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ABSTRACT

The yield-forming potential of winter wheat is determined by several factors, namely total number of
shoots per plant and total number of spikelets per spike. The field experiments were conducted during three
vegetation seasons at the Plant Breeding and Acclimatization Institute — National Research Institute (PBAI-
NRI), located in Radzikéw, Poland. The objective of this study was a comparative analysis of the structural
yield-forming factor levels, which determine grain yield per spike and per plant of the DH lines and standard
Izolda cultivar. Results indicate that several DH lines showed some differences in tested morphological struc-
tures of plant, yield factor levels and in grain yield per spike and per plant in comparison to standard Izolda,
regardless of the year. Mean grain yield per plant of DH lines was 26.5% lower in comparison to standard
Izolda only in the second year of study. It was caused by a reduction of productive tillers number. Structural
yield-forming potential of DH lines was used in 38% and 59% and in case of Izolda in 47% and 61% (the
second and the third year of experiment, respectively). The mean grain yield per spike of DH lines was 14.8%
lower than Izolda cultivar only in third year of experiment and it was caused by about 12% lower number of
grains per spike. Structural yield-forming potential of DH spikes was used in 82.4%, 85.4% and 84.9% and in
case of Izolda in 83.8%, 87% and 89.5% (the first, the second and the third year of experiment, respectively).
The grain yield per winter wheat plant (both DH lines and standard Izolda) was significantly correlated with
the number of productive tillers per plant (r = 0.80). The grain yield per winter wheat spike (both DH lines
and Izolda cultivar) was significantly and highly correlated with the number of grains per spike (r = 0.96),
number of fertile spikelets per spike (r = 0.87) and the spike length (r = 0.80). Variation of spike and plant
structural yield-forming factors determining grain yield levels were also analyzed. Calculated total variation
coefficients values of each analyzed trait during three-year long studies were different depending on plant
material — DH lines or standard Izolda. Low variation coefficients values characterized following traits (traits
ranked by increasing values for DH lines and standard Izolda, respectively): total spikelets number per spike
(6.6 and 6.3%), spike length (11.1 and 12.6%), fertile spikelets number per spike (13.7 and 11.7%), single
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grain weight (15.0 and 12.2%), shoot length (16.2 and 13.3%), grains number per spikelet (26.4 and 23.3%),
total shoots number per plant (23.4 and 29.6%), grains number per spike (30.1 and 28.2%). Higher variation
coefficients values were obtained for the following traits: grain yield per spike (40.0 and 35.7%), plant imma-
ture tillers number (35.8 and 42.6%), plant productive tillers number (42.2 and 43.2%), spike sterile spikelets
number (46.6 and 44.7%) and number of grains per plant (58.3 and 60.5%). The highest values characterized
grain yield per plant (66.9 and 60.8%).

Key words: winter wheat, doubled haploids, yielding, yield related traits

INTRODUCTION

Winter wheat is a major crop plant species with vast economic importance in
agriculture. Literature about processes of wheat plant growth and development
during season vegetation as well as duration of its several phases and structural
yield-forming factor, which determine the grain yield per plant is very wide.

In terms of crop yielding physiology, including winter wheat, structural yield
-forming factor, which determine the grain yield per plant is the number of
shoots in the plant (overall tillering), which include the number of productive
tillers (productive tillering) bearing spikes with kernels. Structural wheat yield-
forming factors, as in other cereals, are created during certain stages of plant
growth and development (Klepper ef al., 1998) and occur in varying environ-
mental conditions. Total number of shoots including productive tillers is formed
during tillering phase (Klepper et al., 1998). Structural yield-forming factors of
wheat spike are: spike length, total spikelets number including fertile spikelets,
number of grains per spike and average weight of a single grain (Klepper et al.,
1998; Kozddj et al., 2010). The spike structure in the morphological aspect,
mentioned above, is determined during stem elongation phase (Klepper et al.,
1998). The processes of wheat spike morphogenesis and its structure were de-
scribed by Natrova and Jokes (1974). The total number of spikelets per spike is
determined during the formation of terminal spikelet from apical part of inflo-
rescence meristem. The fertile florets number per spike is determined between
booting and anthesis which prerequisite for setting grain potential (Klepper et
al., 1998). The average grain weight at harvest is important yield component
and is related to physiological and biochemical processes during post-anthesis
period (Klepper et al., 1998). According to Hasan ef al. (2011) grain length at
harvest was the trait, which explained final grain weight. Moreover, carpel
weight while pollination showed a positive and linear relation with final grain
weight, irrespectively of the wheat cultivar and grain position within spikelet.

In agronomic aspects, grain yield depends on number of plants per unit of
land area, spikes per plant, spikelets per spike, grains per spikelet, and single
grain weight (Rajala et al., 2009).

In wheat, two techniques are frequently used for doubled haploid production:
anther culture (AC) and wheat with maize hybridization (MP) (Ma et al., 1999;
Guzy-Wrébelska and Szarejko, 2003). Production techniques of wheat doubled
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haploids (DH) are worldwide reported (Zheng, 2003; Konieczny et al., 2003;
Segui-Simarro and Nuez, 2008; Cistué et al., 2009; Redha and Islam, 2010;
Germana, 2011; Islam and Tuteja, 2012).

There is aneed to understand plants growth and development and yield-
forming factors which determine potentially high grain yield per spike and per
plant of DH lines under specific environmental conditions, in long-term field
experiments. One of the DH lines assessment methods is an analysis of the most
important qualitative and quantitative traits variation coefficients rates. Litera-
ture gives limited information about the attributes of the DH lines produced by
anther culture of pure cultivars in opposite to DH lines from the F1 hybrids of
parents. Moreover, general question in this work is whether the grain yield of
wheat DH lines is higher, lower or similar to pure cultivars used to obtain these
DH lines. Literature data about grain yield per plant of DH lines in comparison
with pure cultivars of wheat are in disagreement.

