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5.2 MATERIALS AND METHODS
PLANT MATERIAL

Three old lentil cultivars were exposed to ten generations of natural selection at three farms under rain-
fed conditions in Central and Northern Germany. For this study, the nine populations (three cultivars x
three selection sites) after ten generations of natural selection were tested in field plots in rainout shelters
under irrigated and dry conditions. Seeds harvested in 2010 at the sites of selection were used to establish
the experiment in 2014. In 2015 and 2016, seeds obtained from homogeneous multiplication in 2014 (see
CHAPTER 2.2) was used.

FIELD EXPERIMENT — CONDITIONS AND MANAGEMENT

The experiment was repeated during three seasons in 2014, 2015, and 2016 at Reinshof, Gottingen (TABLE
5.2, FIGURE 5.1). After the preceding crop (winter wheat) the field was plowed before winter; fertilizers
were not applied. At the day of sowing, the seed-bed preparation was done with a rotary harrow. In 2016,
one herbicide application (Bandur®) was conducted two days after sowing.

Seeds were sown approximately 4 cm deep in soil with a plot seeder with 100 seeds m™? and row width of
0.24 m in mid of April in six-row plots of 5 m? (1.5 x 3.3 m). Plots were arranged in a split-split-plot design
with four replications. In this design, treatments (irrigation regime) were taken as the main blocks, cultivars
were sub-blocks randomized within each treatment, and selections were randomized as sub-sub-plots
within cultivars. In this way, selections within each cultivar are grown next to each other.

After field emergence, around three weeks past sowing, field plots were covered by two 360 m? (10m x
36m) rainout shelters (TABLE 5.4). Both shelters were installed next to each other and were divided into
two treatments hosting two replications each. In total, the two shelters had the capacity of 96 field plots:
36 experimental plots per shelter testing nine test entries (three cultivars x three selections), in two
treatments. Two border plots on each head end of the shelters and two border plots in the middle of the
shelters were installed to separate the treatments from each other and to minimize border effects.

Irrigation was done on a weekly basis with about 13-15mm per week during 7-9 weeks (TABLE 5.4) starting
before flowering until the end of grain filling stage by drip irrigation tubes. Dry plots were rain-fed before
covered and never irrigated afterwards, except one block in one of the shelters in 2014, which was
irrigated once in the beginning of June to homogenize the treatment after surface water entered
selectively during heavy rainfalls on 12" of June (FIGURE 5.1).

Soil water content was measured gravimetrically from soil samples taken on a weekly basis before
irrigating. Soil samples were taken using the three-part hand drilling system (“Gottinger Bohrstocke”,
Bodenprobetechnik Nietfeld GmbH, Quakenbriick), which allows to obtain three separate samples of 30
cm depth each, down to 90 cm below surface. Sampling was done in the center of each replication, adding
up to four sampling points per treatment and shelter. Soil samples were dried at 105°C for at least 12h.

Climatic conditions, especially the distribution of precipitation, differs between the years (FIGURE 5.1, TABLE
5.3). The total amount of precipitation in April 2014 is significantly lower compared to April 2015 (TABLE
5.3). However, the distribution of rainfall is superior in April 2014, compared to April 2015, where after a
long period of no or very limited rainfall, first rainfalls occurred about one week after sowing (FIGURE 5.1),
thus delaying germination. Temperature and sunshine duration are expected to be the main climatic
parameters triggering plant growth in the sheltered plots. For May until July, monthly mean temperatures
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are similar in 2014 and 2015, in 2016 May and June they are on average 1.6 and 1.8 °C higher (TABLE 5.3).
Sunshine duration over the whole growing season is highest in 2015 and lowest in 2014.

TABLE 5.2 Soil conditions before sowing in March at the experimental location Reinshof.

Year
2014 2015 2016
Soil value (Ackerzahl) 72-79 72-79
pH (Cacl) 7.2 7.1 6.7
P,0s [mg 100g™ soil] 6.1 71 4.5
K,O [mg 100g™ soil] 10.5 14.3 12.8
Mg [mg 100g™ soil] 8.0 8.5 8.0
Nmin [kg N ha] 17 7
in depth 0-30, 30-60, 60-90 cm (top down) 14 14
19 19

TABLE 5.3 Climatic conditions in the three subsequent years during the season of trials at Reinshof.

Mean [°C] / Sum

Year Apr May Jun Jul Aug [mm],[h]
Mean temperature 14.9
[°C] 2014 11.4 12.7 15.2 19.1 15.9 )
2015 8.4 12.2 15.4 18.7 19.6 14.8
2016 8.1 13.8 17.2 18.6 17.9 15.1
Precipitation [mm] 2014 22.9 103.6 73.8 105.5 98.4 404
2015 46.5 30 23.1 91 113.7 304
2016 28.4 41.4 113 43 40.5 266
Sunshine duration 894
[h] 2014 140.5 191.6 1923 220.8 149.2
2015 212.2 190.3 184.8 217 234.2 1039
2016 153.1 211 1924 169.5 220.6 947

Data source: Meteorological station Gottingen, Deutscher Wetterdienst (www.dwd.de/WESTE)

TABLE 5.4 Drought stress experiment management dates.

Year Sowing Season length (days  Sheltered Irrigation
date Harvest date planting to harvest)  since (weeks;

dry irrigated dry irrigated total mm)

2014 15. April 24, 12./18. Aug. 100 119/125 6./15.May 7;100
July

2015 13. April 22. 8. August 100 117 11. May 8;119
July

2016 12. April 25. 3. August 104 113 4. /6. May 9; 117
July
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FIGURE 5.1 Climatic conditions in 2014, 2015, and 2016 from April to August at Reinshof.

Data source: Meteorological station Gottingen, Deutscher Wetterdienst (www.dwd.de/WESTE)
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PHENOTYPING

Field emergence and the number of survived, seed-bearing plants were counted in the inner 1 m? of each
plot two weeks after sowing and at harvest, respectively, and subsequently the survival rate in percentage
was calculated. The whole plot was harvested by hand and whole plants were put into sacks and dried at
the farm on a hot air dryer at 25-30°C. Seed and straw weight was taken when threshing dried plants.
Threshing was done by a non-mobile thresher (Pelz K35, Wachtberg-Villip, Germany). Seed and straw yield
was then calculated and corrected to 86% dry matter content. The total harvest weight of either straw or
seeds are multiplied by the actual total dry matter content (TDMC) and then divided by 86% dry matter
content:

total harvest weight x TDMC (= 100 — actual water content)
86

yield (seed or straw) =

TDMC of seed and straw was obtained from samples by drying them at 105°C for 12h. Samples were taken
from one same genotype in each replication and treatment as a standard. Seed weight was obtained by
counting 4 x 100 seeds from each plot.

Seed yield per plant was calculated by dividing the obtained seed yield [gm™] by the number of plants at
harvest in the inner 1 m? of each plot. Number of seeds per plant was calculated by dividing the seed yield
per plant by the seed weight.

Leaf area was measured on five (2014) or ten (2015 and 2016) leafs per plot with the ‘LI-3100 C’ area meter
(LI-COR Biosciences) after flowering at the beginning of July.

Flowering was scored, according to Horneburg (2003), on a scale from0—-4(0%,>0<1%,>1<10%, up
to 50 %, and > 50 % of the plants flowering) starting when first flowers were observed continuously every
second day until full flowering was reached.

Lodging and ripening was scored once during the season, when the respective trait was well pronounced,
e.g. after a strong wind event or at visible differential ripening of genotypes, on a scale from 1-9, from
lowest to complete peculiarity of the trait.

Thermal infrared imaging (Thermacam FLIR T640, FLIR Systems, Inc., Wilsonville, OR, USA) was done at
individual dates from June until beginning of July, during full flowering and subsequent grain filling stage,
at conditions of clear sky and sunshine between 11 a.m. and 2 p.m. standard time.

Seed samples for isotopic analysis on carbon were taken after threshing in 2014. In 2015 additionally to
seeds, also straw samples were taken when threshing and a midterm plant harvest of five random
branches was done during grain filling stage on 6™ of July. Samples were dried at 60°C and milled to a fine
powder by a ball mill (Retsch MM 400) for 25-45 sec, depending on the sample type. 1.8 mg (+ 10%) of
each of the dried and milled samples were placed in tin capsules (IVA Analysentechnik, Meerbusch,
Germany) for combustion and 8§3C values of samples were analyzed for isotopic composition with a
Finnigan MAT Delta C mass spectrometer (ThermoFinnigan, Bremen, Germany) coupled to an elemental
analyzer 1108 (Carlo-Erba, Milan, Italy), as described in Senbayram et al. (2015) and Brueck and Senbayram
(2009). Subsequently, A 3C is calculated according to Farquhar and Richards (1984):

A 13C = [(Ra/Rp)‘l]*looo,

with R, being the *C/**C ratio of the atmospheric CO, and R, being the *C/*C ratio of biomass carbon.
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STATISTICAL ANALYSIS

Analysis of variance (ANOVA) was done with the software PLABSTAT (Version 3Bwin, Utz 2011). Analysis
of ‘Additive Main effects and Multiplicative Interaction” (AMMI) was done on the statistical platform ‘R
Studio’ (Version 1.0.136; RStudio Team 2015) using the function ‘AMMI()’ from the package ‘agricolae’
developed by Mendiburu (2016).

