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Abstract

Copper is essential for the growth and development of plants. This micronutrient af-
fects chlorophyll content, photosynthesis process and water relations in the plant. The ob-
jective of this study was to determine the effect of copper deficiency in soil on the rate of
photosynthesis and transpiration, water use efficiency, leaf greenness and the yield of se-
lected cultivars of perennial ryegrass (Lolium perenne L.) and orchard grass (Dactylis glo-
merata L.). During the growing season, the rate of photosynthesis and transpiration was
measured using a LI-COR 6400 gas analyzer (Portable Photosynthesis System), and leaf
greenness was estimated with a Minolta SPAD-502 chlorophyll meter. Water use efficiency
(WUE) was calculated based on instantaneous values of photosynthesis and transpiration.
Dry matter yield was determined by green matter drying to constant weight at 105°C. The
results of the study indicate that copper deficiency significantly decreased the rate of pho-
tosynthesis and transpiration, chlorophyll concentration in leaves and the yield of all inve-
stigated cultivars. Perennial ryegrass cv. Maja was found to be most resistant to copper
deficiency — it was characterized by a high rate of photosynthesis and transpiration, and
by the highest chlorophyll content. The yield of cv. Maja attained under copper deficit con-
ditions was comparable to that of other cultivars grown under control conditions.
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WPLYW NIEDOBORU MIEDZI NA WSKAZNIKI WYMIANY GAZOWEJ, INDEKS
ZIELONOSCI LISCI (SPAD) ORAZ PLONOWANIE ZYCICY TRWALEJ (LOLIUM
PERENNE L). I KUPKOWKI POSPOLITEJ (DACTYLIS GLOMERATA L.)

Abstrakt

MiedZz jest mikroelementem niezbednym do prawidlowego wzrostu i rozwoju roslin.
Wplywa na zawarto$¢ chlorofilu, proces fotosyntezy oraz gospodarke wodng roslin. Celem
pracy byta ocena wplywu niedoboru miedzi w glebie na intensywno$¢ fotosyntezy i transpi-
racji, wspotezynnik wykorzystania wody, indeks zielono$ci lisci oraz plonowanie wybranych
odmian zycicy trwalej (Lolium perenne L.) i kupkéwki pospolitej (Dactylis glomerata L.).
W okresie wegetacji mierzono intensywnos¢ fotosyntezy i transpiracji za pomoca przeno-
$nego analizatora gazowego LI-COR 6400 i indeks zielonoSci liSci za pomoca optycznego
chlorofilometru Minolta SPAD-502. Na podstawie chwilowych wartosci fotosyntezy i trans-
piracji wyliczono wspétezynnik wykorzystania wody (WUE). Plon suchej masy okreslono
przez wysuszenie zielonej masy w temperaturze 105°C do statej wagi. Wykazano, ze niedo-
bor miedzi istotnie ograniczyt intensywnosé fotosyntezy, transpiracji, poziom chlorofilu w li-
Sciach oraz plonowanie wszystkich badanych odmian. Odmiang najbardziej odporna na nie-
dobdr miedzi byta Maja, ktéra odznaczala sie wysoka intensywnoscig fotosyntezy i transpiracji
oraz najwiekszg zawartoScig chlorofilu. W warunkach niedoboru miedzi plonowata ona na
poziomie pozostalych odmian uprawianych w warunkach kontrolnych.

Stowa kluczowe: niedobor miedzi, zycica trwata, kupkéwka pospolita, fotosynteza, tran-
spiracja, WUE, indeks SPAD, plonowanie.

INTRODUCTION

Copper is essential for the growth and development of plants. This mi-
cronutrient influences chlorophyll content, participates in the processes
of protein and carbohydrate synthesis, and positively affects the activity of
nitrate reductase (FaLkowskI et al. 1990, Kupuk 1996, TERELAK et al. 1998,
KaBaTta-PENDIAS, PENDIAS 1999, BARczAK et al. 2006). Moreover, copper has an
impact on the photosynthesis process and water relations in the plant. Cop-
per deficiency decreases the rate of photosynthesis and increases the rate of
respiration (Ruszkowska, WoJCIESKA-WYSKUPAJTYS 1996), and it induces chang-
es in the structure of leaf epidermis and stem tissue. Under copper deficit
conditions, stomata, parenchymal and sclerenchymal cells of the stem be-
come smaller, while xylem cells undergo deformations. These undesirable
changes limit water flow in the soil-plant system, leading to plant wilting
(Dyk1, Borkowski 2000). The copper content of plants varies widely depend-
ing on the part of plant, growth stage, species and variety, as well as on
copper concentrations in soil and climate conditions (KaBATA-PENDIAS 1996,
Ruszkowska et al. 1996a).