MATERIALS AND METHODS

Winter wheat (Triticum aestivum L.) doubled haploid (DH) lines and stan-
dard Izolda cultivar were used as a plant material in this experiment. Tested DH
lines were obtained via androgenesis from isolated anthers of Izolda cv. in in
vitro culture (Konieczny et al., 2003; Oleszczuk et al., 2011).

The field study were carried out at the Plant Breeding and Acclimatization
Institute National Research Institute (PBAI-NRI), located in Radzikow (52°
13’N, 20°38’E), Poland. The field experiments were carried out during three
vegetation seasons 2005/2006, 2006/2007, 2007/2008. The experiments were
performed in randomized blocks design, with black, podzolizated soil (very
good rye soil complex). Subsequent generations of DH lines and Izolda cv. (100
seeds per 1 m” plot) seeds were sown in 27" of September 2005 (ten DH lines),
26" of September 2006 (two DH lines) and 26" of September 2007 (three DH
lines). The number of seeds used to sow was intentionally low for better under-
estimated of characteristics of DH lines. Before sowing, multicomponent min-
eral fertilization was performed using Polifoska 6 (NPK(S) 6-20-30-(7); 300 kg/
ha) and top dressing — nitrogen fertilization using ammonium nitrate (34%) in
an amount of 100 kg/ha. During the tillering stage chemical weed-out was ap-
plied using Mustang agent contained active ingredients as florasulam and 2,4-D
EHE (210 mg and 1000 mg in one liter at working solution, respectively).

In the full maturity stage, 15 plants were randomly sampled from each plot.
The measurements of the longest plant shoot, the total number of shoots per
plant, including productive tillers and immature tillers including withered
(ontogenetically the youngest shoots in the plant, and strongly withered in har-
vesting time) were performed. The measurements of the spike length, total num-
ber of spikelets per spike including sterile and fertile spikelets and number of
grains per spike were also carried out. Grains from all spikes within plant were
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weighed. The average grain yield per spike was calculated as the ratio of grain
yield per plant and the number of spikes within this plant. The single grain
weight was calculated as the ratio of total weight of all grains from the plant and
the number of grains per this plant. The average grain yield per spike and single
grain weight were calculated, based on data obtained from 15 plants and three
replicates for both DH lines and standard Izolda cv.

The mean values (objective average), standard deviations and coefficients of
variation (CV%) for the analyzed traits of DH lines and standard Izolda cv.
were estimated. The following statistical analyses were also performed:

o assessment of the significance of differences between tested objects —

one- and two-way analysis of variance (ANOVA) according to a fixed
model (Cochran and Cox, 1992; Box et al., 2005; Montgomery, 2005;
Madry et al., 2010);

. assessment of the Pearson correlation coefficients between the ana-
lyzed traits (Rawlings et al., 2001);
J description of the relations appearing between the analyzed traits and

characteristics of the structure of these relationships — a simple path
analysis with designation of main effects and partial determination co-
efficients (Wright, 1921, 1923, 1934; Mankowski 2013).

Statistical analyses were performed using Statistica 12.5 (StatSoft, 2014).
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Fig. 1. Mean daily temperature and sum of monthly precipitation during winter wheat vegetation
in years of study in comparison to long-term averages at Radzikow

The weather conditions during the experiments were described based on the
average monthly air temperature and total rainfall for each month during the
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vegetation season, from September to July (Fig. 1). Meteorological data from
the years of study were obtained from a meteorological station located in the
PBAI-NRI in Radzikéw. The average monthly air temperatures and total rain-
falls for each month were related to the monthly values of the long-term aver-
ages (Fig. 1).

Weather conditions of each vegetation season during the three-year-long field
experiments were different (Fig. 1). In autumn, mean monthly temperatures
were higher (October — December 2006, and December 2007), similar (October
— December 2005), or lower (October and November in 2007). As for the pre-
cipitation, the lowest and the highest mean rainfall occurred in October 2005
and in October 2007, respectively. Winter months during the experiments were
very cold (January — March 2006, February 2007), or very warm (January —
March 2008, January 2007 and March 2007) with a significantly exceeded rain-
fall levels (with the exception of March 2006). In the spring months (April —
June), mean monthly temperature was higher (April 2006 — 2008, May 2007,
and June 2006 — 2008) or lower (May 2006, May 2008). Total monthly rainfall
level in this period was significantly exceeded (with the exception of April
2007, June 2008 and June 2006) compared to long-term averages. July was
characterized by a higher (2006), similar (2008) or lower (2007) mean air tem-
perature and very low (2006) and low (2007 and 2008) rainfall level. In general,
it can be concluded that the processes of plant growth and development were
carried out in a wide range of thermal and rainfall conditions: humid (July
2007), the optimal (April 2006 and July 2008), quite dry (April 2008, May
2006, 2007 and 2008, June 2007), very dry (April 2007, June 2006) and even in
the extremely dry (June 2008).

