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Zinc  (Zn)  deficiency  is a major  problem  in agricultural  crops  of  many  world  regions.  N  metabolism  plays
an  essential  role  in  plants  and  changes  in  their  availability  and their  metabolism  could  seriously  affect
crop  productivity.  The  main  objective  of the  present  work  was  to perform  a comparative  analysis  of
different  strategies  against  Zn deficiency  between  two  plant  species  of  great  agronomic  interest  such
as  Lactuca  sativa  cv.  Phillipus  and  Brassica  oleracea  cv.  Bronco.  For  this, both  species  were  grown  in
hydroponic  culture  with  different  Zn  doses:  10 �M Zn as control  and  0.01 �M Zn as deficiency  treatment.
Zn  deficiency  treatment  decreased  foliar  Zn  concentration,  although  in greater  extent  in  B. oleracea  plants,
and caused  similar  biomass  reduction  in both  species.  Zn  deficiency  negatively  affected  NO3

− reduction
and  NH4

+ assimilation  and  enhanced  photorespiration  in  both  species.  Pro  and  GB concentrations  were

lycinebetaine
actuca sativa
rassica oleracea

reduced  in L.  sativa  but they  were  increased  in  B.  oleracea.  Finally,  the AAs  profile  changed  in both  species,
highlighting  a great  increase  in  glycine  (Gly)  concentration  in L.  sativa  plants.  We  conclude  that  L.  sativa
would  be  more  suitable  than  B.  oleracea  for growing  in soils  with  low  availability  of  Zn  since  it is able  to
accumulate  a higher  Zn  concentration  in leaves  with  similar  biomass  reduction.  However,  B. oleracea  is
able to  accumulate  N derived  protective  compounds  to  cope  with  Zn  deficiency  stress.

© 2016 Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Zinc (Zn) is an essential micronutrient for living organisms
ound in a wide variety of metabolic processes such as protein
ynthesis, ribonucleases inhibition, maintaining the integrity and
unction of cell membranes and synthesis of auxin precursor tryp-
ophan [1]. In addition Zn is part of carbonic anhydrase enzyme
or starch synthesis, Cu-Zn-superoxide dismutase (Cu-Zn SOD),
ehydrogenases and Zn-finger structural domains that mediate

ranscription factors binding to DNA [2].

It has been found that Zn deficiency is the most widespread
icronutrient deficiency. Zn deficiency in plants occurs in soils

Abbreviations: AA, amino acid; Arg, arginine; Asn, asparagine; Asp, aspartic acid;
u-Zn SOD, Cu-Zn-superoxide dismutase; GB, glycinebetaine; GDH, glutamate dehy-
rogenase; GGAT, glutamate: glyoxylate aminotransferase; Gln, glutamine; Glu,
lutamate; Gly, glycine; GO, glyoxylate oxidase; GOGAT, glutamate synthase; GS,
lutamine synthetase; His, histidine; HR, hydroxypyruvate reductase; NiR, nitrite
eductase; NR, nitrate reductase; Pro, proline; ROS, reactive oxygen species; Ser,
erine; Tyr, tyrosine.
∗ Corresponding author.

E-mail address: enleon@ugr.es (E. Navarro-León).

ttp://dx.doi.org/10.1016/j.plantsci.2016.04.002
168-9452/© 2016 Elsevier Ireland Ltd. All rights reserved.
with low concentration of available Zn, found in many world
regions [3]. External symptoms occurring in plants with Zn deficit
are observed mainly in leaves and usually consist of reduced
biomass, internervial chlorosis, necrotic spots, browning, rosette
disposal, small and deformed leaves, and growth delay [4]. As a
result of Zn deficiency several changes in physiological processes
occur: reduction in photosynthesis, glycolysis, starch synthesis,
protein synthesis activity, membranes destabilization and also
flowering and seed production are affected [5]. Besides these pro-
cesses, under Zn deficiency nitrogen (N) metabolism is altered and
it was found that NO3

− absorption is reduced and therefore their
concentration in the plant [6].

N metabolism plays an essential role in plants and changes
in their availability and their metabolism could seriously affect
crop productivity [7,8]. In this regard, several researchers have
demonstrated a direct relationship between NO3

− concentration
and biomass production and the same relationship occurs between
biomass and foliar N [9,10]. Furthermore, as described later, the

degree of sensitivity to Zn deficiency can be correlated with the
alteration of N reduction and assimilation and the formation of
protective N compounds against stress conditions.

dx.doi.org/10.1016/j.plantsci.2016.04.002
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plantsci.2016.04.002&domain=pdf
mailto:enleon@ugr.es
dx.doi.org/10.1016/j.plantsci.2016.04.002


lant S

I
t
f
r
t
i
i
o
(
(
p
a

t
s
g
s
O
a

m
i
d
t
i
d
n
a
i
c
d
w
r
m
p
o
a
p
b
n
p

o
c
s
[
i
p
t
t
m

t
c
c
r
c
i
b
s
u
h
i
t
a

E. Navarro-León et al. / P

NO3
− is the main N source for plants in most agricultural soils.

t is absorbed by roots and transported to leaves, where it gives rise
o assimilation products as amino acids (AAs) and proteins, needed
or biomass production [11]. NO3

− is reduced to NH4
+ by nitrate

eductase (NR) and nitrite reductase (NiR) enzymes. Photorespira-
ion is a process that also produces significant amounts of NH4

+ and
s essential for maintaining the adequate N level in the plant [12]. It
nvolves several enzymes from different organelles including gly-
xylate oxidase (GO) (EC.1.2.3.5) and glyoxylate aminotransferase
GGAT) (EC.2.6.1.4) in peroxisomes and hydroxypyruvate reductase
HR) (EC.1.1.1.81) in mitochondria. In addition to providing NH4

+,
hotorespiration provides metabolites for other processes, protects
gainst photoinhibition and against different types of stress [13].