The objective of this study was to determine the effect of copper defi-
ciency in soil on the rate of photosynthesis and transpiration, water use
efficiency, leaf greenness and the yield of selected cultivars of perennial rye-
grass and orchard grass.
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MATERIALS AND METHODS

The experiment was conducted in a greenhouse of the University of
Warmia and Mazury in Olsztyn. Kick-Brauckmann pots were filled with 10 kg
of soil developed from loose sand, characterized by a low content of phos-
phorus (31 mg-kg1), potassium (42 mg-kgl), magnesium (13 mg-kg'!) and
copper (4.5 mg-kg1). Soil reaction was slightly acidic - pH 5.8 dm™ in 1 mol
KCI. The experiment was performed in four replications. In each pot, 2 to
3 seeds of grass were sown at 10 points, and the plants were thinned imme-
diately after emergence, leaving 7 plants per pot. The experiment involved
two cultivars of perennial ryegrass (Lolium perenne L.): tetraploid Maja and
diploid Argona, and two cultivars of orchard grass (Dactylis glomerata L.):
tetraploid Dala and diploid Areda. Control pots were fertilized with a nutri-
ent solution containing 1.00 g N as CO(NH,),, 0.25 g P as KH,PO,, 1.00 g
K as Ky,SO, and 0.50 g Mg as MgSO,-7H,0. A micronutrient solution
(30 mg-potl), composed of 2.65 mg Fe in EDTA, 0.09 mg MnCl,-4H,0,
0.1mg ZnCl,, 0.03 mg CuCl,-2H,0, 0.12 mg H3BO3 and 0.01 mg
(NHygMo,04,-4Hy0 per kg of soil, was also applied. The remaining pots
were not fertilized with copper. P, K and Mg were applied pre-sowing at
a single rate, while nitrogen and microelements were applied at three rates:
pre-sowing, after the first and second cutting. During the growing season
leaf greenness was estimated with a Minolta SPAD-502 chlorophyll meter,
while the rate of photosynthesis and transpiration was measured using a LI-
COR 6400 gas analyzer (Portable Photosynthesis System), at air tempera-
ture of around 25° C, a constant CO, concentration of 400 ppm, illumination
of 1000 pmol m2 s'! and soil moisture content of around 70% of field water
capacity. Measurements were taken on the youngest, fully developed leaf of
shoots selected randomly in each treatment. Four measurements were per-
formed for each regrowth, and readouts were taken at one-week intervals.
Mean values for regrowths are presented in the paper. Water use efficiency
(WUE) was calculated based on instantaneous values of photosynthesis and
transpiration. The aboveground parts of plants were cut three times over
the growing season: cut I — 9 July, cut II — 30 August, cut III — 25 October.
Dry matter yield was determined by green matter drying to constant weight
at 105°C. The results were processed statistically with the use of Statistica
software. The significance of differences was verified by Tukey's test at
p = 0.99.
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RESULTS AND DISCUSSION

Copper deficiency disturbs the conversion of light energy into chemical
energy, thus reducing the rate of photosynthesis and photosynthetic activity
in plants. The average rate of photosynthesis was low in the leaves of all
investigated grass cultivars, and it ranged from 5.59 to 8.88 nmol CO, mZsl
(Table 1). Cv. Maja was marked by the highest rate of photosynthesis. The
course of this process was widely differentiated in particular regrowths. The
lowest rate of photosynthesis was observed in the first regrowth, while the
highest — in the second regrowth. Copper deficiency in soil significantly lim-
ited photosynthesis intensity in the leaves of all tested cultivars. Compared
to control treatments, the rate of photosynthesis decreased by 25%. Tetra-
ploid cultivars were more resistant to copper deficiency than diploid culti-
vars. Among the tested cultivars, cv. Dala was found to be most resistant to
copper deficiency. The rate of photosynthesis decreased to the slightest de-
gree in this cultivar, i.e. by 15% on average, compared to 22-36% in the
other cultivars. Orchard grass is known for its ability to accumulate copper.
FarLkowski et al. (1990) reported that the concentration of this micronutrient
was substantially higher in orchard grass than in perennial ryegrass under
copper deficit conditions. This probably explains the weaker response of or-
chard grass to copper deficiency, in comparison with perennial ryegrass.

In the present study copper deficiency decreased transpiration intensity,
on average by 31% (Table 2). The investigated cultivars differed in their
responses to copper deficit. The weakest response was recorded in cv. Maja,
while the strongest in cv. Argona — the rate of transpiration decreased in
these cultivars by approximately 16% and 42% respectively. Dyka and
Borkowski (2000) demonstrated that in tomato plants copper deficiency caused
a reduction in the thickness of the xylem layer and deformation of xylem
cells as well as the closing of stomata, thus disturbing water transport and
limiting transpiration. Perennial ryegrass cultivars evaporated more water
than orchard grass cultivars. Particular regrowths differed with respect to
the rate of transpiration, which was the fastest in the first regrowth and
the slowest in the third regrowth.