The following models for ANOVA were applied according to the split-plot field design:
For the analysis of the effects of year, treatment across year, cultivar across treatment and year, and
selection across cultivar, treatment and year:
Xijkim = L+ Vi + Mm+ Yrim + tj + ytrijm + Ck + ytcrijm + S + ytCSrijim

+ ytij + yCik + ySi + tCjk + tSj + CSw + ytCi + YtSij + yCSi + tCSjk + YtCSiju
where xijjum is the observed value, p is the general mean of the experiment, and y;, tj, ¢k, siand ry, are the
effects of year, treatment, cultivar, selection, and the replication, respectively, and ytcsrijm is the residual
error, followed by all possible interactions. Replication and year, when involved, were taken as random
factors in the model.

For the analysis of the effect of treatment within years, cultivar across treatment, and selection across
cultivar and treatment, with tcsrjum being the residual error:
Xjkim = KL + tj + rm+ trjm + Ck + tCrjkm + Si + tCSrjm + tCjk + tSj + €S + tCSju

For the analysis of the effect of treatment within cultivar across year and selection across treatment and
year, with ytsrijm being the residual error:
Xijim = L+ Yi + I'm + Ylim + tj + ytrijm + S + ytsriym + ytij + ysi + ts; + ytsy

For the analysis of the effect of cultivar within treatment across year and the effect of selection across
cultivar and year, with ycsrium being the residual error:
Xikim = L+ Yi+ I'm + Ylim + Ck + YClikm *+ Si + YCSIikim + YCik *+ YSikl + CSk + YCSiki

For the analysis of effects of cultivar within treatment and single year, and the effect of selection across
year and cultivar, e.g. for traits taken only in one individual year, with csrum being the residual error:
Xkm = L+ Ck + 'm + Clkm + S + CSFkim + CSki

For the analysis of the effect of selection within cultivar and treatment across years, with ysrim being the
residual error:

Xiim = L+ Yi+ 'm + Ylim + S| + YSriim + YSi

For the analysis of single year data for the effect of selection within treatment and cultivar:
Xim = L+ S| + I'm + Sfim
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5.3 RESULTS
SOIL WATER CONTENT

Reduction in soil water content over time in non-irrigated plots was similar during the first two seasons
(2014, 2015) in the upper soil layer (0-30 cm), while in 2016 a higher soil water content was measured
throughout the season in the first layer (0-30 cm) (data not shown). Absolute differences (irr. — dry) were
still smaller in the mid and end of June 2016 compared to 2014 and 2015 (TABLE 5.5). Nevertheless, in the
deeper soil (30-60 cm) in the dry treatment a lower soil water content could still be observed compared
to irrigated treatment with some fluctuation between dates. Further down to 90 cm depth, fluctuations
were even stronger, however soil water content was still lower in dry plots for most dates.

TABLE 5.5 Absolute differences in soil water content [%] between dry and irrigated plots measured during
three seasons at three depths.
Date?? 28.May-2.June 12.-15.June 27.-30.June 4.-7. July

Depth [cm] Year

0-30 2014 0.5 1.8 2.0 2.7
2015 1.3 1.8 2.4 1.7

2016 1.6 13 1.8 2.6

Mean 1.2 1.6 2.1 2.4

30-60 2014 -0.1 4.0 2.2 1.5
2015 1.3 1.6 1.2 0.8

2016 2.8 2.1 2.1 3.3

Mean 1.4 2.6 1.8 1.8

60-90 2014 -0.1 2.9 0.8 1.8
2015 -0.2 0.9 -0.4 0.0

2016 11 0.2 0.6 1.6

Mean 0.3 1.3 0.3 1.1

a) Exact dates differ between years within the given period
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AGRONOMIC TRAITS

The overall mean for seed yield was highest in 2014 with 284 gm™ and 198 gm™ in irrigated and dry
treatment, respectively, and lowest in 2015 with 233 gm™ and 155 gm™. Relative seed yields are 70, 67,
and 75% from the dry plots compared to the irrigated plots during the three subsequent years 2014, 2015,
and 2016. Total yield (seed + straw yield) across treatments was highest in 2016 (571 gm) and lowest in
2014 (515 gm™). Comparing the three cultivars, highest yield depression for seeds was observed in
Schwarze Linse, the cultivar with the lowest yield potential in both treatments (TABLE 5.6). The highest
general yield potential was observed for Gestreifte Linse. For Pisarecka Perla, yields are intermediate and
exhibit a lower yield depression in seed, straw, and total yield compared to the other cultivars. Higher yield
depression for straw compared to seed yield can be observed in Pisarecka Perla and Gestreifte Linse,
whereas in Schwarze Linse we found the opposite situation. Consequently, the harvest index increased in
these two cultivars for 8% and 5%, respectively, while it decreased in Schwarze Linse with 5% by the dry
treatment. F-values for the treatment effects are higher for straw and total yield compared to seed yield
in all cultivars, but significant with P=0.05 for the three traits. Non-significant treatment effects or effects
with a low significance level (P=0.1 or P=0.2) are found for harvest index, seed weight, seed yield per plant,
and seeds per plant; exceptions are present in Gestreifte Linse (seed weight) and Schwarze Linse (seed
yield per plant, seeds per plant), where treatment effects are significant with P=0.05. On a low (P=0.1 for
straw and total yield) to very low (P=0.2 for seed yield, seed weight, seed yield per plant, and seeds per
plant) significance level, relative values for yield related traits differ between cultivars.

TABLE 5.6 Mean values (2014-2016) of agronomic traits of three cultivars in irrigated and dry treatment.

Cultivar Pisarecka Perla Schwarze Linse Gestreifte Linse Mean

Treatment jpr, dry irr.  dry irr.  dry irr. dry
Trait?) rel.%® Fo rel.% Fo rel.% Fo FY
KY [gm™] 230 183 80 28.9* 224 141 63 62.0* 309 213 69 22.3*% 274 254 179
SY [gm?] 396 272 69 46.6% 347 232 67 538%* 436 267 61 113**  437* 393 257
TY [gm?] 626 455 73 57.9* 569 372 66 254%* 745 480 64 277%* 548 647 436
HI 037 040 108 40¢ 039 037 95 834 042 044 105 1.34 194 039 040
SW [mg] 534 511 96 6.1x 239 232 97 044 352 322 91 22* 357¢ 375 355
KY plant [g] 2.7 2.2 82 8.2+ 27 17 63 832%* 38 26 70 15.8+  2.59¢ 3.1 2.2
Seeds plant 51 44 86 3.4 11 72 64 71.8* 106 81 76 12.6+  3.12¢ 89 66

a3 Seed yield = KY; straw yield = SY; total yield = TY; harvest index = HI; seed weight = SW

b) Relative yield [%)] for dry treatment compared to irrigated

9 F-values with significance levels for treatment in ANOVA in the F-test (DF-nom.=1, DF-denom.=2):
** *x + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

9 F-values with significance levels for the effect of the cultivar on relative values [%] (F-test in ANOVA with DF-nom.=2, DF-denom.=4):
** x + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively
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Populations selected at Reinshof from the cultivars Pisarecka Perla and Gestreifte Linse had highest mean
values for seed, straw, and total yield in the dry treatment with significant differentiation between the
selections at P=0.01 found in Pisarecka Perla for straw yield and in Gestreifte Linse for seed yield (TABLE
5.7). Other traits did not show significant differences between selection sites, except seed weight, which
was highest for the provenance Reinshof and lowest for Tangsehl in Pisarecka Perla. Highest relative total
yield and relative seed yield per plant was observed in Schwarze Linse, whereas other yield related traits
did not show significant differences between selection provenances in the same cultivar in either
treatment. A general tendency to lower relative seed yield and relative total yield for Tangsehl and/or
Schénhagen can be observed across cultivars (TABLE 5.7).

TABLE 5.7 Mean and relative values of agronomic traits of the selection provenances Reinshof (R),
Schonhagen (S), Tangsehl (T).