Once produced NH4
+ is mainly assimilated into organic form by

wo enzymes: glutamine synthetase (GS) (EC6.3.1.2) and glutamate
ynthase (GOGAT) (EC1.4.1.13) that produce glutamine (Gln) and
lutamate (Glu) respectively, and they are the precursors for the
ynthesis of other AAs, nucleic acids, polyamines and chlorophylls.
n the other hand glutamate dehydrogenase (GDH) (EC1.4.1.2) can
lso assimilate NH4

+ when it is high concentrated in plants [14].
There are few studies about how Zn deficiency affects N

etabolism described above. Harper and Paulsen [15] in an exper-
ment in wheat plants grown under Zn deficiency observed a
ecrease in NO3

− reduction and they suggested that it was due
o the lower NO3

− content in Zn deficient plants as these absorb
t less than control plants. However, this effect on N metabolism
id not result in a lower concentration of assimilation products
either proteins in the plant. Seethambaram and Das [16], in rice
nd millet plants, observed that Zn deficiency decreased NR activ-
ty in both species. Nevertheless, NH4

+ assimilation (GS/GOGAT
ycle) was reduced only in millet and therefore in this species a
ecrease in AAs and proteins concentrations and also in growth
as produced. Furthermore, Zn deficiency increased photorespi-

ation in rice plants. The authors suggest that GS/GOGAT cycle is
aintained in rice plants to remove the NH4

+ excess produced in
hotorespiration, which could be toxic to plants. This agrees with
bservations by Kitagishi and Obata [17] in rice meristems in which

 NH4
+ accumulation occurred, probably as a result of photores-

iration increase. In this work a reduction in protein content and
iomass was observed, although the NH4

+ assimilation process was
ot affected as it increased the AAs concentration being the direct
roducts of this process.

Besides its importance in primary metabolism, protective sec-
ndary compounds such as proline (Pro) and glycinebetaine (GB)
an be synthesized from N, and they act as compatible organic
olutes that are not normally toxic at high concentrations in the cell
18]. These compounds can protect plants against stress by adjust-
ng osmotic potential, detoxifying reactive oxygen species (ROS),
rotecting membrane integrity and stabilizing enzymes and pro-
eins [19]. However, depending on the species the accumulation of
hese compounds may  be only indicative and not stress tolerance

echanism [20].
Pro is the most detectable osmolyte in plant cells in response

o abiotic stress and is synthesized from Glu, so their synthesis is
losely related to N metabolism [21]. Pro importance under Zn defi-
iency conditions seems to depend on the species studied. Thus, in
ed cabbage plants (B. oleracea) it has been found that Pro con-
entration increased under Zn deficiency. Although this did not
ncrease plant tolerance to Zn deficit, as there is a considerable
iomass reduction, but it increased the plant tolerance to drought
tress [22]. In another experiment conducted in rice plants grown
nder Zn deficiency conditions Pro concentrations was five times

igher than in control plants. This higher concentration of Pro

mproved in this case Zn deficit tolerance and authors postulated
hat this could be due to the enhancer Pro function of the plant
ntioxidant system [23]. Nevertheless in another study with Phase-
cience 248 (2016) 8–16 9

olus vulgaris plants a lower Pro concentration was observed in Zn
deficient leaves and this AA increases with increasing Zn concen-
tration, so in this experiment Pro did not improve Zn deficiency
tolerance [24].

It has been shown that both exogenous GB supply and enhanced
plant biosynthesis by genetic engineering can increase the toler-
ance of plants to abiotic stress [25]. In GB synthesis Ser produced
in photorespiratory cycle becomes ethanolamine and this forms
choline, which is the basis for GB synthesis in the chloroplast [26].
It has been observed that GB levels in plants increases under vari-
ous abiotic stresses [27]. However, there are no studies to establish
the possible relationship between Zn deficiency and GB concentra-
tion in plants. Previous works by our research group have shown
that Lactuca sativa and Brassica oleracea have different levels of tol-
erance to Zn toxicity and show effects on N metabolism and in the
synthesis and accumulation of Pro and GB, being GB a good indi-
cator of this stress type in L. sativa [28]. Although a comparative
analysis of these species under Zn deficiency conditions has not yet
been studied.

Lettuce (L. sativa cv. Phillipus) and cabbage (B. oleracea cv.
Bronco) are two  leafy vegetables of great agronomic interest with
a large production in the last years. These are two  leafy vegetables
consumed worldwide as salads. The main producers are China and
India (http://faostat.fao.org), countries where Zn deficiency is one
of the major problems in their crops [4]. In short, the main objec-
tive of this work was to perform a comparative analysis of different
strategies against Zn deficiency between these two species.