Water relations in the plant can be determined based on water use effi-
ciency (WUE). The highest water use efficiency was observed in the third
regrowth, which resulted from a low rate of transpiration (Table 3). In or-
chard grass cultivars, higher values of WUE were recorded in treatments
not fertilized with copper, whereas in perennial grass cultivars — in control
treatments. Among the tested cultivars, the lowest WUE (mean value for
regrowths) was reported for cv. Argona, while differences between the re-
maining cultivars were statistically non-significant.

Copper participates in chlorophyll biosynthesis (Grzy$ 2004) — around 70%
of copper can be found in chloroplasts. Copper deficiency in soil had a signifi-
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Table 1
Intensity of photosynthesis (umol CO, m?2gl)
Cultivars Fertilization 1%t cut ond cut 3rd cut Mean
Areda control object copper 5.98%cd 9.17¢ 7.384d 7.51¢
deficiency 3.36¢ 8.29°0 5.12¢ 5.59 ¢
Dala control object copper 7.16¢ 8.39°b 5920 7.164d
deficiency 6.224d 6.98 @ 5.02 @ 6.07°%
Arcona control object copper 9467 10.25 4 6.93 ¢ 8.887
g deficiency 4.36° 6.82¢ 5870 5.69 @
Maia control object copper 6.304 10.43 4 9.01¢ 8581
J deficiency 5.13 bc 8.96°¢ 5910 6.66 ¢
Mean for cultivars
Areda 4,674 8730 6.250 6.55 ¢
Dala 6.69 ¢ 7.68 ¢ 547¢ 6.61¢
Argona 691°¢ 8540 6.40 0 7.28%
Maja 5710 9.69 ¢ 7.46 ¢ 7.62¢
Mean for fertilization
Control object 7.22°% 9560 7.31°% 8.03%
Copper deficiency 477 7.76 @ 548 6.00 @
Mean for cuts 5.60 ¢ 8.66 0 6.39 ¢ 7.02¢

*homogeneous statistical groups (values marked with same letter did not differ statistically)

Table 2
Intensity of transpiration (m mol H,O m?2 gl
Cultivars Fertilization 15t cut ond eyt 3rd cut Mean
Areda control object copper 0.90° 0.92¢ 0.52¢ 0.78d
deficiency 0.64 @ 0520 0.35¢ 0.50 @
Dala control object copper 1.04¢ 0.77 ¢ 0.53¢ 0.784
deficiency 0.92°% 044 0.36 @ 0.57°%
Argona control object copper 2.03 ¢ 119/ 0.36 ¢ 1.197
g deficiency 0.87° 0.844d 0.374 0.69°¢
Maia control object copper 1214 1318 0.38 @ 0.96 ¢
J deficiency 1.10°¢ 0.844d 0.48° 0.814
Mean for cultivars
Areda 0.77 @ 0.726 0.43°% 0.64 @
Dala 0.98 0 0.60 @ 0.44 b 0.68°
Argona 1454 1.01¢ 0.36 @ 0.94 ¢
Maja 1.15¢ 1.084 0.43°% 0.88¢
Mean for fertilization
Control object 1290 1.04° 045°% 0.93°%
Copper deficiency 0.88 @ 0.66 ¢ 0.39 ¢ 0.64¢
Mean for cuts 1.09 ¢ 0.850 0.42¢ 0.79 b

Explanations, see Table 1
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Table 3
Water use efficiency (umol CO, m?Z s1-m mol Hy,O0 m?Zgl)

Cultivars Fertilization 18t cut 2nd eyt 3rd eyt Mean
Areda control object copper 6.70 0 10.02% | 1426°¢ | 10.33°
deficiency 5.28 @ 16.03¢ | 14.84¢ | 12,0549

Dala control object copper 6.89 % 10.93 ¢ 11.28a | 9.70ab
deficiency 6.74 15959 | 13.96°¢ | 12239

Argona control object copper 4.66 ¢ 8.63¢ 19.11°¢ 10.80 ¢
g deficiency 5.02 @ 8.17¢ 16.09¢ | 9.80a
Maia control object copper 5.23 @ 7.97 4 23897 | 123649
J deficiency 4679 10.63%¢ | 12384 | 923a

Mean for cultivars
Areda 5.99 b 13.02¢ | 1455% | 11.19°%
Dala 6.81°¢ 1344°¢ | 12629 | 10.96°
Argona 4830 8.40 @ 17.60¢ | 10.28¢
Maja 4950 9.30°% 18.14¢ | 10.80°
Mean for fertilization