Cultivar Pisarecka Perla Schwarze Linse Gestreifte Linse Mean

Selection R S T R S T R S T R S T
Trait? ) Fb) Fb) Fo

Dry treatment
KY [gm2] 189 184 176  0.47 145 138 140 123 218 216 206  104** 1.59 184 179 173
SY [gm?] 282 267 268  48** 227 229 239 137 271 265 264  0.45 211 260 254 257
TY [gm?] 471 451 444 228 372 367 379 063 489 481 470 299  4.45+ 444 433 431
HI 040 041 039 024 038 038 037 046 044 045 044 083 0.93 041 041 040
SW [mg] 56 54 44 54%% 24 23 23 0.17 32 32 32 1.43 15.5* 37 36 33
KY plant? [g] 2.3 23 21 0.74 1.7 16 17 1.81 28 26 25 0.98 1.89 23 2.2 21
Seeds plant? 41 42 48 3.51x 70 70 75 4.46% 85 80 77 0.94 3.17% 65 64 67
Irrigated treatment
KY [gm?] 231 223 237 021 219 230 222 016 305 309 314 011 0.36 252 254 258
SY [gm?] 399 401 387 0.82 340 349 352 095 452 420 436  1.08 2.05 397 401 392
TY [gm™?] 630 624 624 007 553 579 574 059 756 729 750  4.77¢ 0.93 646 644 649
HI 037 036 038 041 038 04 039 125 041 042 042 029 1.52 039 039 040
SW [mg] 60 56 48  165** 24 23 24 0.29 36 35 35  9.78*  50** 40 38 36
KY plant? [g] 2.8 26 2.7 0.4 25 27 29 2.02 38 38 37 0.02 0.21 3.0 3.0 3.1
Seeds plant! 48 47 57 6.76* 101 113 119 169* 106 108 105  0.02 2.48 85 89 94
Relative values [%]9)

KY [gm?] 80 85 79 0.18 71 61 65 2.87% 74 71 67 1.0 12.8* 75 72 70
SY [gm™?] 70 67 70 0.91 69 66 68 0.85 60 63 61 4.17% 0.58 66 65 66
TY [gm?] 73 72 73 0.16 70 64 66  15.4* 64 66 63 5.01*  5.23* 69 67 67
HI 109 116 109  0.32 101 95 96 0.84 113 107 106 0.9 28** 108 106 104
SW [mg] 93 96 91 2.55x 99 98 97 0.21 91 92 91 0.29 1.51 94 95 93
KY plant? [g] 82 88 88 0.27 73 61 63 6.97* 77 71 68 0.41 1.57 77 73 73
Seeds plant? 89 91 96 0.26 71 63 65 2.74 85 78 74 0.44 0.68 82 77 78

a) Seed yield = KY; straw yield = SY; total yield = TY; harvest index = HI; seed weight = SW

b) F-values with significance levels for selection within cultivar in ANOVA in the F-test (DF-nom.=2, DF-denom.=4):
** * + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

F-values with significance levels for selection across cultivars in ANOVA in the F-test (DF-nom.=2, DF-denom.=4):
** x + Xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

d) Relative values in the dry treatment compared to irrigated

c)

In the ANOVA table for seed yield, results for each treatment and for relative seed yield are summarized
(TABLE 5.8). Significant effects by year, cultivar, and cultivar x year interaction was found in both
treatments. For the relative seed vyield, year is not a significant factor, but a significant effect of the
selection provenance was observed. Heritability values for cultivar are highest in the irrigated treatment
with the lowest standard error value compared to the analysis of the dry treatment and the relative seed
yield data.
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TABLE 5.8 ANOVA results for seed yield in dry and irrigated treatment and for relative yield.

Dry treatment

Source®  DF SS MS Var.cp s(V.cp) Fo) s.e. LSD5
Y 2 35946 17973 452 354 10.57** 6.87 21.98
R:Y 9 15300 1700 68 89 1.57 10.98 32.63
C 2 96241 48121 970 969 3.64* 19.16 75.23
cY 4 52859 13215 1011 636 12.18** 9.51 28.25
RC:Y 18 19534 1085 199 119 223* 1275 3621
S 2 1847 923 10 20 1.59 4.01 15.76
SY 4 2320 580 8 29 1.19 6.37 18.11
SC 4 496 124 -18 14 0.37 53 17.28
scy 8 2696 337 -38 45  0.69 11.04  31.36
RSC:Y 50 24381 488 488 9%

Heritability for C = 72.5 (s.e. 25.07)

Irrigated treatment

Source?  DF SS MS Var.cp s(V.cp) Fo) s.e. LSD5
Y 2 55330 27665 682 545 8.90%* 9.29 29.73
R:Y 9 27990 3110 143 161 1.7 14.24 42.31
C 2 162790 81395 2058 1603 11.13%* 14.26 55.98
cY 4 29264 7316 458 355 4.01%* 12.33 36.64
RC:Y 18 32844 1825 114 215 1.23 22.24 63.11
S 2 616 308 -15 15 0.36 4.87 19.12
SY 4 3413 853 -53 47 0.58 11.12 31.56
SC 4 1785 446 -232 122 0.14 16.4 53.47
SCY 8 25807 3226 436 368 2.17% 19.26 54.66
RSC:Y 52 77156 1484 1484 286

Heritability for C=91.0 (s.e. 8.21)

Relative values

Source?  DF SS MS Var.cp s(V.cp) Fo) s.e. LSD5
Y 2 1340 670 -3 16 0.84 4.7 15.03
R:Y 9 7155 795 49 40 2.25* 6.27 18.62
C 2 4829 2415 43 49 2.74% 4.95 19.42
cY 4 3522 881 44 43 2.49% 5.43 16.13
RC:Y 18 6363 353 50 40 1.74* 8.23 23.38
S 2 432 216 6 4 12.81%* 0.68 2.69
SY 4 68 17 -16 3 0.08 4,12 11.69
SC 4 708 177 20 18 043 588  19.19
scy 8 3325 416 53 48 2.04 713 2025
RSC:Y 50 10161 203 203 40

Heritability for C = 63.5 (s.e. 33.29)

a) Source of variation: Y=Year, R=Replication, C=Cultivar, S=Selection provenance

b) F-values with significance levels: **, *, +, x for P-values = 0.01, 0.05, 0.1, 0.2, respectively

The analysis of additive main effects and multiplicative interaction (AMMI) shows strong variation for
agronomic traits between years (FIGURE 5.2). In the dry treatment, season 2014 and 2015 are clustered
separately from season 2016 according to the first principal component (PC1). In the irrigated treatment,
season 2015 clusters separately from 2014 and 2016 for seed and total yield. Interaction of cultivars are
going in opposite directions in all four traits for SL and GL, whereas PP shows smaller interactions.
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Significant differences between sub-populations within a cultivar could not be observed. Ranking of the
sub-populations are not consistent across traits, but SL_R can always be found at the highest positive PC1
value (except for the harvest index), as well as PP_R compared to both other selections.
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FIGURE 5.2 AMMI1 biplots for agronomic traits for six environments (three years x two treatments) for
nine populations selected from three cultivars (PP, SL, GL) at three locations (R, S, T).
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PHENOLOGICAL AND MORPHOLOGICAL TRAITS

Phenological traits were less affected by the treatments compared to yield and yield related traits. TABLE
5.9 shows mean values of the treatments for each cultivar and the relative values in the dry compared to
the irrigated treatment for selected phenological traits; the F-values and significance levels are given for
the treatment effect within cultivar and for the effect of cultivar on relative values. Leaf size was about 1-
2 cm? larger when irrigated and flowering time and ripening was earlier (higher scoring values) when dry.
Survival rate shows only minor variation between treatments and was found slightly lower in the dry
treatment for Pisarecka Perla.

TABLE 5.9 Mean and relative values of phenological traits of three cultivars (3 years).

Cultivar Pisarecka Perla Schwarze Linse Gestreifte Linse Mean
Treatment irr. dry rel.% irr.  dry irr.  dry irr. dry
Trait? b) Fo rel.% Fo) rel.% Fo Fd)
LS [cm?] 139 117 8557 3.47< 828 739 9226 274 107 897 8519 10.4* 1.07 1096 935
FTe) 1.04 158 na 233 172 243 na 528 033 130 na 3.80 na 1.03 1.77
Ripening 438 7.40 1685 na 515 838 162 na 375 7.82 259.8 na 120 443  7.87
SR [%] 974 963 98.88 508 968 965 9990 0.83 954 959 1012 069 230 965  96.2

a) Leaf size = LS; flowering time = FT; survival rate = SR

b) Relative yield [%] for dry treatment compared to irrigated

° F-values with significance levels for treatment in ANOVA in the F-test (DF-nom.=1, DF-denom.=2):
*¥* x + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

a4 F-values with significance levels for the effect of the cultivar on relative values [%] (F-test in ANOVA with DF-nom.=2, DF-denom.=4):
** % + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

e) Dates differ between cultivars: 2" date of scoring for PP and SL and 3" date for GL
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Significant differentiation for selection provenances could be observed in flowering time for Pisarecka
Perla and Gestreifte Linse (TABLE 5.10), whereas for Schwarze Linse leaf size is significantly influenced by
the selection. Ripening was earlier for Tangsehl compared selections from Reinshof and Schonhagen in the
cultivar Pisarecka Perla. Survival rates ranged between 93.1 and 99.1% with minor and indifferent variation
between selection provenances.