2. Materials and methods

2.1. Plant material, growth conditions and treatments

L. sativa cv. Phillipus and B. oleracea cv. Bronco seeds
were germinated and grown for 30 days in cell flats (cell
size = 3 cm × 3 cm × 10 cm)  filled with perlite mixture, and flats
were placed on benches in an experimental greenhouse in
southern Spain (Granada, Motril, Saliplant S.L.). The 30-day-
old seedlings were transferred to a growth chamber under
controlled environmental conditions with a relative humidity
of 60–80%, temperature of 22/18 ◦C (day/night) and 12/12-h
photoperiod at a photosynthetic photon flux density (PPFD)
of 350 �mol  m−2 s−1 (measured at the top of plants with a
190 SB quantum sensor, LI-COR Inc., Lincoln, NE, USA). Plants
were grown in hydroponic culture in lightweight polypropylene
trays (60 cm diameter top, bottom diameter 60 cm and 7 cm in
height) with a volume of 3 l. Throughout the experiment the
plants received a growth solution composed of 4 mM KNO3,
3 mM Ca(NO3)2·4 H2O, 2 mM MgSO4·7 H2O, 1 mM KH2PO4, 1 mM
NaH2PO4·2 H2O, 2 �M MnCl2·4 H2O, 0.25 �M CuSO4·5 H2O, 0.1 �M
Na2MoO4·2 H2O, 5 ppm, Fe-chelate (Sequestrene; 138FeG100) and
10 �M H3BO3. This solution, with a pH of 5.5–6.0, was changed
every three days. Treatments were initiated 30 days after germi-
nation and were maintained for 21 days. Plants were grown with
different Zn doses: 10 �M of ZnSO4 as control and 0.01 �M of ZnSO4
as deficiency treatment. The shape of the experimental design
consisted of randomized complete block with four treatments (L.
sativa-control, B. oleracea-control, L. sativa-0.01 �M Zn, B. oleracea-
0.01 �M Zn), eight plants per treatment and three replications each.

2.2. Plant sampling
Plants of each treatment were divided into roots and leaves,
washed with distilled water, dried on filter paper and weighed,
thereby obtaining fresh weight (FW). Half of the roots and leaves
from each treatment were frozen at −80 ◦C for later performance of

http://faostat.fao.org
http://faostat.fao.org
http://faostat.fao.org
http://faostat.fao.org
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Table 1
Root and leaf biomass and Zn concentration in L. sativa and B. oleracea plants submitted to Zn deficiency.

Zn foliar concentration (�g g−1 PS) Leaf biomass (g DW/plant) Root biomass (g DW/plant)

L. sativa Control 44.58 ± 0.18 4.12 ± 0.07 0.16 ± 0.01
0.01  �M Zn 35.80 ± 1.50 3.16 ± 0.03 0.07 ± 0.01
p-value ** *** ***

LSD0.05 4.20 0.20 0.03

B.  oleracea Control 50.49 ± 3.17 3.61 ± 0.02 0.21 ± 0.01
0.01  �M Zn 16.36 ± 4.36 2.91 ± 0.13 0.13 ± 0.00
p-value ** ** ***

LSD0.05 14.97 0.34 0.03

Analysis of variance
Doses (D) *** *** ***

Especies (E) * *** ***

D × E ** NS NS
LSD0.05 6.46 0.18 0.02

Values are means ± S.E. (n = 9) and differences between means were compared by Fisherś least-significance test (LSD; P = 0.05). The levels of significance were represented
by  p > 0.05: ns (not significant).
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* p < 0.05.
** p < 0.01.

*** p < 0.001.

iochemical assays and the other half of the plan material sampled
as lyophiliced to obtain the dry weight (DW) and the subsequent

nalysis of Zn, NO3
−, NH4

+, total reduced N and GB concentrations.

.3. Analysis of Zn and N forms

For the Zn concentration determination, a sample of 150 mg  dry
aterial was subjected to a process of mineralization with sulfuric

cid and H2O2 by the method of Wolf [29], then Zn concentration
as determined by ICP-MS.

NO3
− was analyzed from an aqueous extraction of 0.1 g of DW

n 10 ml  of Millipore-filtered water. A 100-�l aliquot was  taken for
O3

− determination and added to 10% (w/v) salicylic acid in sulfuric
cid at 96%, measuring the NO3

− concentration by spectrophotom-
try as performed by Cataldo et al. [30]. NH4

+ was analyzed from
n aqueous extraction and was determined by using the colorimet-
ic method described by Krom [31]. Total reduced N concentration
as analyzed from digested samples. A 1-ml aliquot of the digest
as added to the reaction medium containing buffer (5% potassium

odium tartrate, 100 �M sodium phosphate, and 5.4% w/v  sodium

ydroxide), 15%/0.03% (w/v) sodium silicate/sodium nitroprusside,
nd 5.35% (v/v) sodium hypochlorite. Samples were incubated at
7 ◦C for 15 min, and organic N was measured by spectrophotom-
try according to the method of Baethgen and Alley [32].

able 2
esponse of NO3

− reduction and NH4
+concentration in L. sativa and B. oleracea leaves sub

NO3
− (mg  g−1 DW)  

L. sativa Control 94.47 ± 1.15 

0.01  �M Zn 100.56 ± 0.96 

p-value *** 

LSD0.05 3.17 

B.  oleracea Control 104.26 ± 1.48 

0.01  �M Zn 85.29 ± 0.94 

p-value *** 

LSD0.05 3.72 

Analysis of variance
Doses (D) *** 

Especies (E) * 

D  × E *** 

LSD0.05 2.35 

alues are means ± S.E. (n = 9) and differences between means were compared by Fisherı́
y  p > 0.05: ns (not significant).

* p < 0.05.
** p < 0.01.

*** p < 0.001.
2.4. Enzyme extractions and assays

Leaves were ground in a mortar at 0 ◦C in 50 mM KH2PO4 buffer
(pH 7.5) containing 2 mM EDTA, 2 mM dithiothreitol (DTT), and
1% (w/v) insoluble polyvinylpolypyrrolidone. The homogenate was
filtered and then centrifuged at 30,000g for 20 min. The result-
ing extract (cytosol and organelle fractions) was used to measure
enzyme activity of NR, GOGAT, and GDH. The extraction medium
was optimized for these enzyme activities so that they could be
extracted together according to the same method [33–35].