RESULTS

Statistical analysis of tested traits

The results of data analysis from three-year-long field experiments allowed to
conclude that the tested DH lines were significantly different from the standard
Izolda cv. in respect of some morphological structure features (Table 1). Plants
of DH lines were significantly shorter (by 4.9 cm) than Izolda plants. The total
number of tillers and number of immature tillers per plant of DH lines were
higher (by 1 shoot and 0.8, respectively) in comparison to standard Izolda.
Spikes of DH lines were the same length as Izolda, however they contained sig-
nificantly more spikelets (by 0.3 spikelet), more (by 0.9) sterile spikelets, there-
fore produced significantly less grains (by 0.3) in the spikelet. Plants of DH
lines and standard Izolda cv. were not significantly different in terms of other
traits such as the number of fertile spikelets, number of grains per spike, number
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of grains per plant, weight of single grain, grain yield per spike and grain yield
per plant (Table 1).

Table 1
One-way ANOVA results of winter wheat DH lines and standard Izolda cultivar (control)
quantitative variables from 2006-2008

Mean values of

Trait F statistics
DH lines Izolda cv. (control)

Length of stem (cm) 82.745 b 87.573 a 12.00
Total no. of stems per plant 6.813 a 5817b 16.78
No. of productive tillers per plant 3387 a 3427 a 0.81 ™8
No. of immature tillers per plant 3253 a 2.500 b 11.84
Length of spike [cm] 9.355 a 9.634 a 0.01 ™8
Spikelet no. per spike 21.090 b 21.445 a 11437
Sterile spikelets no. per spike 3.500 a 2.625b 10.09 ™
Fertile spikelets no. per spike 17.591 a 18.820 a 0.28 ™8
Grain no. per spike 41.031 a 49.735 a 223N
Grain no. per spikelet 1929 b 2.295 a 531°

Grain no. per plant 140.040 a 175.690 a 0.01 ™8
Grain yield per plant [g] 6.045 a 7.980 a 0.01 ™8
Grain yield per spike [g] 1.764 a 2.286 a 2.80 N
Weight of single grain [(mg] 41.954 a 45.136 a 121

Homogenous groups marked with letters a and b, the same letter do not differ significantly according to Tukey
test at P = 0.05; Significance: ™ — not significant; " — significant at P = 0.05; * — significant at P = 0.01

Comparison of tested traits of DH lines in relation to year of study

Taking into account the average values of plant as well as spike morphologi-
cal structure and grain yield per plant or per spike a significant impact of year
(environmental conditions determined by rainfall and thermal factors) on differ-
ences revealing in studied traits was found (Table 2).

Table 2
Mean values, standard deviations (SD) and coefficient of variance (CV) of traits
of winter wheat DH lines and standard Izolda cultivar (control)
2006
Parameter
DH DH DH DH DH DH DH DH DH DH Lolda  LSD*

102/06 10/7/06 6/1/06 6/10/06 6/2/06 7/10/06 7/9/06 8/4/06 8/5/06 9/13/06

Length of stem [cm]

Mean 787 82.1 76.5 813 734 767 703 837 159 866 729 11.6
SD 120 857 122 6.75 14.5 109 114 78 719 528 531
CVI[%] 152 104 16.0 83 19.7 142 16.2 94 9.5 6.1 73
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Table 2
Mean values, standard deviations (SD) and coefficient of variance (CV) of traits
of winter wheat DH lines and standard Izolda cultivar (control) — continued
2006
Parameter
DH DH DH DH DH DH DH DH DH DH Lolda  LSD*

10/2/06 10/7/06  6/1/06 6/10/06 6/2/06 7/10/06 7/9/06 8/4/06 8/5/06 9/13/06

No. of productive tillers per plant

Mean 42 42 30 34 29 29 31 2.7 35 31 39 ns
SD 1.15 1.52 131 1.06 074 128 096 1.10 1.19 1.77 1.73
CV[%] 213 362 436 310 259 436 313 402 342 564 447

Length of spike [cm]

Mean 89 9.1 92 9.6 94 9.5 94 9.1 92 9.3 9.0 ns
SD 0.89 1.04 1.20 1.10 1.14 117 095 091 103 089 069
CV[%] 100 114 130 115 12.1 123 10.1 10.0 112 9.6 7.7

Fertile spikelets no. per spike

Mean 160 15.5 170 17.8 16.8 17.3 169 172 174 173 16.6 ns
SD 212 251 237 208 227 279 262 1.88 238 1.83 1.63
CVI[%] 133 162 139 117 135 16.1 155 109 13.7 10.6 9.8

Sterile spikelets no. per spike

Mean 40 39 4.1 31 40 36 37 32 32 28 32 ns
SD 1.68 2.04 1.96 1.54 1.75 222 223 1.49 1.53 1.46 121
CV[%] 420 523 478 497 438 617 603 466 478 52.1 37.8

Total spikelet no. per spike

Mean 200 194 211 210 208 209 206 205 206 201 19.8 1.17
SD 1.16 139 069 08 099 09 073 097 103 088 1.00
CV[%] 58 72 33 4.1 4.8 43 35 4.7 50 44 51

Grain no. per spike

Mean 328 317 393 421 399 398 385 413 380 345 343 ns
SD 108 879 14.1 11.1 11.6 132 14.0 121 113 907 571
CV[%] 328 277 359 264 2900 332 364 292 297 263 16.6

Grain no. per plant

Mean 132 129 116 147 115 115 117 113 133 104 134 ns
SD 478 497 561 713 455 515 494 601 718 553 685
CV[%] 360 387 484 486 395 48 421 534 541 534 511

Grain yield per plant [g]

Mean 515 542 467 657 450 462 478 501 526 472 533 ns
SD 211 223 255 310 220 233 263 297 336 244 275
CV[%] 409 411 546 471 489 505 550 593 63.8 517 516

Grain yield per spike [g]

