Effects of Fe
excess on Nicotiana plumbaginifolia plants. Plant Physiol., 107:
725-735.

Kou, J.T., Shi, S.L. and Hu, G.X. 2013. Photosynthetic physiology of
odontothrips damaged Medicago sativa. Scientia Agricultura
Sinica, 6(12): 2459-2470.

Lam, E. and Malkin, R. 1982. Reconstruction of the chloroplast
noncyclic electron transport pathway from water to NADP with
three integral protein complexes. Proc. Natl Acad. Sci. USA, 79:
5494-5498.

Lichtenthaler, H.K. and Wellburn, A.R. 1983. Determination of total
carotenoids and chlorophylls a and b of leaf extracts in defferent
solvents. Biochemical Society Transactions, 11: 591-592.

Liu, G., Han, J. and Wang, K. 2004. Effects of boron, molybdenum,
zinc and macronutrients on the yield and quality of Alfalfa. Acta
Agrestia Sinica, 4: 268-272. (In Chinese with English abstract)

Liu, S., Hua, D. and Zhang, B. 2008. Effects of zinc, iron, and
molybdenum combined application on the yield and quality of
alfalfa. Acta Agrestia Sinica, 16(2): 176-180.



773EFFECT OF FERROUS SULPHATE APPLICATION ON ALFALFA

Nature Environment and Pollution Technology  Vol. 16, No. 3, 2017

Li, X., Han, Y., Wei, Y., Acharya, A., Farmer, A.D., Ho, J., Monteros,
M.J. and Brummer, E.C. 2014. Development of an alfalfa SNP
array and its use to evaluate patterns of population structure and
linkage disequilibrium. PloS One, 9: e84329.

Loeppert, R.H. and Hallmark, C.T. 1985. Indigenous soil properties
influencing the availability of Fe in calcareous soils. Soil Sci. Soc.
Am. J., 49: 597-603.

Mengel, K. 1994. Iron availability in plant tissues-iron chlorosis on
calcareous soils. Plant and Soil, 165(2): 275-283 .

Miller, G.W. and Pushnik, J.C. 1983. Iron chlorosis: the role of iron in
chlorophyll formation. Utah Science-Utah Agricultural Experi-
ment Station (USA).

Mortvedt, J.J. 1991. Correcting Fe deficiencies in annual and peren-
nial plants: present technologies  and future prospects. Plant and
Soil, 130: 273-279.

Mostaghimi, S. and Matocha, J.E. 1988. Effects of normal and Fe-
treated organic matter on Fe chlorosis and yields of grain sor-
ghum. Commun. Soil Sci. Plant Anal., 19: 1415-1428.

Peterson, R.B., Aivak, M.N. and Walker, D.A. 1998. Relationship
between steady-state fluorescence yield and photosynthetic effi-
ciency in spinach leaf issue. Plant Physio., 188: 158-163.

Pierson, E.E. and Clark, R.B. 1984. Ferrous iron determination in
plant tissue. Journal of Plant Nutrition, 7(1-5): 107-116.

Raese, J.T., Parish, C.L. and Staiff, D.C. 1986. Nutrition of apple and
pear trees with foliar sprays, trunk  injections or soil applications
of Fe compounds. J. Plant Nutri., 9: 987-999.

Raun, W.R. and Johnson, G.V. 1999. Alfalfa yield response to nitrogen
applied after each cutting. Soil Sci. Soc, Am., 63: 1237-1243.

Razmioo, K. and Henderlong, P.R. 1997. Effect of potassium, sulfur,
boron and molybdenum fertilization on alfalfa production and
herbage macronutrient contents. Journal of Plant Nutrition, 20:
1681-1696.

Robinson, N.J., Groom, S.J. and Groom, Q.J. 1997. The froh gene
family from Arabidopsis t haliana: putative Fe-chelate reductases.
Plant and Soil, 196: 245-248.

Sandmann, G. and Malkin, R. 1983. Fe-sulfur centers and activities of
the photosynthetic electron transport Chain in Fe-deficient cul-
tures of the blue-green Alga Aphanocapsa. Plant Physiology, 73:
724-728.

Sanz-Saez, A., Erice, G., Aranjuelo, I., Aroca, R. and Ruiz, J.M. et al.
2013. Photosynthetic and molecular markers of CO2-mediated
photosynthetic down regulation in nodulated alfalfa. Journal of

Integrative Plant Biology, 55(8): 721-734.
Sanz-Sáez, A., Erice, G., Aranjuelo, I., Nogués, S., Irigoyen, J.J. and

Sanchez-Diaz, M. 2010. Photosynthetic down-regulation under
elevated CO2 exposure can be prevented by nitrogen supply in
nodulated alfalfa. Journal of Plant Physiology, 167: 1558-1565.

Schreiber, U. and Bilger, W. 1987. Rapid assessment of stress effects
on plant leaves by chlorophyll fluorescence measurements. In:
Tenhunen, J.D. et al., eds. Plant Response to Stress. Berlin:
Springer-Verlag, NATO ASI Series, pp. 27-53.

Sions, R.G. and Grant, C.A. 1995. Effect of fertilizer placement on
yield of established alfalfa stands. Canada Journal of Plant Sci-
ence, 75: 883-887.

Spiller, S. and Terry, N. 1980. Limiting factors in photosynthesis.
Plant Physiology, 65: 121-125.

Stephan, U.W. and Scholz, G.W. 1993. Nicotianamine: mediator of
transport of Fe and heavy metals in the phloem. Plant Physiol.,
88: 206-211.

Su, L. and Miller, G.W. 1961. Chlorosis in higher plants as related to
organic acid content. Plant Physiol., 36: 415-420.

Sun, D.B. and Wang, Q.S. 2012. Effects of water on the photosyn-
thetic characteristics of alfalfa (Medicago sativa). Chinese Jour-
nal of Plant Ecology, 36(1): 72-80. (In Chinese with english
abstract)

Takkar, P.N. and Kaur, N.P. 1984. HCl method for Fe2+ estimation to
resolve iron chlorosis in plants. Journal of Plant Nutrition, 7(1-5):
81-90.

Terry, N. and Abadia, J. 1986. Function of Fe in chloroplasts. J. Plant
Nutri., 9: 609-646.

Terry, N. and Low, G. 1982. Leaf chlorophyll content and its relation
to the intracellular localization of Fe. Plant Nutri., 5: 301-310.

Tong, Y., Fan, F., Korcak, R.F., Chaney, R.L. and Faust, M. 1986.
Effect of micronutrients, phosphorus and chelator to Fe ratio on
growth, chlorosis and nutrition of apple seedlings. J. Plant Nutri.,
23: 1115-1132.

Wellburn, A.R. 1994. The spectral determination of chlorophylls a
and b, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. Journal of Plant Physi-
ology, 144(3): 307-313.

Zong, Y., Wang, W., Hang, Q., Ding, R., Jia, Z. and Nie, J. 2010.
Effects of different levels of boron fertilizer on alfalfa photosyn-
thesis and source-sink translocation of soluble carbohydrate in al-
falfa. Acta Agronomica Sinica, 36(4): 665-672.



774 Li Chun-xia et al.

Vol. 16, No. 3, 2017  Nature Environment and Pollution Technology

774