The NR assay followed the methodology of Kaiser and Lewis
[34]. The NO2

− formed was colorimetrically determined at 540 nm
after azocoupling with sulfanilamide and naphthylethylenedi-
amine dihydrochloride according to the method of Hageman and
Hucklesby [36].

GOGAT activity was  assayed spectrophotometrically at 30 ◦C by
monitoring the oxidation of NADH at 340 nm,  essentially as indi-
cated by Groat and Vance [33] and Singh and Srivastava [35], always
within 2 h of extraction. The decrease in absorbance was  recorded
for 5 min.
GDH activity was  assayed by monitoring the oxidation of
NADH at 340 nm,  essentially as indicated by Groat and Vance [33]
and Singh and Srivastava [35]. The reaction mixture consisted of
50 mM KH2PO4 buffer (pH 7.5) with 200 mM NH4 sulfate, 0.15 mM

mitted to Zn deficiency.

NR (�M NO2 mg prot−1 min−1) NH4
+ (mg g−1DW)

0.49 ± 0.01 2.16 ± 0.05
0.23 ± 0.01 2.01 ± 0.07
*** NS
0.03 0.18

1.71 ± 0.03 1.85 ± 0.09
1.30 ± 0.13 2.25 ± 0.05
*** **

0.12 0.21

*** NS
*** NS
* ***

0.06 0.13

s least-significance test (LSD; P = 0.05). The levels of significance were represented
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Table  3
Response of some photorespiration enzymes in L. sativa and B. oleracea leaves submitted to Zn deficiency.

GO (�Abs mg prot-1 min-1) GGAT (�Abs mg prot−1 min−1) HR (�Abs mg  prot-1 min-1)

L. sativa Control 0.003 ± 0.00 0.01 ± 0.00 0.86 ± 0.03
0.01  �M Zn 0.01 ± 0.00 0.03 ± 0.00 0.80 ± 0.03
p-value *** *** NS
LSD0.05 0.00 0.00 0.08

B.  oleracea Control 0.005 ± 0.00 0.02 ± 0.00 0.88 ± 0.01
0.01  �M Zn 0.01 ± 0.00 0.05 ± 0.00 0.92 ± 0.02
p-value *** *** NS
LSD0.05 0.00 0.00 0.04

Analysis of variance
Doses (D) *** *** NS
Especies (E) *** *** **

D × E * *** *

LSD0.05 0.00 0.00 0.05

Values are means ± S.E. (n = 9) and differences between means were compared by Fisherı́s least-significance test (LSD; P = 0.05). The levels of significance were represented
by  p > 0.05: ns (not significant).
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* p < 0.05.
** p < 0.01.

*** p < 0.001.

ADH, 2.5 mM 2-oxoglutarate, and enzyme extract. The decrease
n absorbance was recorded for 3 min.

For the GO determination, fresh leaf tissue (0.25 g) was ground
n a chilled mortar with PVPP and 1 ml  of 50 mM Tris–HCl buffer (pH
.8) with 0.01% Triton X-100 and 5 mM DTT. The homogenate was
entrifuged at 30,000g for 20 min. The supernatant was  decanted
nd immediately used for the enzyme assay. GO was assayed as
escribed by Feierabend and Beevers [37] with modifications. A vol-
me of assay mixture containing 50 mM Tris–HCl buffer (pH 7.8),
.009% Triton X-100, 3.3 mM phenylhydrazine HCl (pH 6.8), 50 �l
lant extract, and 5 mM glycolic acid (neutralized to pH 7 with KOH)
as used to start the reaction. GO activity was determined by fol-

owing the formation of glyoxylate phenylhydrazone at 324 nm for
 min  after an initial lag phase of 1 min.

For determination of GGAT and HR, leaves were ground in a
hilled mortar in 100 mM Tris–HCl buffer (pH 7.3) containing 0.1%
v/v) Triton X-100 and 10 mM DTT. The homogenate was cen-
rifuged at 20,000g for 10 min. The resulting extract was used to

easure enzyme activity. The extraction medium was optimized
or the enzyme activities such that they could be extracted together
sing the same method [38].

GGAT activity was measured by coupling the reduction of
-oxoglutarate by NADH in a reaction catalyzed by GDH. The reac-
ion was assayed in a mixture containing 100 mM Tris–HCl (pH
.3), 20 mM glutamate, 1 mM glyoxylate, 0.18 mM NADH, 0.11 mM
yridoxal-5-phosphate, 83 mM NH4Cl, and 0.3 U GDH in a final vol-
me  of 0.6 ml  [39].

HR assay was performed with 100 mM Tris–HCl (pH 7.3), 5 mM
ydroxypyruvate, and 0.18 mM NADH. Activity was assayed spec-
rophotometrically by monitoring NADH oxidation at 340 nm [38].

GS was determined by an adaptation of the hydroxamate syn-
hetase assay published by Kaiser and Lewis [34]. Leaves were
round in a mortar at 0 ◦C in 50 ml  maleic acid-KOH buffer (pH 6.8)
ontaining 100 mM sucrose, 2% (v/v) �-mercaptoethanol, and 20%
v/v) ethylene glycol. The homogenate was centrifuged at 30,000g
or 20 min. The resulting extract was used to measure enzyme activ-
ty of GS. The reaction mixture used in the GS assay was composed
f 100 mM KH2PO4 buffer (pH 7.5) with 4 mM EDTA, 1000 mM l-
odium glutamate, 450 mM MgSO4·7H2O, 300 mM hydroxylamine,
00 mM ATP, and enzyme extract. Two controls were prepared,
ne without glutamine and the other without hydroxylamine. After
ncubation at 28 ◦C for 30 min, the formation of glutamylhydroxa-
ate was colorimetrically determined at 540 nm after complexing
ith acidified ferric chloride [40].
The protein concentration of the extracts was  determined
according to the method of Bradford [41] using bovine-serum albu-
min  as the standard.