Mean 129 1.36 1.60 1.90 1.56 1.62 1.57 1.84 1.50 1.61 137  ns
SD 058 048 078 051 066 076 08 067 066 054 033
CV[%] 453 354 484 269 424 472 543 36.1 43 332 241
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Table 2
Mean values, standard deviations (SD) and coefficient of variance (CV) of traits
of winter wheat DH lines and standard Izolda cultivar (control) — continued
2006
Parameter
DH DH DH DH DH DH DH DH DH DH Lolda  LSD*

102/06 10/7/06 6/1/06 6/10/06 6/2/06 7/10/06 7/9/06 8/4/06 8/5/06 9/13/06

Weight of single grain [mg]

Mean 385 421 390 453 377 393 387 439 384 461 398 725
SD 504 583 557 483 682 712 850 437 745 548 424
CV[%] 13.1 139 143 10.7 18.1 18.1 219 100 194 119 106

Grain no. per spikelet

Mean 163 1.63 186 200 191 1.89 185 201 1.83 1.71 173 ns
SD 054 041 064 049 053 058 065 056 050 043 025
CVI[%] 328 250 344 244 277 307 350 277 2710 253 14.6

2007 2008
Parameter
sg/?n 9/11)41/{07 Lzolda  LSD™ 12 308 9/11)31/{08 92/%8 Lzolda - LSD*
Length of stem [cm]
Mean 740 755 759  ns 103 102 102 965 4.1
SD 409 309 412 467 428 433 352
CVI[%] 55 4.1 54 45 42 43 3.6
No. of productive tillers per plant
Mean 24 19 29 067 43 44 4.7 35 13
SD 083 070 074 140 1.50 1.39 1.55
CV[%] 345 364 255 322 341 203 446
No. of immature tillers per plant
Mean 33 37 33  ns 33 30 29 22 1.0
SD 1.05 1.17 135 1.17 131 .10 079
CV[%] 314 320 404 353 436 375 357
Total number of stems per plant
Mean 5.7 5.6 62 ns 7.7 74 7.1 5.7 12
SD 1.16 1.72 1.26 123 140 090 1.84
CVI[%] 204 308 204 16.0 189 117 324
Length of spike [cm]
Mean 93 8.7 88 ns 94 10.6 9.7 100 09
SD 1.07 071 0.90 088 084 071 125
CVI[%] 115 82 102 94 79 73 125
Fertile spikelets no. per spike
Mean 19.1 182 188 ns 175 208 189 192 1.7
SD 2.04 1.74 1.78 145 171 153 209
CV[%] 107 9.6 9.5 83 82 8.1 109
Sterile spikelets no. per spike
Mean 35 30 28 ns 4.1 30 31 2.7 1.1
SD 140 1.11 1.10 1.18 .10 097 1.30
CV[%] 400 370 393 288 367 313 481
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Table 2
Mean values, standard deviations (SD) and coefficient of variance (CV) of traits
of winter wheat DH lines and standard Izolda cultivar (control) — continued

2007 2008
Parameter
sg}({ﬂ 9/11)4}/{)7 Lzolda  LSD* |, 12308 9/11)31/{08 92/%8 Lzolda  LSD*
Total spikelet no. per spike
Mean 26 212 216 075 216 239 220 219 09
SD 073 093 084 082 078 090 1.12
CVI[%] 32 44 39 38 33 4.1 5.1
Grain no. per spike
Mean 46.1 436 456 ns 430 578 472 527 10
SD 945 807 103 945 124 750 124
CVI[%] 205 185 225 20 214 159 234
Grain no. per plant
Mean 111 846 1290 370 |191 264 230 175 ns
SD 493 333 411 946 124 988 917
CVI[%] 445 393 317 494 472 431 557
Grain yield per plant [g]
Mean 467 360 563 1.79 8.84 127 102 840 ns
SD 248 1.61 1.87 554 592 476 467
CV[%] 53.1 47 331 626 466 469 556
Grain yield per spike [g]
Mean 193 183 200 ns 197 279 210 253 06
SD 053 04 060 0.71 064 047 069
CVI[%] 274 239 302 362 229 225 274
Weight of single grain [mg]
Mean 415 418 434  ns 40 482 441 478 ns
SD 419 351 371 507 255 463 487
CVI[%] 101 84 85 113 53 105 102
Grain no. per spikelet
Mean 203 205 210 ns 198 241 214 239 04
SD 036 032 041 040 046 029 047
CV[%] 178 15.8 193 20.2 192 134 19.7

* — Tukey’s LSD (HSD) at P = 0.05

In the first year of the study, significant differences in the stem length were
observed between: DH line 10/7/06 vs. DH line 7/9/06, DH line 6/2/06 vs. DH
line 9/13/06, DH line 7/9/06 vs. DH line 8/4/06, DH line 7/9/06 vs. DH line
9/13/06. Significant differences in the total number of spikelets per spike was
found between lines DH 6/1/06, DH 6/10/06, DH 6/2/06, 7/9/06, DH 7/10/06,
8/5/06. In addition, there were significant differences in the single grain weight
between the lines: DH 9/13/06 vs. DH 10/2/06, DH 6/2/06, DH 7/9/06, DH
8/5/06, and also between DH line 6/2/06 vs. DH line 6/10/06. Between DH lines
tested in the second year of study (year 2007) significant differences in tested
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traits were found only in total spikelet number per spike. Spikes of DH line
5/5/07 had significantly more formed spikelets (6.6%) than spikes of DH line
9/14/07. Between DH lines tested in the third year of experiment (year 2008)
some significant differences were found in several traits, too. Spikes of DH line
9/13/08 were longer, had higher total spikelet number, included higher fertile
spikelet number, higher grains number, yielded better than spikes of remaining
two DH lines — DH line 11/10/08 and DH line 9/13/08.