Control object 5.87°% 9.39¢ 17.14% | 10.80¢
Copper deficiency 5439 13.70 ® 14.32 @ 10.81¢
Mean for cuts 5.65 ¢ 11.04% | 1573¢ | 10.81°%

Explanations, see Table 1

cant effect on chlorophyll concentrations in leaves. Leaf greenness (SPAD)
values decreased by approximately 7-8% in all regrowths under copper defi-
cit conditions (Table 4). Cv. Maja showed the strongest response to copper
deficiency, which was manifested by an 11% decrease in the chlorophyll con-
tent of leaves. At the same time, this cultivar had the highest chlorophyll
concentration (on average 42.73 SPAD). The lowest chlorophyll content of
leaves was recorded in the first regrowth, regardless of a cultivar. This is
consistent with our earlier findings (OLszEwska 2006, OLszEWSKA et al. 2008).

Perennial ryegrass cv. Maja was characterized by the highest yield of all
tested cultivars, both under optimum fertilization conditions and under cop-
per deficit conditions (Table 5). In this cultivar a high yield corresponded
with a high rate of photosynthesis and transpiration, and with the highest
chlorophyll content of leaves. Deficit in soil Cu caused a yield decline in all
the cultivars, but statistically significant differences were observed only with
regard to cv. Areda. Dry matter yield dropped on average by around 8%,
and the highest decline was noted in cv. Dala (approx. 11%). In all the ana-
lyzed cultivars the strongest response to copper deficiency was reported in
the second regrowth, which was reflected by the highest yield decrease.
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Table 4
Leaf greenness index (SPAD)
Cultivars Fertilization 15t cut 2nd eyt 3rd eyt Mean

Areda control object copper 36.13<4 | 40.85% | 42034 | 39.67°

deficiency 33.48¢ | 3890¢ | 40.45% | 37614

Dala control object copper 35.43bc | 41.050¢ | 42,039 | 39500

deficiency 34409 | 3725¢ | 388579 | 36.83¢

Arcona control object copper 39.95¢ | 43.189d | 4158 | 4157¢

g deficiency 36.88¢d | 41.43°%¢ | 39650 | 39320

Maia control object copper 41987 | 4810¢ | 4590¢ | 453349

J deficiency 37.854 42.2¢ | 40.38%c | 40.14°

Mean for cultivars

Areda 34.80¢ | 39.88¢ | 41.23% | 38640

Dala 3491¢ | 3995¢ | 3964 | 38179

Argona 34.41% | 42300 | 4061° | 4044°

Maja 3991¢ | 4515¢ | 43.14°¢ | 4273¢

Mean for fertilization

Control object 38370 | 43290 | 42880 | 4151°

Copper deficiency 35.63 ¢ 39.94 @ 39.83 ¢ 38.48 ¢

Mean for cuts 37.01¢ | 41.82% | 41.16°% | 39.99°
Explanations, see Table 1

Table 5
Dry matter yield (g-pot1)
Cultivars Fertilization 15t cut 2nd eyt 3rd eyt Mean

Areda control object copper 7.38¢ 7.63¢ 5.45 ab 20.45 be

deficiency 7234 6.50 ab 5.03 @ 18.75 @

Dala control object copper 8.15¢ 7.43 be 5.67 ab 21.25 be

deficiency 6.98 @ 6.40a | 562ab | 1900

Argona control object copper 7.50¢ 7.18 be 6.45¢cd 21.07 be

g deficiency 7.684 6.354 598¢<d | 20.00 e

Maia control object copper 8.73 ¢ 7.05 be 6.70 4 2248 ¢

J deficiency 7.93¢ 66505 | 6.35¢ | 20.930bc

Mean for cultivars

Areda 7.30¢ 7.06 ¢ 5.23 @ 19.60 @

Dala 7.56 ¢ 6.91¢ 5.65 @ 20.13 ¢

Argona 7594 6.74 @ 6.21% | 20549

Maja 8.33a 6.854 6.53° 21.70

Mean for fertilization

Control object 793¢a 7.31° 6.07° 21.31°%

Copper deficiency 7.45¢ 6.48 @ 5.74 ¢ 19.67¢

Mean for cuts 7.69 ¢ 6.89 0 591¢ 20.49 @

Explanations, see Table 1
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CONCLUSIONS

1. Copper deficiency significantly decreased the rate of photosynthesis
and transpiration, chlorophyll concentration in leaves and the yield of all
the investigated cultivars.

2. Perennial ryegrass cv. Maja was found to be most resistant to copper
deficiency — it was characterized by a high rate of photosynthesis and tran-
spiration, and by the highest chlorophyll content. The yield of cv. Maja at-
tained under copper deficit conditions was comparable to that of other culti-
vars grown under control conditions.
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