2.5. Pro and GB determination

For the determination of the Pro concentration, leaves were
homogenized in 5 ml  of ethanol at 96%. Insoluble fraction was
washed with 5 ml  of ethanol at 70%. The extract was centrifuged
at 3500g for 10 min  and the supernatant was preserved at 4 ◦C for
proline determination [42]: a 1 ml  aliquot of the supernatant was
taken and, after adding reactive ninhydrin acid reagent (ninhydrin,
phosphoric acid 6 M,  glacial acetic acid 60%) and glacial acetic acid
at 99% (2.5 ml), was placed in a water bath at 100 ◦C. After 45 min,
the tubes were cooled on ice, and 5 ml  of benzene were added.
After 5–10 min  the absorbance of the organic phase was  measured
at 515 nm.

GB concentration was  determined by the method of Grieve and
Grattan [43]. GB was  extracted from 38 mg  of dry plant material in
1.5 ml  of distilled water gently shaking for 24 h. Extract was  filtered
and added 2 ml  of 2 N H2SO4, the solution was incubated 16 h at 4 ◦C
and then centrifuged at 9000g 15 min  at 0 ◦C. The pellet obtained
by centrifugation was  resuspended in 1,2 dichloroethane. After 2 h
the GB content was  measured by reading absorbance at 365 nm,
and quantified using a standard curve of GB.

2.6. Amino acid determination

Soluble AAs were extracted in 1 ml  of 80% ethanol, left for 30 min
at 4 ◦C and centrifuged. The supernatant was filtered through
Waters Sep-Pak C18 Light Cartridges. An aliquot (50 �l) of the
extract was derivatized for 1 min  with oPA and separated by HPLC
for AA analysis. Chromatographic equipment was from Gilson. The
oPA derivatives were separated on a reverse-phase C18 ultras-
phere column (250 mm × 4.6 mm).  Solvent A consisted of 50 mM
NaOAc (pH 7) plus 1% tetrahydro-furane and solvent B was  abso-
lute methanol (Carlo Erba). A sample (20 �l) of the mixture was

injected and eluted at a flow rate of 1 ml min−1. The eluted oPA
derivatives were detected by a fluorometer detector (model 121;
GILSON). Quantification of single AAs was made against a relative
calibration curve and expressed as �mol  g−1 fresh weight [44].
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Table 4
Response of enzymes responsible for NH4

+ assimilation and concentration of total reduced N in L. sativa and B. oleracea leaves submitted to Zn deficiency.

GS (�M glutamylhydroxamate
mg prot−1 min−1)

GOGAT (�Abs mg  prot−1min−1) GDH (�Abs mg prot−1 min−1) Total reduced N (mg  g−1 PS)

L. sativa Control 15.04 ± 0.58 1.32 ± 0.06 1.00 ± 0.09 44.12 ± 2.07
0.01  �M Zn 2.62 ± 0.31 0.56 ± 0.05 0.17 ± 0.01 44.98 ± 1.87
p-value *** *** *** NS
LSD0.05 1.39 0.16 0.19 5.91

B.  oleracea Control 11.07 ± 0.38 1.35 ± 0.06 4.25 ± 0.14 24.36 ± 1.40
0.01  �M Zn 6.67 ± 0.21 0.45 ± 0.04 0.26 ± 0.03 17.07 ± 0.64
p-value *** *** *** ***

LSD0.05 0.91 0.14 0.31 3.26

Analysis of variance
Doses (D) *** *** *** NS
Especies (E) NS NS *** ***

D × E *** NS *** *

LSD0.05 0.8 0.1 0.17 3.24

Values are means ± S.E. (n = 9) and differences between means were compared by Fisherı́s least-significance test (LSD; P = 0.05). The levels of significance were represented
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y  p > 0.05: ns (not significant). **p < 0.01.
* p < 0.05.

*** p < 0.001.

.7. Statistical analysis

Data were subjected to a simple ANOVA at 95% confidence, using
he Statgraphics Centurion XVI program. A two-tailed ANOVA was
pplied to ascertain whether the doses of Zn and the species signif-
cantly affected the results and means were compared by Fisher’s
east significant differences (LSD). The significance levels for both
nalyses were expressed as * P < 0.05, ** P < 0.01, *** P < 0.001, or NS
not significant).

. Results

.1. Biomass and Zn concentration

Zn deficiency treatment caused a decrease in foliar Zn concen-
ration relative to control in both L. sativa and B. oleracea, although
his decrease was greater in B. oleracea (Table 1). Plants subjected
o Zn deficiency of both species showed a significant decrease in
oliar and root biomass due to the lower concentration of Zn in
he plant (Table 1). The shoot biomass was reduced equally in both
pecies, although the reduction in root biomass was greater in L.
ativa plants over control without Zn deficiency (Table 1).

.2. Production of NH4
+: NO3

− reduction and photorespiration
NO3
− concentration showed opposite trends in both species

nder Zn deficiency. While in L. sativa was increased relative to
ontrol in B. oleracea was reduced (Table 2). NR activity was lower

ig. 1. Effect of Zn deficiency on Pro concentration in L. sativa (A) and B. oleracea (B) leav
sing  Fisher’s least-significant difference test (LSD; p = 0.05). Asterisk (*) indicates signific
compared to controls in both species under Zn deficiency (Table 2),
being this reduction most important in L. sativa.  In L. sativa plants
NH4

+ concentration did not differ with respect to the plants with-
out Zn deficit, but in B. oleracea plants foliar concentration of NH4

+

increased by Zn deficiency treatment (Table 2). Regarding pho-
torespiration, both GO and GGAT activities increased in both species
under Zn deficit compared to control plants (Table 3). There were
no significant differences from controls in the HR activity in both
species (Table 3).