TABLE 5.10 Mean and relative values of phenological traits of the selections provenances Reinshof (R),
Schénhagen (S), Tangsehl (T).

Cultivar Pisarecka Perla Schwarze Linse Gestreifte Linse Mean
Selection R S T R S T R S T R S T
Trait? Fo) FP) FP) Fo
Dry treatment
LS [cm?] 126 119 103 262 7.8 6.9 74 30** 89 9.4 8.7 0.83 1.96 9.8 9.4 8.8
FTd 1 1.5 23 46*%* 25 25 2.3 0.40 3 3.1 27 32*%* 398 2.2 2.4 2.4
Ripening 7.3 7.3 7.7 1.68 8.2 8.6 8.3 0.48 7.6 8 78 475+ 143 7.7 8.0 7.9
SR [%] 971 959 956 055 967 966 962 017 973 963 942  0.79 1.20 97.0 96.3 953
Irrigated treatment
LS [cm?] 143 140 134  0.89 8.8 8.2 79  421x 106 103 112  2.38 1.11 11.2 108 108
FTd 0.3 0.9 1.9  118** 2 1.8 1.4 084 1.9 2 16 520+ 3.84 1.4 1.6 1.6
Ripening 5.1 5.2 59  14.1* 6.2 6.5 64  0.65 49 5 5 0.75 na 5.4 5.6 5.8
SR [%] 9.7 967 991 252 963 981 96 046 971 931 96 0.92 027 = 96.7 96.0 97.0
Relative values [%]®)
LS 88 86 83 0.34 89 85 94 1.67 84 91 78 2.02 0.07 87 87 85
Ripening 180 166 159 085 132 132 130 118 155 160 156  0.83 0.91 156 153 148
SR 101 99 97 6.07* 100 99 100 022 100 103 98 6.01*  3.30¢ 100 100 98

a) Leaf size = LS; flowering time = FT; survival rate = SR

b E_values with significance levels for selection within cultivar in ANOVA in the F-test (DF-nom.=2, DF-denom.=4):
** %+ xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

) E_values with significance levels for selection across cultivars in ANOVA in the F-test (DF-nom.=2, DF-denom.=4):
** *x + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively; na = non-available data

d) Dates differ between cultivars: 2" date of scoring in both treatments for PP and SL; 3" and 4t date for GL, respectively, in dry and irrigated;
for F-statistics on selection across cultivars 3™ date of scoring was selected in both treatments

e) Relative values in the dry treatment compared to irrigated; flowering time not calculated due to its strongly non-linear characteristic
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Analysis of variance on flowering time scoring is summarized in TABLE 5.11 and shows highly significant
effects of the year and cultivar and their interaction for both treatments. In the irrigated treatment, the
effect of cultivar is more pronounced compared to the dry treatment and the heritability considerably
high.

TABLE 5.11 ANOVA results for flowering time in dry and irrigated treatment.

Dry treatment
Source?  DF SS MS Var.cp s(V.cp) Fo s.e. LSD5
Y 2 57.98 28.99 0.79 0.57 45.70* 0.13 0.42
*
R:Y 9 5.71 0.63 0.05 0.03  2.86* 016 0.47
C 2 98.79 49.39 1.31 0.97 23.20* 0.24 0.95
*
CcY 4 8.52 2.13 0.16 0.10 9.61** 0.14 0.4
RCY 18 3.99 0.22 0.05 0.02 3.19%* 0.15 0.43
S 2 1.60 0.80 0.02 0.02 3.98% 0.07 0.29
SY 4 0.81 0.20 0.01 0.01 2.90* 0.08 0.22
SC 4 1.85 0.46 0.03 0.02 3.01* 0.11 0.37
SCY 8 1.23 0.15 0.02 0.02 2.22* 0.13 0.37
RSC:Y 52 3.54 0.07 0.07 0.01 0.13 042

Heritability for C = 95.7 (s.e. 3.93)

Irrigated treatment

Source?) DF SS MS Var.cp s(V.cp) Fo) s.e. LSD5

Y 2 12.18 6.09 0.15 0.12 9.98** 0.13 0.42

R:Y 9 5.49 0.61 0.05 0.03 4.50** 0.12 0.36

C 2 146.54 73.27 2.00 1.44 52.63* 0.2 0.77
*

CcYy 4 5.57 1.39 0.10 0.07 10.25* 0.11 0.32
*

RCY 18 2.44 0.14 0.01 002 113 02 057

s 2 1.39 0.69 0.01 001  3.84 007 028

sy 4 0.72 0.18 0.01 0.01 1.5 01 028

SC 4 4.90 1.23 0.09 0.06 13.33* 0.09 0.29
*

SCY 8 0.74 0.09 -0.01 0.01 0.76 0.17 0.49

RSC:Y 51 6.25 0.12 0.12 0.02

Heritability for C = 98.1 (s.e. 1.73)

a) Source of variances: Y=Year, R=Replication, C=Cultivar, S=Selection

b) F-values with significance levels: **, *, + x for P-values = 0.01, 0.05, 0.1, 0.2, respectively
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Flowering was earlier in the dry treatment for all cultivars (FIGURE 5.3). Due to the strongly non-linear
scoring scale, slopes cannot be compared in FIGURE 5.3. Nevertheless, we see the largest differences
between treatments in Gestreifte Linse compared to Schwarze Linse and Pisarecka Perla. Furthermore,
populations in Pisarecka Perls show more variation between each other than populations in Schwarze
Linse and Gestreifte Linse. In Pisarecka Perla, the selection from Tangsehl was earlier flowering than the
other selections, regardless of which treatment, while Tangsehl selections in Schwarze Linse and Gestreifte
Linse were flowering later compared to the other selections and were showing a higher response to the
dry treatment compared Pisarecka Perla.

PP SL GL

4 4 4
Y3 3 3
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3 A 2
) 2 ° 2
gt A : s
21 . ° 1 1

OR L AT

irrigated dry irrigated dry irrigated dry

FIGURE 5.3 Flowering time under irrigated and dry conditions of Pisarecka Perla (PP), Schwarze Linse (SL),
and Gestreifte Linse (GL) populations selected at Reinshof (R), Schénhagen (S), and Tangsehl (T).

Dates of scoring differ between cultivars: 2" date for PP and SL, 4" date for GL (higher values = earlier
flowering)
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CANOPY TEMPERATURE AND ISOTOPE DATA

TABLE 5.12 shows canopy temperature mean values for each cultivar and treatment and relative values at
every individual date of measurement, the significance of treatment and cultivar effects and of the relative
differences. Significant treatment effects were presentin early June in 2015 at relatively high temperature.
In 2014 for the first date on the 10™ of June significant treatment effects were not yet measured. For all
remaining dates a strong influence of the treatment could be observed. Overall, relative canopy
temperature increase was higher by 2% for Gestreifte Linse compared to Schwarze Linse and Pisarecka
Perla. Most significantly, this was true for the 28" of June 2016, when Gestreifte Linse reached 28.4°C
under drought stress compared to 24°C in the irrigated treatment and in this way experienced a relative
temperature increase which is about 6% higher compared to Pisarecka Perla. In 2015, significant effects
by cultivar were not observed.

TABLE 5.12 Mean and relative values of canopy temperature of the cultivars.

Treatment
irrigated dry Mean relative %2 F-value®
Year Date PP SL GL PP SL GL irr. dry PP SL GL Treatm. Cult. C.r.%
2014 10%* June 266 264 256 278 272 270 262 273 105 103 105 1.62 4.11* 0.63
27" June 202 201 196 21.7 216 216 200 216 107 108 110 55.28** 1.25 0.05
4% July 277 273 269 329 318 315 273 311 119 117 118  117.36** 3.26* 0.10

11% July 291 286 293 328 311 329 290 322 113 109 113  183.26** 321  0.65

Annual mean 259 256 254 288 279 283 256 28.3 111 109 112

2015 5% June 273 274 265 307 30.0 303 27.1 30.3 113 109 114 37.17** 1.44 1.30
12t June 270 271 277 310 310 308 273 309 115 114 111 60.67** 0.14 0.30
2" July 336 334 338 380 383 383 336 382 113 115 113 32.56%* 0.39 0.34

Annualmean 293 293 293 332 331 331 293 33.1 114 113 113

2016 23™June 294 292 289 333 334 332 292 333 113 114 115  470.92** 374 132
28MJune 248 250 240 278 293 284 246 285 112 117 118  188.50** 6.09*  4.19°
7™ July 237 240 229 293 291 294 235 293 124 121 128  60.54**  0.84 1.96