Comparison of tested traits between individual DH lines and the Izolda cultivar
in relation to year of study

Detailed comparative analysis of all the structural yield-forming factors in
each year of the study allowed to demonstrate significant differences between
several DH lines and the standard Izolda (Table 2). In the first year of the study,
DH line 9/13/06 had longer stems (19%), whereas two lines — DH line 6/1/06
and DH line 6/10/06 had more developed spikelets per spike (6.6 and 6.1%, re-
spectively) than Izolda plants. In the second year of study (year 2007) DH line
9/14/07 was characterized by significantly lower values of following traits:
number of productive tillers per plant (34%), grains number per plant (35%) and
grain yield per plant (36%). Moreover, DH line 5/5/07 was characterized by
significantly higher values of total spikelets number per spike (by 4.6%). In the
third year of experiment (year 2008) following DH lines: DH 11/10/08, DH
9/13/08, DH 9/5/08 were longer from 5.4 to 6.6% and had higher total number
of tillers per plant (35-40%). DH line 9/5/08 had more (47%) productive tillers
per plant. Spikes of DH line 9/13/08 formed more spikelets (9%) whereas DH
line 11/10/08 had less fertile spikelets (about 9%) but more sterile spikelets
(52%) than standard Izolda cultivar.

Based on data presented in Table 2 we can conclude that variation in grain
yield per plant between DH lines and standard Izolda in each year of study was
observed. Among studied DH lines, following lines: DH 6/10/06 and DH
10/7/06, DH 9/5/08 and DH 9/13/08 tended to have higher values of yield-
forming factors and higher grain yield per plant compared to standard Izolda.
Other DH lines yielded insignificantly lower than standard Izolda, regardless of
the year of study (Table 2).

Variation of analyzed traits

Diversified vegetation conditions (rainfall and thermal factors) determined
variation coefficients values of traits both DH lines and standard Izolda, which
were different depending on the year (Table 2). Calculated three-year-long total
variation coefficients values of each analyzed trait were different depending on
plant material — DH line and standard Izolda. Low variation coefficients values
were obtained for the following traits (traits ranked by increasing values for DH
lines and standard Izolda, respectively): total spikelets number per spike (7 and
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6%), spike length (11 and 13%), fertile spikelets number per spike (14 and
12%), single grain weight (15 and 12%), stem length (16 and 13%), grains num-
ber per spikelet (26 and 23%), total stems number per plant (23 and 30%),
grains number per spike (30 and 28%). Higher variation coefficients values
were obtained for following traits: grain yield per spike (40 and 36%), immature
tillers number per plant (36 and 43%), productive tillers number per plant (42
and 43%), sterile spikelets number per spike (47 and 45%), grains number per
plant (58 and 61%), and the highest variation coefficient values were obtained
in case of grain yield per plant (67 and 61%) (Table 2). Similar values of varia-
tion coefficients, regardless of the year, were obtained only in DH lines for fol-
lowing traits: grains number per plant, grain yield per plant, productive tillers
number per plant, immature tillers number per plant, spike length, total spikelets
number per spike. Values of variation coefficients for remaining traits in DH
lines and for all analyzed traits in standard Izolda were unstable in years of ex-
periment (Table 2).

Correlations analysis

A significant correlations between tested traits in DH lines and standard
Izolda were noticed during the three years of experiment (Table 3). Significant
linear correlations between the grain yield per plant and: grains number per
plant (r=0.97), grain yield per spike (r = 0.71), productive tillers number per
plant (r=0.71), spike length (r = 0.71), grains number per spike (r = 0.71), fer-
tile spikelets number per spike (r = 0.66), grains number per spikelet (r = 0.65),
total spikelets number per spike (r=0.63), total tillers number per plant
(r=0.58), stem length (r=0.54), single grain weight (r = 0.46), was found.
Correlation was also noted between grain yield per spike and following traits:
grains number per spike (r = 0.96), grains number per spikelet (r = 0.95), fertile
spikelets number per spike (r=0.87), spike length (r=0.80), single grain
weight (r=0.75), total spikelets number per spike (r=0.64), stem length
(r=0.56). The number of grains per spike was significantly correlated with:
grains number per spikelet (r=0.98), fertile spikelets number per spike
(r=0.90), spike length (r=0.83), total spikelets number per spike (r = 0.69)
and stem length (r =0.51). Taking into account the morphological structure of
spike it was found that spikelet fertility expressed as grains number per spikelet
was highly correlated with spike length (r = 0.80), total spikelets number per
spike (r=0.55), fertile spikelets number per spike (r=0.85) and single grain
weight (r = 0.57). All these interactions have a strong or very strong character.
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Path analysis

In order to characterize the influence of analyzed traits of morphological
structure on winter wheat yield-forming factors path analysis was performed. At
first, from the analysis the following traits were excluded: total shoots number
per plant and spikelets number per spike, because they were a direct, linear combi-
nation of the other analyzed traits. In case of taking them into account in the analy-
sis, model parameters could not be determined, since there would be no solution to
the normal equations in the least squares method (Rawlings et al., 2001).