3.3. NH4
+ incorporation and assimilation products

GS, GOGAT and GDH activities diminished compared to con-
trols in plants under Zn deficiency in both species (Table 4). Total
reduced N concentration was not significantly affected by Zn defi-
ciency treatment in L. sativa, whereas in B. oleracea was  reduced
compared to plants not subjected to Zn deficiency (Table 4).

3.4. N derived protective compounds

Zn deficiency had opposite effects on the N derived protective
compounds concentration in the two  species analyzed. Pro concen-
tration was reduced by Zn deficiency treatment in L. sativa,  while

in B. oleracea increased compared to controls (Fig. 1). GB levels fol-
lowed the same trend as those of Pro, decreasing in L. sativa and
increasing in B. oleracea plants respect GB levels of control plants
(Fig. 2).

es. Columns are mean ± SE (n = 9) and differences between means were compared
ant difference with control groups.
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ig. 2. Effect of Zn deficiency on GB concentration in L. sativa (A) and B. oleracea (B
sing  Fisher’s least-significant difference test (LSD; p = 0.05). Asterisk (*) indicates s

.5. AAs concentration

Zn deficiency treatment caused a great increase in Gly concen-
rations in L. sativa plants, but the rest of free AAs were decreased
xcept Ser with no differences respect control plants (Table 5).
egarding B. oleracea plants, all the AAs analyzed increased their
oncentration by Zn deficiency treatment, except Ser and Gly whose
alues did not differ from control plants (Table 5).

. Discussion

.1. Biomass and Zn concentration

One of the most obvious symptoms of Zn deficiency treated
lants is the loss of biomass as observed in crop plants like let-
uce, tomato, potato, carrot and onion [4]. It was observed that Zn
eficiency is the most widespread micronutrient deficiency in rice
nd its produces significant crop losses [45]. In an experiment with
everal rice genotypes grown in hydroponics with 0.1 �M of Zn
lants were stunted and showed a 75% reduction in shoot Zn con-
entration [46]. In another study B. oleracea plants treated with

 �M of Zn after two weeks without Zn in the nutritive solution,
oliar biomass showed reductions of up to 62% from control plants
47]. In our study the results suggest that under Zn deficiency condi-
ions L. sativa is able to accumulate higher Zn concentrations in the
hoot (Table 1). In fact, in Zn deficient L. sativa plants, foliar Zn con-
entration reduced by 20% while in B. oleracea plants reduction was
8% compared to controls (Table 1). However, this unequal reduc-
ion in leaf Zn concentration caused a similar reduction in biomass
n both species studied, although there was a greater reduction in
oot biomass over control in L. sativa (Table 1). Therefore, L. sativa
s capable of storing Zn in the shoot greater extent than B. oleracea,
evertheless, deficiency effects are observed in this species mani-

ested by a reduction of biomass. On the other hand, B. oleracea was
nable to accumulate as much as Zn L. sativa but its reduction in
iomass was similar to that of this specie, suggesting that B. oleracea

s less sensitive to Zn deficiency than L. sativa.

.2. NH4
+ production: NO3

− reduction and photorespiration

Several studies have shown that NO3
− reduction to NH4

+ has a
irect impact on biomass production [9,10]. In our study this pro-
ess is diminished in Zn deficient plants, which could be a reason
hy the biomass is reduced in the plants studied. We  observed

hat NO3
− concentration increases slightly compared to control in
n deficient L. sativa plants, whereas in B. oleracea plants subjected
o the same treatment decreases (Table 2). Furthermore, NR activity
as lower in both species under Zn deficiency, being more signif-

cant the reduction in L. sativa with a 54% decrease compared to
es. Columns are mean ± SE (n = 9) and differences between means were compared
ant difference with control groups.

the control plants (Table 2). The lower NO3
− concentration in Zn

deficient L. sativa plants can be explained by the fact that NO3
−

absorption is not impaired and NR activity is diminished in these
plants (Table 2), as it has been demonstrated that by inhibition of
NR activity an accumulation of NO3

− may  occur due to the decreas-
ing rate of reduction to NO2

− [48]. Furthermore, it was  found that
NO3

− concentration could decrease in Zn deficient plants because
these absorb fewer this nutrient than control plants [15]. This could
be caused by the impairment in cell membrane permeability and,
therefore, the impairment in NO3

− absorption [49]. This could
explain the decrease in NO3

−concentration we observed in Zn defi-
cient B. oleracea plants with respect to control plants (Table 2). In
addition, that decrease in NO3

− levels could explain the lower NR
activity in these plants (Table 2). Harper and Paulsen [15] observed
the same results in wheat plants under Zn deficiency, they had
lower NR activity and they suggested that it was due to the lower
NO3

− concentration in these plants because its absorption was less
than in control plants without Zn deficiency. In another study with
rice and millet plants under Zn deficiency the researchers observed
that NR activity was  reduced compared to the control plants, with
the greatest reduction in rice. A possible explanation is the lack of
NADH produced by reducing photosynthesis due to Zn deficiency,
affecting lesser extent millet plants with C4 metabolism [16].