Annual mean 260 261 253 301 306 303 258 30.3 116 117 120

Mean of 3years 269 269 265 305 303 303 268 30.4 113 113 115

a) Relative values [%)] for cultivars in dry treatment compared to irrigated

b) F-values with significance levels of treatment, cultivar, and cultivar in relative data in ANOVA in the F-test
(treatment DF-nom.=1, DF-denom.=3; cultivar DF-nom.=2, DF-denom.=12; cultivar rel.% DF-nom.=2, DF-denom.=6):
** * + Xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively

Significant effects of the selection provenances were observed on 4™ of July 2014 in all cultivars with larger
relative values for selections from Schénhagen and Tangsehl in Pisarecka Perla and Gestreifte Linse, while
in Schwarze Linse selection from Tangsehl had the lowest value (TABLE 5.13). The same trend towards
higher relative temperature for selection from Tangsehl can be observed at most remaining dates and the
overall mean in Pisarecka Perla. In cultivar Schwarze Linse and Gestreifte Linse, dates of measurement are
indifferent resulting in overall means slightly higher for Schénhagen and Tangsehl in Schwarze Linse.
Selections in Gestreifte Linse are not differing for the overall mean.
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TABLE 5.13 Mean and relative values of canopy temperature of the selection provenances (R, S, T).
Cultivar
Pisarecka Perla Schwarze Linse Gestreifte Linse Mean
Selection R S T R S T R S T R S T
Year Date Fa) Fa) Fa) Fb)
Dry treatment
2014 10*"June 26.8 269 268 014 272 272 273 006 27.0 267 274  A4.63* 155  27.0 269 27.2
27t June 219 216 219 128 218 215 214 09 213 216 218 2.26 0.67 217 216 21.7
4t July 322 325 320 039 319 320 314 161 313 317 316 137 151 318 321 317
11%July 317 321 316 026 309 311 314 037 331 330 327 1.6 023 319 321 319
Annual mean 281 283 28.1 280 279 27.9 282 283 284 28.1 282 281
2015 5t June 309 307 305 174 302 298 301 0.83 302 305 301 0.9 0.40 304 303 302
12% Jjune 307 309 314 147 309 310 311 048 308 311 305 041 053 308 31.0 31.0
2 July 381 378 381 072 384 382 383 028 381 386 383 1027* 0.02 383 382 382
Annual mean  33.2 33.1 33.3 332 330 332 33.0 334 33.0 33.1 332 332
2016 23©June 334 333 333 037 335 334 335 004 333 332 332 005 0.14 334 333 333
28t June 281 277 277 048 289 293 297 083 282 278 27.3 0.3 041 284 283 282
7t July 295 290 295 044 291 290 292 005 291 295 296  0.52 036 292 292 294
Annual mean 303 30.0 30.2 305 306 308 30.2 302 300 30.3 30.3 30.3
Mean of 3years 30.3 30.2 303 303 302 303 302 304 302 303 303 303
Irrigated treatment
2014 10t June 266 264 266 0.60 263 265 263 042 255 257 257  0.39 015 261 262 262
27t Jjune 201 201 203 0.31 201 203 198 153 197 195 197  1.99 002 200 200 19.9
4t July 279 275 277 099 273 271 274 071 272 267 268  3.51 277+ 275 271 273
11t July 288 292 29.1 14.4** 289 286 284 197 287 297 295  0.81 0.66 288 292 29.2
Annual mean 259 258 25.9 257 256 255 253 254 254 256 256 25.6
2015 St"June 274 274 269 1.10 276 273 274 045 267 265 264  0.49 1.64 272 271 269
12t June 270 269 271 033 275 275 264 243 276 278 278 0.9 090 274 274 271
2nd July 338 335 335 110 332 335 336 4.0+ 339 337 337 061 029 336 336 336
Annual mean  29.4 29.3 29.2 294 294 29.1 294 293 29.3 29.4 29.3 29.2
2016 23¢June 293 297 29.1 432 294 290 294 1.02 288 289 289  1.00 0.43 292 292 29.1
28thJjune 250 250 24.6 0.35 251 248 251 027 240 244 237  6.08* 0.76 247 247 245
7t July 236 237 238 0.10 242 241 239 058 230 232 226 197 1.04 236 237 234
Annual mean 260 26.1 25.8 262 260 261 252 255 251 258 259 257
Mean of 3years 27.0 269 26.9 269 269 268 265 266 265 268 268 26.7
Relative values [%]°)
2014 10"June 102 102 107 232« 103 103 104 097 106 104 106 0.94 14.3** 104 103 106
27t june 109 107 104  2.00 108 106 108 0.80 108 111 111 1.84 0.05 108 108 108
4t July 114 118 123 24%* 117 118 114 514+ 115 119 118 14%* 19.3** 115 118 118
11t july 111 110 117 7.5* 107 109 110 1.63 116 112 111 1.87 419* 111 110 113
Annualmean 109 109 113 109 109 109 111 112 112 110 110 111
2015 5% June 113 112 113 032 110 109 110 0.10 113 115 114 0.35 0.18 112 112 112
12t june 114 115 116 0.46 113 113 118 295 113 112 110 1.46 0.79 113 113 115
2nd July 113 113 114 0.8 116 114 114 2700 113 115 114  4.15¢ 0.14 114 114 114
Annual mean 113 113 114 113 112 114 113 114 113 113 113 114
2016 23¢June 114 112 114 4.43* 114 115 114 038 116 115 115 0.86 0.43 115 114 114
28 June 113 112 113  0.14 115 118 118 093 119 115 121 1.97 0.90 116 115 117
7t July 125 122 124 041 120 121 122 025 126 127 131 2.02 1.25 124 123 126
Annual mean 117 115 117 116 118 118 120 119 122 118 117 119
Mean of 3years 113 112 115 112 113 113 115 115 115 113 113 114

a) F-values with significance levels for selection within cultivar in ANOVA in the F-test (DF-nom.=2, DF-denom.=6):

** * + xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively; na = non-available data

b) F-values with significance levels for selection across cultivars in ANOVA in the F-test (DF-nom.=2, DF-denom.=6):

*x %+ xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively; na = non-available data
9 Relative values in the dry treatment compared to irrigated
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Isotopic A 3C values are lower in the irrigated compared to the dry treatment for all cultivars for all types
of samples. For seeds in 2015 differences between treatments are below the significance threshold (TABLE
5.14). Additionally, significant effects of the cultivar were observed in seeds in 2014 with lower values for
Pisarecka Perla and Gestreifte Linse compared to Schwarze Linse and for straw in 2015 with Schwarze Linse
and Gestreifte Linse exhibiting lower values compared to Pisarecka Perla in both treatments. Negative
values result in relative values of <100, meaning an actual increase for the dry treatment (less negative
values). For relative values, significant differences between cultivars at P=0.05 could not be found.

TABLE 5.14 Mean and relative values of A 13C for the cultivars Pisarecka Perla (PP), Schwarze Linse (SL),

Gestreifte Linse (GL).

Treatment
irrigated dry Mean rel.%?) F-valueb)

Cultivar PP SL GL PP SL GL PP SL GL Cult.

Year Sample irr. dry Trtm. Cult. rel.%
2014 Seed -28.1 -279 -282 -25.6 -25.1 -25.2 -28.1 -25.3 91 90 89 417.7%* 5.06* 2.49%
2015 Seed -27.3  -271 -273 -255 -255 -25.6 -27.2 -255 95 91 95 3.79 0.19 0.51
Straw -29.5 -299 -299 -274 -27.6 -27.6 -29.8 -27.5 93 92 92 363.4%* 18.1%* 0.94

Plant -29.0 -29.2 -289 -26.2 -26.2 -26.3 -29.0 -26.2 90 90 91 549.1** 0.47 2.46*

Mean -28.5 -285 -286 -26.2 -26.1 -26.2 -285 -262 92 91 92

a) Relative values [%)] for cultivars in dry treatment compared to irrigated

b) F-values with significance levels of treatment, cultivar, and cultivar in relative data in ANOVA in the F-test

(treatment DF-nom.=1, DF-denom.=3; cultivar DF-nom.=2, DF-denom.=12; cultivar rel.% DF-nom.=2, DF-denom.=6):

*x *,+ *for P-values = 0.01, 0.05, 0.1, 0.2, respectively
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Looking on specific selections within cultivars separately, isotopic data show small variation and in most
cases no significant selection effects (TABLE 5.15).

TABLE 5.15 Mean and relative values of A 13C for the selection provenances Reinshof (R), Schénhagen (S),
Tangsehl (T).