Table 4
Direct effects among some grain weight per plant and examined traits (parameters) of winter wheat

Trait (parameter) Direct effect t statistics
Length of stem -0.00108 -0.09 ™
Total no. of stems per plant' — —
No. of productive tillers per plant -0.17073 3657
No. of immature tillers per plant 0.00742 0.94 ™8
Length of spike —-0.02389 -0.86 ™
Spikelet no. per spike' — —
Sterile spikelets no. per spike -0.01034 0558
Fertile spikelets no. per spike 0.12828 259"
Grain no. per spike -1.32123 512"
Grain no. per spikelet 0.39799 218"
Grain no. per plant 1.15488 19.72
Grain weight per spike 0.99297 1137
Weight of single grain -0.15093 4517

Significance: ™ — not significant; * — significant at P = 0.05; ™ — significant at P = 0.01 ' — the parameters that
are linear combination of other parameters in the model

Paths analysis for the full model was performed without removing the causal
variables with insignificant Student's t-statidtics (Table 4). This approach also
allows for the expression of the characteristics that make a very small contribu-
tion to observed relationships of cause and effect, but from the substantive point
of view, they have influence on the dependent variable, i.e. grain yield per plant
(Mankowski, 2013). The analysis allowed to present occurring relationships
using cause path model, which described observed variability of grain yield per
plant in 99.3% (R?). In order to determine the impact of morphological structure
individual traits on the observed grain yield per plant path coefficients were
marked out (Table 4). Direct effects analysis allowed to make a conclusion that
the most important role in the direct formation of the final winter wheat grain
yield were: grains number per spike (-1.321), grains number per plant (1.155)
and grains weight per spike (0.993). The smallest direct influence on grain yield
had the following traits: shoot length (0.001), immature tillers number per plans
(0.007), sterile spikelets number per spike (—0.010) and spike length (—0.024).
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DISCUSSION

The three-year study showed that DH lines yielded similarly to standard
Izolda cv. and that differences found in grain yield per plant were insignificant.
The average grain yield per plant of DH lines as well as Izolda cv. was deter-
mined by the same average productive tillers number per plant. However, the
average grain yield per spike in DH lines was significantly different in compari-
son with standard Izolda cv. The grain yield per spike, in both DH lines and
standard Izolda cv. was determined by the following yield-forming factors: fer-
tile spikelets number per spike, grains number per spike and single grain
weight. Among the studied spike yield-forming traits — spikelets number per
spike, sterile spikelets number per spike and grains number per spikelet were
significantly different for DH lines and standard Izolda cv. Other traits — fertile
spikelets number per spike, grains number per spike and single grain weight —
had similar values, though differences were insignificant between DH lines and
standard Izolda cv. This results are opposite to that of Kozd6j et al. (2010) in
spring barley when grain yield per plant in androgenic DH lines derived from
pure cultivar “Scarlett” were compared.

According to literature, winter wheat DH lines derived from wheat anther
culture (AC lines) yielded lower or higher in relation to parents used to hybridi-
zation (Ma et al., 1999; Guzy-Wrobelska and Szarejko, 2003). AC lines com-
pared with MP lines, derived from wheat with maize crosses, yielded lower (Ma
et al., 1999) or higher (Guzy-Wrébelska and Szarejko, 2003). Literature data
shows that wheat DH lines (MP and AC lines) differs in grain yield and some
other yield parameters — yield-forming factors (Inagaki et al., 1998; Guzy-
Wrébelska and Szarejko, 2003; Laurie and Snape, 1990). The variation in grain
yield between DH lines and parent cultivars could be related to the origin of AC
lines (DH androgenic genotypes) as well as MP lines derived from hybrids of
F1, and parental cultivars used to hybridization in these experiments (Ma et al.,
1999; Guzy-Wrdébelska and Szarejko, 2003).

On the agronomic point of view, grain yield of wheat depends on number of
plants per unit area, spikes per plant, spikelets per spike, grains per spikelet, and
single grain weight (Rajala et al., 2009). Grain yield of winter wheat homozy-
gous DH lines and standard Izolda cv. was the result of individual organs
morphogenetic processes, which are a yield-forming factors of plant (total and
productive number of tillers per plant) and spike (spike length, spikelets num-
ber, florets and grains number per spike) occurring during plant growth and de-
velopment phases in vegetation season (Kirby and Appleyard, 1984; Klepper et
al., 1998; Porter and Gawith, 1999). In other papers, the number of spikes per
square meter is mentioned as the yield component in the grain yield formation
of winter wheat (Golba et al., 2013). Total and productive tillers number per
plant forms during the tillering phase, whereas spike morphogenesis, which is
the basic unit of wheat yielding, as well as in other cereals, occurs during the
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shooting to heading-pollination phase. Grains development processes start from
complex embryological processes (embryo, endosperm initiation and develop-
ment, and seed coat development, which are seed key elements), which occur
from the pollination to milk stage and then during the grain growth and devel-
opment phases lasting up to physiological maturity. In literature this period is
known as a grain filling phase and it includes the following stages: grain forma-
tion, milk development, dough development and ripening (Zadoks et al., 1974;
Klepper et al., 1998; Kirby and Appleyard, 1984). The single grain weight is
very important yield-forming factor determining the grain yield of individual
spike within plant (e.g. Modarresi et al., 2010, Talukder et al., 2013). Hasan et
al. (2011) showed that final grain weight had a positive and linear relation with
carpel weight at pollination stage, irrespectively of the cultivar and grain posi-
tion in spikelet. Interestingly, among grain dimensions tested by Hasan et al.
(2011), grain length was the trait, which explained final grain weight.

Weather conditions i.e. thermal and rainfall factors, influence crop plants
growth and development, causing quantitative modifications of plants morpho-
logical structure, durations of developmental phases and yield-forming factors
levels, which determine grain yield per spike and per plant are presented widely
in literature (Gut et al., 1996; Kaur and Behl, 2010; Porter and Gawith, 1999;
Barnabas et. al., 2008; Modarresi et al., 2010; Orzech et al., 2009; Rahman et
al., 2009; Rajala et al., 2009; Spiertz et al., 2006; Ugarte et al., 2007; Balla et
al., 2012, Golba et al., 2013, Talukder et al., 2013). Our results presented in this
publication, concerning the impact of variable weather conditions on plant or
spike morphological structure, yield-forming factors level as an equivalent to
yield components and grain yield per spike and per plant, showed similarities
with literature data presented above. Moreover, the effects of high temperature
and drought on wheat grain structure in anatomical aspects and on grain mass
are also presented in literature (Kaur ef al., 2011).