NH4
+ levels showed no significant differences from the L. sativa

control plants whereas in B. oleracea were increased by 22% in
Zn deficient plants with respect control plants (Table 2). It has
been found that when photorespiratory process is active can pro-
duce more NH4

+ than by reducing NO3
− and therefore is essential

to maintain N metabolism [12]. In our experiment Zn deficiency
causes an increase in photorespiratory cycle, manifested by a large
increase in GO and GGAT activities regarding controls in the two
species studied (Table 3). However, there were no significant dif-
ferences from controls in the HR activity in both species (Table 3).
Comparing both species, B. oleracea has higher GGAT and HR activ-
ities with respect to the controls that L. sativa plants (Table 3). This
could be one reason for the B. oleracea greater resistance against Zn
deficit, since greater photorespiration activity can help in ROS elim-
ination [12]. As consequence of increased photorespiration rate
levels of NH4

+ should be increased on the plant, but this only hap-
pens in B. oleracea (Table 2). In a study conducted by Seethambaram
et al. [50] similar results were observed in rice plants being that
Zn deficiency caused an increase in the photorespiratory cycle and
hence a higher release of NH4

+ by decarboxylation of Gly could
compensate the decrease in the NO3

− reduction.
4.3. NH4
+ incorporation and assimilation products

Once NO3
− is reduced to NH4

+ this is rapidly assimilated because
if NH4

+ accumulates it can produce toxicity symptoms [8]. The NH4
+
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ssimilation is carried out mainly by the GS/GOGAT cycle that pro-
uces Glu as a result of primary assimilation of N [51]. In a study of
illet plants grown under Zn deficiency conditions, it was  observed

hat GS and GOGAT activities were decreased. The authors postu-
ated that this effect was due to the lack of ATP for GS activity and
he lack of reduced ferredoxin for GOGAT activity that occurs as

 result of Zn deficiency [16]. In similar studies in rice plants no
ecrease was observed in GS and GOGAT activities because, accord-

ng to the authors, the release of NH4
+ from photorespiration must

e detoxified and assimilated by these enzymes [17,16].
According to our results, Zn deficiency adversely affects

S/GOGAT enzyme activity in leaves of both species (Table 4). How-
ver for GS activity, the percentage reduction relative to control
as higher in L. sativa,  with 83% reduction activity with respect to

lants without Zn deficiency (Table 4). If increased levels of NH4
+

rom photorespiration is not linked to increased GS/GOGAT activity
an produce a toxic buildup of NH4

+ [8]. In L. sativa NH4
+ concentra-

ion was not affected despite GS and GOGAT activities were affected
y Zn shortage (Table 2). This could be due to the greater decrease

n NO3
− reduction and smaller increase in GGAT activity produced

n this species (Table 3), resulting in a lower production of NH4
+

n L. sativa compared to B. oleracea. Furthermore, as observed in
rabidopsis thaliana, L. sativa plants could compartmentalize NH4

+

tself or as urea in the root cells vacuoles to avoid toxic accumula-
ion in leaves [52,53].

GDH enzyme has a minor role in NH4
+ assimilation. However,

t has been found that this enzyme is more active when there is
 higher NH4

+ concentration in cells [14]. In our experiment, GDH
ctivity is heavily reduced in both species (Table 4), with 80% reduc-
ion in L. sativa and 90% in B. oleracea with respect to controls
Table 4). Although NH4

+ concentration is higher in Zn deficient
. oleracea plants (Table 2), in these plants there is less GDH activ-

ty (Table 4). This is probably because Zn is necessary for normal
ctivity of this enzyme [1].

The result of NH4
+ assimilation can be quantified by analyzing

he total reduced N, which is usually the product of assimilation of
 and consists mainly of AAs and proteins. Therefore, it is an essen-

ial parameter to determine the plant nutritional status [10]. Our
esults show that total reduced N concentration is not affected sig-
ificantly by Zn deficit in L. sativa,  while is reduced by 30% compared
o control in B. oleracea plants (Table 4). This could be due to the

ower GS/GOGAT activity which occurs as a result of Zn deficiency.
owever, we did not observe a lower total N reduced concentration

n Zn deficient L. sativa plants in spite of the lower GS/GOGAT activ-
ty (Table 4). A possible explanation could be that GS/GOGAT cycle

able 5
esponse of foliar amino acids concentration (�mol  g-1 FW)  in L. sativa and B. oleracea lea

Arg Asn Asp Gln 

L. sativa Control 2.52 ± 0.03 2.93 ± 0.06 3.05 ± 0.09 5.11
0.01  �M Zn 1.05 ± 0.09 1.16 ± 0.07 2.75 ± 0.15 3.31
p-value *** *** NS ** 

LSD0.05 0.25 0.26 0.50 0.68

B.  oleracea Control 0.39 ± 0.04 0.94 ± 0.01 1.81 ± 0.1 2.37
0.01  �M Zn 0.6 ± 0.03 1.07 ± 0.03 2.24 ± 0.08 3.07
p-value * NS * **

LSD0.05 0.13 0.28 0.36 0.45

Analysis of variance
Doses (D) *** *** NS **

Especies (E) *** *** *** ***

D × E *** *** * *** 

LSD0.05 0.12 0.16 0.26 0.34

alues are means ± S.E. (n = 9) and differences between means were compared by Fisherı́
y  p > 0.05: ns (not significant).

* p < 0.05.
** p < 0.01.

*** p < 0.001.
cience 248 (2016) 8–16

in roots is not affected to the same extent as in leaves and there-
fore AAs produced in root would be transported to the shoot and
total reduced N concentration would be maintained. It has been
proved that Boron (B) deficient tobacco plants are able to induce
their GS and GOGAT activities in roots to detoxify the NH4

+ excess
produced due to B deficit stress [54]. Further research would be
needed in order to find out how Zn deficiency affects N metabolism
in L. sativa roots.