Cultivar
Pisarecka Perla Schwarze Linse Gestreifte Linse Mean
Selection R S T R S T R S T R S T
Year Sample Fa) Fa) Fa) Fb)
Dry treatment
2014 Seed -25.6 -25.6 -257 031 -25.2 -25.1 -25.0 0.18 -25.2 -251 -25.2 0.44 0.34 -25.3 -25.3 -25.3
2015 Seed -25.8 -25.8 -25.7 3.96* -25.1 -25.0 -25.2 175 -255 -25.7 -25.6 1.1 0.23 -25.5-25.5-25.5
Straw -27.3 -27.6 -27.3 3.34 -276 -27.6 -27.6 0.06 -275 -27.6 -27.6 042 2.65" -27.5-27.6 -27.5
Plant -26.2 -263 -26.1 0.62 -26.1 -263 -26.2 038 -26.1 -26.3 -26.3 0.42 0.91 -26.1-26.3 26.2
Mean -26.2 -26.3 -26.2 -26.0 -26.0 -26.0 -26.1 -26.2 -26.2 -26.1 -26.2 -26.1
Irrigated treatment
2014  Seed -28.1 -28.2 -280 154 -279 -279 -279 0.05 -281 -283 -283 2.53* 122 -28.1-28.1-28.1
2015 Seed -27.4  -27.3 -27.0 234 -27.6 -27.4 -27.4 279 -269 -27.2 -269 9.7% 5.24* -273-273-27.1
Straw -29.5 -296 -295 033 -30.0 -29.8 -299 0.64 -299 -30.0 -299 2.29¢* 0.77 -29.8 -29.8 -29.8
Plant -28.8 -293 -29.0 2.07 -293 -29.1 -29.2 0.23 -288 -29.0 -289 1.27 1.13 -29.0 -29.1 -29.0
Mean -28.4 -28.6 -28.4 -28.7 -28.5 -28.6 -28.4 -28.6 -28.5 -28.5 -28.6 -28.5
Relative [%]°
2014  Seed 91 91 91 0.62 90 90 90 0.86 90 89 89 293 259« 90 90 90
2015 Seed 95 95 96 1.19 91 91 92 2.53x 95 95 95 130 393* 94 94 94
Straw 92 93 92 na 92 93 93 0.63 92 92 92 0.12 1.70 92 93 92
Plant 91 90 90 1.54 89 90 90 0.38 91 91 91 0.20 0.03 90 90 90
Mean 92.3 92.3 92.3 90.5 91.0 913 920 91.8 91.8 91.6 91.7 91.8

a) F-values with significance levels for selection in ANOVA in the F-test (DF-nom.=2, DF-denom.=6):
** %+ xfor P-values = t0 0.01, 0.05, 0.1, 0.2, respectively; na for not available results data

b) F-values with significance levels for selection across cultivars in ANOVA in the F-test (DF-nom.=2, DF-denom.=6):

** %+ xfor P-values = 0.01, 0.05, 0.1, 0.2, respectively; na = non-available data

° Relative values in the dry treatment compared to irrigated

Pace113



RESPONSE TO DROUGHT STRESS IN POPULATIONS FROM NATURAL SELECTION
DiscussiON

5.4 DISCUSSION

The experiment could technically only be realized at Reinshof, where the soil is fertile and loamy with a
good water holding capacity. Since field plots were sown by machine, rainout shelters could only be
installed after sowing and the soil received precipitation until it was covered latest around three weeks
after sowing; for one shelter in 2014 weather conditions and technical issues delayed covering until four
weeks after sowing (TABLE 5.4). Consequently, dry conditions for the plants developed gradually after field
plots were sheltered. During germination and field emergence, contrasting conditions between the
treatments were not yet established, thus, significant differences for field emergence and survival could
not be observed. Under the given circumstances, the initial goal of the drought stress experiment, to
realize strong yield depression of 50% or more compared to the irrigated treatment, could not be achieved.
However, a significant yield depression of 27-36 %, depending on the cultivar, in the average of the three
seasons was reached.

Yield potential differs between cultivars and beside the significant interaction of cultivar and year (TABLE
5.8), a smaller cultivar x treatment interaction was also observed for straw and total yield (data not
shown). The highest yielding cultivar Gestreifte Linse suffered from strongest yield depression for straw
and total yield, medium yielding Pisarecka Perla experienced the least depression in yield (TABLE 5.6). It
can be assumed according to the strong differences in morphological traits (e.g. growth type) between the
cultivars, that root traits may also differ between our cultivars. In general, the root system of lentil is
described by Saxena (2009) as “a slender taproot system with a mass of fibrous lateral roots”. Variation
between genotypes for multiple root traits were reported by Sarker et al. (2005), including the length of
the taproot and the number of lateral roots, and they linked drought tolerance of a breeding line mainly
to the number of lateral roots and fast root growth. In another study, high association between root and
shoot traits was found in well-watered and dry treatments (Idrissi et al. 2015).

Visible differences between treatments were present earliest at the stage of full flowering mid of June,
approximately five weeks after field plots were covered by the rainout shelters, by a lighter green color of
the irrigated plots compared to a darker green color in dry plots (FiGure 5.4). However, flowering could be
observed slightly earlier in the dry plots for all cultivars, indicating that desiccation was influencing the
plants already before flowering. Leaf samples for the leaf size scan were taken after flowering during grain
filling stage. Leaf size was larger under irrigated conditions, which was significant in Pisarecka Perla and
Gestreifte Linse with P=0.2 and P=0.1, respectively. This correlates with the results for seed weight, being
higher as well in all cultivars when irrigated and significantly different for Pisarecka Perla and Gestreifte
Linse with P=0.2 and P=0.05, respectively.

Significant differences between treatments in canopy temperature could be measured earliest in early
June 2015. In 2014, differences between treatments were observed at the end of June, which may be due
to later covering and the heavy rainfall event on 12" of June 2014. Cultivar specific differences in canopy
temperature were observed end of June until beginning of July in 2014 and 2016, but for none of the
measurement dates in 2015. Thermal infrared measurements are strongly dependent on air temperature,
air humidity, solar altitude, and shading. As Jones et al. (2009) documented, also the canopy structure
affects the observed temperature and may explain the differences observed between our three cultivars,
where a higher temperature with up to 1°C was measured in the more erect growing cultivars Pisarecka
Perla and Schwarze Linse, compared to Gestreifte Linse, under irrigated conditions. Under dry conditions,
this effect was less pronounced and could only be observed during two dates in 2014, which may be
explained with a less copious, overhanging growth of Gestreifte Linse and consequently a less distinct
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canopy structure between the cultivars in the dry plots. Thus, Gestreifte Linse had the highest overall mean
in the relative temperature.
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FIGURE 5.4 Lentil drought stress experiment under the rainout shelter on 17% of June 2015

Isotopic carbon fractioning gave inconsistent results, showing significant differences between treatments
and cultivars in 2014 for seed samples, whereas in 2015 treatments could be significantly distinguished for
straw and midterm plant samples, but not for seed samples due to a highly significant replication x
treatment interaction. However, the absolute mean values are consistently higher in the dry treatment for
all cultivars and all types of samples, supporting the general hypothesis of a reduced transpiration rate
leading to reduced isotope discrimination and a higher AC value under drought conditions. Cultivar
Schwarze Linse had the highest absolute value from seed samples in 2014 in both treatments, suggesting
a lower transpiration rate in this cultivar, which would correspond to its smallest leaf size and lowest yield
potential, compared to the other cultivars.

The effect of the selection provenance on the performance under drought stress was significant in
Pisarecka Perla for seed and in Gestreifte Linse for straw yield with the highest yield under drought stress
for the selection from Reinshof. Across cultivars, seed yield and total yield were highest for Reinshof
selections, which was significant at P=0.1 for the latter trait. Phenological and morphological traits
exhibited a larger and significant within-cultivar variation in the dry treatment, e.g. leaf size in Schwarze
Linse, flowering and ripening in Gestreifte Linse. Kumar et al. (2012) identified among others traits, early
flowering and maturity, biological yield, and the harvest index as key traits for the selection under dry
conditions for drought tolerance in an environment where terminal drought is limiting yield.

Canopy temperature can be a useful tool, also under field conditions, for selection under drought and heat
stress, according to Mason and Singh (2014). In our experiment, it was an easy method to observe border
effects and to monitor the irrigated as well as the dry field plots. However, potential small differences
between genotypes may not be detected under field conditions due to many environmental factors
influencing the measurement (Jones et al. 2009). Isotopic carbon fractioning could serve as well, as a
valuable tool, especially when the interest lays in the examination of the physiological responses behind
differences in drought tolerance (e.g. Chaves et al. 2003). To examine differences between stress
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conditions of the three locations, | recommend to analyze seeds harvested at each location from several
years and in this way proof if drought stress was a significant factor differentiating Tangsehl from the two
other locations. However, for large breeding trials this method might be rather expensive and laborious
and certainly could not differentiate the expected small differences between our lentil populations.