Standard Izolda cv. generated approximately 6 shoots (the average of three
years — 5.9) and DH lines generated — 7 (the average of three years — 6.8) during
the tillering phase. However, only some of them were productive tillers there-
fore their amounts were similar (the average of three years — 3.4) to both stan-
dard Izolda cv. and DH lines. Laurie and Snape (1990) showed that fertile
shoots number in DH plant depends on cultivar donors used in obtaining DH
plants and is higher in DH lines derived from Chinese Spring. In case of DH
lines derived from Hope cv. the similarities with initial variety was observed. In
addition, other literature sources suggest genotypic differences (specific) in
wheat shoot number (Rahman et al., 2009). Sakamoto and Matsouka (2004)
found that plant shoots number is created by its morphological structure
(architecture) and moreover regulation of plant shoots number is possible with
genetic manipulation methods.

Our results indicated that variable weather conditions in particular years
modified tillers number per plant. High values of coefficient of variation for the
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productive and immature tillers indicated a strong influence of weather condi-
tions on both plant structure traits. Lower average daily temperatures in combi-
nation with lower rainfall levels during October and November of 2007/2008
season, when autumn tillering occurs, were more favourable to generate higher
plant shoots number comparing to higher temperature and rainfall levels in the
same period of 2006/2007 season. According to the authors cited by Nowicka
(1993), in central Poland, the main factor determining winter wheat tillering
degree is thermal conditions during autumn vegetation season. According to
Nowicka (1993), more favorable for winter wheat yields on rye soils (which
were used in the research) are high average daily temperatures in two phases:
from emergence to the autumn growth inhibition and from tillering to wax ma-
turity. In central Poland, on rye soils temperature changes from sowing to emer-
gence and from emergence to autumn growth inhibition have a small impact on
winter wheat yield. Temperature changes from the beginning of spring growing
season to tillering have the highest impact on yield (Nowicka, 1993). Winter
wheat yield is also determined by rainfalls (Nowicka, 1993; Panek, 1993). Wa-
ter deficiency or excess affect the wheat yield in a different way, modifying
growth and development, especially yield-forming traits (Panek, 1993; Gut et
al., 1996). According to Dziezyc (1988) the time course from shooting to grain
milk maturity phase and duration of tillering phase (Panek, 1993) are critical for
crop growth and development, when unfavorable water conditions have an im-
pact on yield.

The plant yield-forming potential is expressed by plant shoots total number.
However, the difference between the plant shoots total number and productive
tillers number, indicate a structural level of plant yield-forming potential. In this
study, higher structural level of yield-forming potential in Izolda cv. (58%)
compared to DH lines (50%) was found. Other shoots in both DH lines and
Izolda cv. were ontogenetically younger than productive tillers, stopped at vari-
ous developmental stages and they were recognized as immature tillers in the
full maturity phase.

Data presented in this study showed that the winter wheat productive tillers
number per plant was significantly and stronger correlated with grain yield
(r=20.71) than plant shoots total number (r = 0.58). Other researchers showed
similar relationships in wheat (Aycicek and Yildirim, 2006; Nauroka et al.,
2011; Zheng et al., 2011; Gonzales et al., 2011).

Spike length, spikelets total number, fertile spikelets number per spike,
spikelets fertility level (expressed as the average grains number per spike),
grains number per spike and single grains number are considered as yield-
forming factors. In case of DH lines as well as Izolda cv. morphological traits
such as spike length, spikelets total number and fertile spikelets number per
spike were formed during the spikes and plants development named as stem
elongation phase, prior to the heading phase, as shown in the literature (Kirby
and Appleyard, 1984; Klepper et al., 1998). Grains number per spikelet and
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spike was determined by florets number at pollination phase capable to grain
setting, while grain weight — by physiological and biochemical processes occur-
ring while development and maturation phase, which ended in full maturity
phase (Kirby and Appleyard, 1984; Klepper et al., 1998). In terms of quantity,
weather conditions had an impact on formation of spike yield-forming factors
and grain weight. Especially thermal conditions influenced plant growth and
development phase duration of both DH lines and standard variety Izolda.
Variations coefficients values of described traits were different in research years
and they characterized a particular trait in response to complex environmental
factors influence. In addition, our study showed that mentioned yield-forming
factors were strongly and significantly correlated with grain yield per spike,
which is confirmed by high linear correlation coefficients. Similar relationships
between grain yield per spike and yield-forming factors in other wheat varieties
were shown by other researchers (Aycicek and Yildirim, 2006).

In this paper, a spike yield-forming potential of spikelets per spike total num-
ber was considered. Fertile spikelets per spike number, lower than total number
of spikelets per spike, indicated used spike yield-forming potential level. The
study showed that structural yield-forming potential use level was slightly
higher in Izolda (88%) compared to DH lines (83%).

Literature data indicates that temperature increase (heat stress) leads to reduc-
tion of grain yield resulting in a smaller number of individuals and different
yield-forming factors taking into account by researchers (Balla et al., 2012;
Rahman et al., 2009; Modarresi et al., 2010; Spiertz et al., 2006; Ugarte et al.,
2007; Sharma et. al., 2008; Hossain et al., 2013, Talukder et al., 2013). Cited
authors emphasize the cultivar/genotype differences in terms of grain yield.