4.4. N derived protective compounds

N derived protective compounds act as organic compatible
solutes and normally they are not toxic at high concentrations in
the cell [18]. These compounds can protect plants against stress by
adjusting the osmotic potential, detoxifying ROS, protecting mem-
brane integrity and stabilizing enzymes and proteins [19]. Among
these compounds are Pro and GB [21].

According to our results, Zn deficiency causes a 65% decrease
in Pro concentration and 39% decrease in GB concentration in L.
sativa plants compared to controls (Figs. 1 A and 2 A). In a study
in P. vulgaris plants under Zn deficit a lower concentration of Pro
was also observed in Zn deficient leaves [24]. This could be because
Zn affects some necessary process for Pro synthesis in this species.
One possibility would be a lower synthesis of Glu as a result of the
decrease in GS/GOGAT and GDH activities since Glu is a precursor
in Pro synthesis. In B. oleracea we  observe the opposite effect to
that produced in L. sativa because in plants under Zn deficit Pro and
GB concentration increase by 86% and 287% respectively compared
to controls (Figs. 1 B and 2 B). This is consistent with what was
observed in cabbage plants (B. oleracea) [22] and rice plants [23]
in which Pro concentration increase over control in Zn deficient
plants.

Considering the GB synthesis route in plants, if Ser accumulates
it will enhance GB synthesis. According to our results, B. oleracea
plants under Zn deficiency appropriate conditions for Ser building
up exist: there is an increase in GO and GGAT activities and also
HR activity is not increased (Table 3) so hydroxypyruvate accumu-
lates and hence Ser would accumulate too. Therefore, in B. oleracea

Pro and especially GB buildup seems to be a mechanism for Zn
deficiency tolerance because despite having greater decrease on
Zn concentration in leaves, compared with L. sativa,  the biomass
decrease is similar to that of this species.

ves submitted to Zn deficiency.

Glu Gly His Ser Tyr

 ± 0.10 4.85 ± 0.12 0.23 ± 0.00 0.36 ± 0.02 1.70 ± 0.09 0.18 ± 0.00
 ± 0.22 3.97 ± 0.12 1.93 ± 0.02 0.35 ± 0.02 1.76 ± 0.08 0.11 ± 0.01

** *** NS NS ***

 0.46 0.05 0.07 0.33 0.02

 ± 0.01 3.87 ± 0.17 0.23 ± 0.00 0.23 ± 0.02 3.58 ± 0.08 0.34 ± 0.00
 ± 0.16 4.57 ± 0.19 0.20 ± 0.02 0.43 ± 0.02 3.04 ± 0.21 0.78 ± 0.04

NS NS ** NS ***

 0.71 0.04 0.08 0.62 0.11

NS *** ** NS ***

NS *** NS *** ***

*** *** *** * ***

 0.35 0.03 0.04 0.29 0.05

s least-significance test (LSD; P = 0.05). The levels of significance were represented
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.5. AAs concentration

Previous studies show that free AAs profile change in plants sub-
itted to Zn deficiency, in this sense, an increase in aspartic acid

Asp), asparagine (Asn) and Gln was observed in rice plants and this
ncrease was lower in Zn efficient genotypes [55]. In other exper-
ments carried out in tomato [56] and rice [17] grown under Zn
eficiency Ser, Asn and Gln were also accumulated. In our exper-

ment L. sativa plants grown under Zn deficiency showed a 728%
ncrease in Gly concentration respect control plants (Table 5) and
his could be one reason why L. sativa can accumulate a higher Zn
oncentration than B. oleracea. In two independent experiments
arried out in lettuce plants treated with different Zn-AA com-
lexes, the results showed that Zn(Gly)2 complexes were more
ffective promoting the plant growth and this complex is one of the
ost helped the Zn accumulation in the shoot [57,58]. The lower

rginine (Arg), Asn, Glu and Gln concentrations might be caused by
he lower N assimilation activity in this species under Zn deficiency
Table 4). Respecting B. oleracea plants we did not observe differ-
nces in Gly concentration in Zn deficient plants with respect to
ontrol, but in this case histidine (His) increased by 63% (Table 5).
his AA has high Zn affinity and it is important for Zn homeostasis in
nother Brassicaceae species like Thlaspi caerulescens [59], although
n our experiment His did not help to accumulate more Zn. Further-

ore in these plants tyrosine (Tyr) increased by 94% (Table 5) and
his can be explained by an activation of Tyr metabolism caused
y Zn deficiency to synthesise tocopherol antioxidants [60]. Finally
ln, Asp and Arg were increased by Zn deficiency in B. oleracea
lants (Table 5). These are transport AAs and they are often pro-
uced actively as a result of NH4

+ increase in leaves as we observed
n our B. oleracea plants grown under Zn deficiency (Table 2) to
void NH4

+ excess in leaves [61].

. Conclusions

The results show that Zn deficiency negatively affects both NO3
−

eduction and NH4
+ assimilation, enhance photorespiration and

hange the free AAs profile in the two species studied. According
o our results, L. sativa would be more suitable than B. oleracea for
rowing in soils with low concentration and/or availability of Zn
ince it is able to accumulate a higher Zn concentration in leaves
ikely due to a Gly accumulation and presents similar biomass
eduction. However, B. oleracea is able to accumulate N derived
rotective compounds to cope with Zn deficiency stress. Therefore

 possibility in plant breeding could be performing genetic manipu-
ation techniques to induce greater production of such compounds.
hese techniques would be particularly useful in species such as L.
ativa able to accumulate more Zn under deficiency conditions as
hey would reduce the biomass loss produced by Zn deficit.
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