In conclusion, natural selection on-farm for ten generations did not lead to a significant differentiation in
drought tolerance. The ‘richest’ location (Reinshof) seemed to have returned the best drought tolerant
populations according to seed yield. Environmental (pedoclimatic) conditions at Tangsehl were expected
to trigger natural selection towards adaptation to drought stress conditions. However, this could not be
observed in our experiment. Possible explanations could be i) drought stress was not a significant factor
differentiating the selection sites, ii) genetic diversity in the initial material was not sufficient, iii) drought
conditions induced at Reinshof were not large enough, iv) other parameters, e.g. seed size in Pisarecka
Perla and Schwarze Linse, were of advantage for seed yield under induced drought stress at Reinshof, v)
drought stress at Reinshof differed from drought stress in Tangsehl and Schénhagen, e.g. induced too late.
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6 GENERAL DISCUSSION AND CONCLUSIONS

Populations developed by natural selection on-farm did not show significant site-specific adaptation for
yield (CHAPTER 2). Nevertheless, significant changes in seed weight and flowering time were observed for
the cultivar Pisarecka Perla, caused by directional selection, as development of seed weight was
continuous and may have led to adaptation to the most stress-prone environment. But this specific
population (Pisarecka Perla selected at Tangsehl) benefited also in the other test locations from lower seed
weight and earlier flowering under the environmental conditions during the test years. Different
approaches for an explanation are possible: Effects of site-specific adaptation by natural selection in terms
of yield i) may have been too small to detect in a two-year field performance test, and/or ii) ten
generations may have been too short to result in significant yield advantages; or iii) the three selection
sites have not been as distinctly different as expected and the effect of year during natural selection
counteracted a continuous directional selection towards adaptation to site-specific conditions. The
general tendency towards better yield across locations and cultivars in the tenth generation compared to
generation five and the initial material may suggest for a combination of the first and second explanation.
Since Pisarecka Perla shows significant site-specific development, the three selection sites are expected to
have influenced natural selection differently, but a lower initial genetic variation within the other two
cultivars may have hampered significant changes in this material for a limited number of generations.

From the assessment of phenotypic and genotypic variation within the initial material and within site-
specific populations from natural selection (CHAPTER 3), it became apparent that the cultivar Pisarecka Perla
experienced significant changes by site-specific natural selection corresponding to genotypic variation
especially in seed weight and flowering time within the initial population. The initial populations of
Gestreifte Linse and Schwarze Linse did not show significant genotypic variability. Genetic variability and
recombination observed within Pisarecka Perla enabled a dynamic development. The development differs
significantly between selection sites proving on-farm management a dynamic approach for the
maintenance of genetic resources. It was observed that the seed size was significantly altered by natural
selection in both directions depending on the selection site, whereas for one population of Pisarecka Perla
and all populations of the other cultivars it was constant or slightly increased.

Selection for seed size can help to improve yield and harvest index (CHAPTER 4). For Pisarecka Perla, the
initial genetic variability was maintained by the selection on extreme seed size and additional variability
was observed within the small seeded selection suggesting within-cultivar recombination. Strong selection
for extreme seed size resulted unintentionally in a change of the original material by spontaneous
outcrossing and/or recombination, as observed in the large seeded selection of Schwarze Linse and the
small seeded selection of Gestreifte Linse.

A significantly smaller seed weight and earlier flowering for the population of Pisarecka Perla selected at
the most ‘stress-prone’ location did not determine significant adaptation to drought stress when
compared to the other populations in terms of yield (CHAPTER 5). Thus, drought stress may not have been
the most important driving factor for natural selection at this location. In the populations of the other two
cultivars, absence of variation for drought stress tolerance corresponds to a very low genetic variability
among them.
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To study site-specific adaptation by natural selection and the underlying factors involved in a
predominantly autogamous crop, | recommend using genetically broad populations, e.g. composite
crosses or diverse lines, which should be phenotypically and genotypically characterized in advance. After
several generations of natural selection at diverse locations, genotypic markers should be employed to
study population structure and compare populations in different generations between the locations.
Phenotypic assessments from field plots may help to identify specific sets of traits involved in adaptation
to specific conditions.

On-farm management as a tool for the dynamic maintenance of plant genetic resources in autogamous
crops may be considered for both, genetically diverse populations, but also genetically narrow cultivars or
landraces. At least two diverse locations distinctly different in climatic and/or pedoclimatic and/or biotic
and abiotic stress conditions are necessary to maintain diversity in accessions in on-farm management.
Homogenous accessions could be maintained at one farm, but a backup stored at regular intervals to
maintain the accessions in case of crop loss or seed-borne diseases is essential. | recommend using
molecular markers to characterize the material of interest for its genetic diversity and subsequently decide
on the maintenance strategy accordingly. Selection for seed size or for other traits, which are considered
to be negative for the agronomic performance (e.g. plant height in cereals) or which are characteristic for
the material, should be done regularly, depending on the outcrossing rate of the crop. For maintenance,
on the other hand, selection bears the risk of selecting ‘off-types’ from spontaneous outcrossing and thus,
the original population may be unintentionally changed. ‘Phenotypic markers’ like cotyledon color,
hypocotyl color of seedlings or seed color should be monitored thoroughly to identify genetic
recombination and outcrossing. | do not recommend managing different material at one farm, if the main
purpose is the maintenance e.g. of a landrace, but a strict isolation, because the risk of outcrossing or
admixture is high. Regular monitoring by molecular markers may allow the identification of unwanted
genetic changes at an early stage and in such a case, backup samples are essential and the strategy or local
system of the on-farm management should be reconsidered and revised.

From the perspective of farmers, for dynamic management using site-specific adaptation effects resulting
in a locally adapted farm-race, | recommend using mixtures of accessions, e.g. of a genetically diverse
landrace, from different locations within the distribution area to benefit from a larger gain of selection
due to a higher genetic diversity within the starting material.
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In the context of conservation and use of plant genetic resources, both storage in gene banks (ex situ) and
safeguard on-farm (in situ) are important concepts. Increasingly attention focuses on the on-farm
management of plant genetic resources as a dynamic maintenance strategy. To date, little is known about
the potential of ‘evolutionary’ adaptation to site-specific conditions and the mechanisms involved. Lentil
is an autogamous food legume crop with limited recombination. In long-term experiment three old lentil
cultivars were exposed to ten generations of natural selection at three farms in Central and Northern
Germany under rain-fed conditions. Two of the selection sites were on soils with low fertility and expected
frequent shortages in water supply during the growing season. The following four main questions were
investigated: i) Did natural selection during ten generations lead to site-specific adaptation in terms of
yield? ii) Did natural selection alter phenotypic and genotypic variability? iii) What is the importance of
seed weight for natural selection and adaptation? iv) Was drought a significant factor for site-specific
development?

The three lentil cultivars are distinctly different in their morphological and phenological traits. Populations
in the fifth and tenth generation under site-specific natural selection within each cultivar and the
corresponding initial material were compared in a two-year field trial at the three selection sites. Single-
plant progeny testing during two years at one location and SNP genotyping using KASPar™ assays was
done to assess phenotypic and genotypic within-population variability. Selections for extreme seed size
for six generations from each cultivar were phenotyped in the field and genotyped by SNP markers.
Additionally, populations in the tenth generation of natural selection were tested in induced drought in
rainout shelters for their variation in drought stress tolerance during three years at one location.

Significant continuous site-specific changes in seed weight and flowering time in both directions were
observed for one cultivar. Natural selection at the more stress-prone location led to a lower seed weight
and earlier flowering, whereas in the most fertile location selection favored larger seeded genotypes and
later flowering. However, these changes did not lead to a significant site-specific adaptation in terms of
yield. But a general yield advantage across locations for the population with a lower seed weight and
earlier flowering was observed. A general tendency towards better yield for the latest generations across
cultivars and locations suggests that natural selection was positive in terms of the general performance.

Phenotypic and genotypic variation within the initial material of one cultivar goes back to three main
genotypes, which differ significantly in seed weight and flowering time. The observed phenotypic changes
and site-specific differences in the genetic variability are supposedly caused by different selection pressure
at the three locations. However, at the most stress-prone location, within-population variability is
relatively high due to recombination, whereas the population selected at the most fertile location is highly
dominated by one genotype. Across all locations, the genetic variation within this cultivar was maintained.
The other two cultivars exhibited a very low genetic variability and were maintained at all three farms
without changing their characteristic seed weight significantly.

A general yield improvement by selection for larger seeds was observed in all cultivars. The full genetic
variation within one cultivar was maintained by the selection for both extremes in seed size. Selection
within two cultivars with very low genetic variability resulted in an unintended genetic modification from
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the initial material by selecting ‘off-types’, probably resulting from spontaneous outcrossing, with smaller
seeds in one case and with larger seeds in the other.

Significant site-specific variation in drought tolerance was not found. Thus, the effect of year may have
counteracted a continuous site-specific adaptation or selection sites are not as distinctly different as
expected in water regimes. Consequently, the main factors involved in the continuous site-specific changes
in one cultivar remain unidentified. It was observed that cultivars reacted differently to drought
conditions.

On-farm management with lentil can lead to a site-specific development and site-specific adaptation may
occur in the long-term. Given a substantial genetic variability, seed yield, straw yield, harvest index, seed
weight, and flowering time were altered significantly by natural selection.