High temperature had an impact on earlier development phase, shortening
further phases, smaller grain number per spike, less single grain weight and
lower grain yield per plant of 10 spring wheat genotypes compared to the con-
trols growing under optimal conditions (Rahman et al., 2009). Average daily
temperature impact during the different winter wheat developmental phases has
been showed by Orzech et al. (2009). Author showed that the correlation coeffi-
cients between winter wheat yield and average daily temperature values is high-
est at the stage of shooting to heading.

Rainfall deficiency (drought) causes the wheat grain yield reduction during
the vegetation (Gut et al., 1996; Orzech et al., 2009). Results of field experi-
ments also indicate the diverse response of wheat genotypes to rainfall defi-
ciency (drought) during vegetation expressed by yield reduction per unit of area
(Gut et al., 1996; Orzech et al., 2009). Correlation coefficients values calculated
by Orzech (2009) between grain yield and rainfall level in each phenophase
showed that rainfalls significantly reduced winter wheat yield in only sowing-
emergence interphase. The results of experimental studies suggest that drought
applied during the plant developmental stage is important factor in yield-
forming factors and yield creation (Rajala et al., 2009; Ugarte et al., 2007).
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Drought stress application during the intensive floret formation in spikes before
pollination (grain potential number determinant), which corresponds to the
shooting, resulted in a drastic decrease in fertile floret and then grain per spike
numbers, but grain yield per spike was the same as control variant, which was
caused by alarger single grain weight (the compensation effect). However
drought application during grain filling period resulted in grain yield per spike
reduction by reducing only the number of grains (Rajala et al., 2009).

Experimental studies, in which higher temperature and drought were applied
together in post-anthesis stage showed a greater reduction of: grain weight per
spike, average single grain weight, number of grains per spike, thousand grain
weight, shortening of grain filling period and development than each of the two
factors applied separately (Kaur and Behl, 2010). Cited authors showed varietal
differences in wheat response to applied factors.

CONCLUSION

J The potential structural yield-forming factors, such as number of
shoots including productive tillers number, and the total spikelets num-
ber including fertile spikelets, number of setting grains per spike and
average weight of a single grain of tested DH lines as well as Izolda
cv. are created during certain stages of plant growth and development.
Obtained values of above mentioned traits were related with varying
environmental conditions (air temperature and precipitation) during the
whole experiment. In general, plants of DH lines were significantly
shorter and they had higher total number of tillers per plant than Izolda
cv. Spikes of DH lines were the same length as Izolda, however they
contained significantly more sterile spikelets, therefore produced sig-
nificantly less grains per spikelet. Other traits were comparable be-
tween DH and Izolda plants. Based on obtained data we can conclude
that variation in analyzed traits between DH lines and standard Izolda
was observed every year of experiment. Among studied DH lines, fol-
lowing lines: DH 6/10/06 and DH 10/7/06, DH 9/5/08 and DH 9/13/08
tended to have higher values of yield-forming factors and higher grain
yield per plant in comparison with Izolda cv.

J The variation coefficients values of grains number, grain yield, produc-
tive and immature tillers number per plant, as well as spike length and
total spikelets number per spike were similar for both, DH lines and
Izolda cv. Remaining traits values of variation coefficients were unsta-
ble in each year of experiment, thus they are hard to interpret.

. Paths analysis for the full model allowed to present occurring relation-
ships using cause path model, which described observed variability of
grain yield per plant in R* = 99.3%. In order to determine the impact of
morphological structure individual traits on the observed grain yield
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per plant path coefficients were marked out. Direct effects analysis
allowed to make a conclusion that the most important role in the direct
formation of the final winter wheat grain yield play: grains number per
spike, grains number per plant and grains weight per spike. Shoot
length, immature tillers number per plant, sterile spikelets number per
spike and spike length were traits with least influence on grain yield.

J Yield forming potential is expressed by plant shoots total number. In
this study, higher structural level of yield forming potential of Izolda
cv. comparing to DH lines was found. Spike length, spikelets total
number, fertile spikelets number per spike, spikelets fertility level
(expressed as the average grains number per spike), grains number per
spike and single grain weight are considered as yield-forming factors.
In this paper, a spike yield-forming potential of spikelets per spike to-
tal number was considered. Fertile spikelets per spike number, lower
than total number of spikelets per spike, indicate used spike yield-
forming potential level. The study showed that structural yield-forming
potential level of use was slightly higher in Izolda cv. comparing to
DH lines.

J We also showed that homozygous winter wheat DH lines derived from
anthers via androgenesis, analyzed in three years (generations) were
insignificantly different from standard Izolda variety, with few excep-
tions, in terms of plant morphological structure (plants height, plant
shoots number, the share of productive tillers in shoots total number),
spike (spike length, total spikelets number including fertile spikelets)
and grain yield per spike or plant. DH lines studied throughout three
years were characterized by a diverse range of variation coefficients
for various morphological and yield-forming traits, which determined
the yield grain per spike and plant. The observed differences in the
above-mentioned traits and final grain yield from spike and plant in
winter wheat DH lines between research years resulted from interac-
tion of genetic and environmental (epigenetic effect) factors.

J Conducted analyses showed, that tested traits, yield level and morpho-
logical structures of plant and spike of androgenic double haploid lines
in comparison with cv. Izolda were diverse. Moreover, obtained results
indicate the necessity of research on DH lines selection according to its
yield-factor traits and yield level stability. Selected DH lines with de-
sirable traits become objects of further actions in new winter wheat
cultivars creation.
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