Our results prove the maintenance and management on-farm of plant genetic resources in an autogamous
species a dynamic management strategy. For the maintenance of material with substantial genetic
diversity, at least two farms with significantly different environmental conditions are necessary.
Homogeneous accessions, when combined with ex situ maintenance, could be managed at one location. |
recommend the characterization of the material in advance for its genetic diversity and outcrossing
potential to establish a well-grounded management strategy accordingly. Different material of the same
crop should not be maintained at one farm. Selection for traits considered negative for agronomic
performance and monitoring of characteristic traits may be considered to preserve the integrity of the
material and/or to improve its agronomic performance. To study the main factors involved in site-specific
adaptation by natural selection for autogamous crops, | suggest using genetically broad populations, which
should be well characterized in advance, phenotypically as well as by molecular markers, to monitor their
spatial and temporal development in diverse environments.
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FIGURE A1 Temperature and precipitation at Reinshof, April — August 2015 (upper) and 2016 (lower).

Data source: Meteorological station Gottingen (long-term mean temperature 1981-2010), Deutscher
Wetterdienst (www.dwd.de/WESTE)
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FIGURE A2 Temperature and precipitation at Schonhagen, April — August 2015 (upper) and 2016 (lower).

Data source: Meteorological stations Leinefelde (temperature), Bad Sooden-Allendorf (precipitation),
and Eschwege (long-term temperature mean 1981-2010), Deutscher Wetterdienst
(www.dwd.de/WESTE)
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FIGURE A3 Temperature and precipitation at Darzau, April — August 2015 (upper) and 2016 (lower).

Data source: Meteorological stations Lenzen/Elbe (temperature), Bleckede-Walmsburg (precipitation),
and Wendisch-Evern (long-term temperature mean 1981-2010), Deutscher Wetterdienst
(www.dwd.de/WESTE)

Pace 125



DANKSAGUNG (ACKNOWLEDGEMENTS)

DANKSAGUNG (ACKNOWLEDGEMENTS)

Einen herzlichen Dank mdchte ich Heiko C. Becker aussprechen fiir die Uberlassung des Themas, die Betreuung und
insbesondere die ermunternden, schlichtenden, beruhigenden und motivierenden Worte zur richtigen Zeit sowie die
hilfreichen Diskussionen.

Bernd Horneburg danke ich fur die intensive praktische Betreuung innerhalb seiner Fachgruppe und die Vermittlung
seiner langjahrigen Erfahrungen mit den Linsen.

Gunter Backes danke ich fiir die Ubernahme des Koreferats. Klaus Dittert sei gedankt fiir die Einwilligung als drittes
Mitglied im Prifungskomitee bei der Disputation aufzutreten. AuBerdem danke ich ihm fiir die Hilfe bei der
Diskussion der Trockenstress-Ergebnisse. Mehmet Senbayram danke ich fur die Beratung zum Trockenstressversuch
sowie die regelmiRige Uberlassung der Thermobild-Kamera. Wolfgang Link sei gedankt fir Beratungen zum
Felddesign und zur statistischen Auswertung.

Der DFG und der Software AG Stiftung danke ich fiir die Finanzierung des Projektes bzw. der Fachgruppe insgesamt.

Einige Studentinnen waren als Hilfskrafte ausgesprochen wichtig und haben den teilweise sehr aufwendigen und
arbeitsintensiven Versuchen mit zum Erfolg verholfen. Stellvertretend fiir alle diese helfenden Hande nenne ich
diejenigen namentlich, die auch eine Abschlussarbeit in diesem Projekt verfasst haben und somit auch inhaltlich
wesentlich zum Thema meiner Arbeit beigetragen haben. In der chronologischen Reihenfolge nach Abgabe ihrer
schriftlichen Arbeiten sind dies: Salim Trouchaud (B.Sc.), Moritz Halekotte (B.Sc.), Thorben Becher (M.Sc.), Male
Bockelmann (M.Sc.) und Yingying Zhong (M.Sc).

Auch die technischen Arbeitskrafte waren in diesem Projekt stark gefordert. Somit danke ich sehr, sehr herzlich
Barbara Wedemeyer-Kremer, die als technische Assistentin organisatorisch und praktisch im Feld viel geleistet hat
und damit dieses Projekt ermoglichte. Zuséatzlich war sie in manchen schwierigen Situationen eine mentale Stiitze.
Auch Ulrike Hill hat sich zeitweise sehr intensiv mit den Linsen im Feld und Gewachshaus sowie zur
Aussaatvorbereitung und zur Nachernteaufbereitung beschaftigt. Vielen Dank dafiir. Fir die Koordination aller
technischen Kréfte im Feld danke ich Dirk Hunold. Frank Gemmeke danke ich fiir die intensive Auseinandersetzung
mit allen Problemen des Trockenh&duserauf- und Abbaus sowie fiir die verantwortungsvolle Ubernahme der Auf- und
Abbauleitung dieser ,mobilen‘ Hauser.

Fir die zur Verfiigung gestellten Flachen und die Nutzung mancher Infrastruktur an den AuBenstandorten danke ich
Karin Weng in Schonhagen sowie Ernst-Heinrich Schmidt vom Hof Darzau und Karl-Josef Miller von der
Getreidezlichtung Darzau. Fur die Betreuung und Pflege des Versuches in Darzau danke ich Lothar Ulrich (Sommer
2015) und Mark Fellechner (Sommer 2016) sehr herzlich.

Meinen Mitdoktorandinnen und Kolleginnen danke ich fiir die schéne Zeit und Unterstiitzung, fiir die schonen
gemeinsamen Mensa-Mittagspausen, die tollen Exkursionen und manche abendlichen Amisements. Danke Antje flr
die Durchhalte-Leckerlies wahrend der Schreibphase und danke Mareile, dass ich nicht immer alleine meine
Kopfliftungs-Gange um das Klinikum machen musste.

Gitanjali More danke ich fiir Verbesserungen meiner Englischgrammatik und Ausdrucksweise.

Meiner Familie und meinen Freunden danke ich fiir Geduld und Riicksicht. Meiner geliebten K1-WG danke ich fiir das
angenehme Wohn- und Lebensumfeld und das Aushalten einigen Geredes (iber Linsen.

Meiner Freundin Sari danke ich fiir ihre besonders groRRe Geduld, die unvergesslichen Urlaube und fiir manche nétige
und hilfreiche Ablenkung.

Pace 126



CURRICULUM VITAE

Curriculum Vitae

Name: Ruland

Surname: Michael

Birth: 01. Sept. 1986, in Filderstadt

Nationality: German

Contact: Email michael.ruland@gmx.net

Address: Georg-August-Universitat, DNPW, Von-Siebold-Str. 8, 37083 Gottingen, Germany
Education

Mar 2014 —May 2017  PhD student in plant breeding
Georg-August-Universitat Gottingen, Germany
Department of Crop Science, Division of Plant Breeding

Oct 2011 — Nov 2013 Master of Crop Sciences
Universitdat Hohenheim, Germany
Major: Plant Breeding and Seed Science

Oct 2007 —Jan 2011 Bachelor of Environmental Sciences
Carl-von-Ossietzky-Universitdt Oldenburg, Germany
Major: Landscape Ecology and Landscape Planning

Jun 2006 Abitur (High School Diploma)

Work experience

Jan 2018 — present Breeder /

Jun — Dec 2017 Selector at Rijk Zwaan in Marne, Germany, for cabbage (Brassica oleracea)
Mar 2014 — May 2017  Scientific staff at Georg-August-Universitat Gottingen, Germany

Internships and part-time jobs

Feb — Aug 2013 and Student assistant in the worldwide breeding program of Jatropha curcas

Oct 2011 —Jun 2012 at JatroSelect GmbH in Stuttgart, Germany

Jul—Aug 2012 Internship in plant breeding for organic farming at Research and Breeding,
Dottenfelder Hof, Bad Vilbel, Germany

Feb — Aug 2011 Internship in Jatropha curcas breeding at JatroSelect GmbH in Cameroon, Africa

Assistant of the breeding manager for three locations

May — Sep 2010 Student assistant in the Jadebay-Project at University of Oldenburg,
Institute for Chemistry and Biology of the Marine Environment (ICBM)

Oct 2009 - Feb 2010 Student teaching assistant at University of Oldenburg, Institute for Biology and
Environmental Sciences (IBU)

Jul = Oct 2009 Internship in landscape conservation planning at LUP Kohl (Agency for
Landscape Architecture and Environmental Planning) in Gottingen, Germany

Sep 2006 — Sep 2007 Gap year taken to do voluntary work in the environmental sector (FOJ) in
environmental education at Regional Centre for Environmental Education

A

(RUZ) Huntlosen-Hosline, Germany f
f

Lf. r {z A

Hereby, | affirm that the information | have given is correct.
Supporting documents are available upon request.

Pace127


mailto:michael.ruland@gmx.net

