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ABSTRACT

The experiment was conducted as a factorial base on completely randomized design with three replications
under controlled conditions at Ferdowsi University of Mashhad in 2018. 20 lentil genotypes, three freezing
temperatures (0, -18 and -20°C) and six time period (before stress, 12, 24, 48, 72 and 96 hours after stress)
were investigated. Decrease the temperature from 0 to -18 and -20°C reduced the maximum efficiency of
PSII photochemistry in the light (F'v/F'm). The lowest values of F'v/F'm were observed at -18 and -20°C,
12 and 24 hours after stress, respectively; then F'v/F'm gradually increased over time. However, at -20°C,
the F'v/F'm did not reach the initial value before stress. PSII operating efficiency in the light adapted leaf
(F'q/F'm) was reduced by decreased temperature in all genotypes and all time point. Despite the initial
decrease in F'q/F'm, most of the studied genotypes had a good ability to recover at 0 and -18°C
temperatures. The results of cluster analysis and principal component analysis (PCA) showed that the
second component includes survival percentage, dry weight, F'v, F'q/F'm and F'v/F'm explains 20.76%.
Most genotypes belonging to the second group including MLC11, MLC286, MLC407 and MLC469 were
in this component. Due to the 100% survival of these genotypes at -18°C and their suitable potential for
recovery of chlorophyll fluorescence components and regrowth, their use is recommended for additional
studies for autumn cultivation in cold regions.

Keywords: Autumn cultivation, cluster analysis, maximum efficiency of PSII, recovery, survival
percentage.
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Figure 1. Rainfall, minimum and maximum temperatures during fall and winter in 2018-2019, Mashhad.
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Table 1. Lentil genotypes used in experiment?

No. Genotype

MLC8!
MLC11
MLC13
MLC17
MLC33
MLC38
MLC47
MLC70
. MLC74
10. MLC83

©COoONOR~WNE

No. Genotype
11. MLC84
12. MLC103
13. MLC286
14. MLC303
15. MLC334

16. MLC407
17. MLC409
18. MLC454
19. MLC469
20. MLC472

1-MLC: Mashhad Lentil Collection
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Table 2. Commonly used abbreviations, equations and identify (Baker, 2008)

Parameter Formula Description

F'v/F'm (F'm—F,)/F'm Maximum efficiency of PSII photochemistry in the light.
®PSII =F'q/F'm (F'm—F')/F'm PSII operating efficiency

F'q/F'v (F'm-F")/(F'm-F,)  Photochemical quenching

qL (Fq'/FV)I(Fo/F") Estimates the fraction of open PSII centers
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Table 3. Source of variation, degree of freedom and mean square of chlorophyll fluorescence parameters
in lentil genotypes under freezing stress and time measurement in the time points.

Source of variation df Fo F'm Fv Fv/F'm F'a/F'm F'a/F'v alL
Genotype (G) 19 44344™ 229195™ 171435™ 0.084™ 0.087™ 0.020" 0.013"
Temperature (T) 2 427514 22027743™ 29665384 13.6™ 145™ 0.005™ 0.007™
Time point (TP) 5 674953™ 572252™ 200431™ 0.220™ 0.205™ 0.047* 0.035"
TxG 38 7393™ 111432 108229 0.075™ 0.058™ 0.017" 0.018"
TPxG 95 5932" 57771 52024™ 0.025™ 0.021™ 0.018™ 0.017™
TP«T 10 80337™ 1902554 1943573™ 0.753™ 0.792™ 0.059™ 0.045™
TxTP«G 190 5013" 40299 35025™ 0.023™ 0.019™ 0.018™ 0.017™
Error 1080 5261 35170 14387 0.015 0.013 0.020 0.018
CV% - 19.1 19.2 20.1 21.2 19.8 14.1 134
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** and ns: significant at 1% of probability level and nonsignificant, CV: Coefficient of Variation.
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Table 4. Effect of freezing temperature and time point on chlorophyll fluorescence parameters in the lentil

genotypes.
Freezing Time Point , , P
temperature (°C) (hour) Fo Fm Fa/F'v aL
Before stress 424° 1044 0.998% 1.001%
12 404 1129 1.018% 0.998%
0 24 396 1043 1.003%® 0.998%
48 3524 12522 1.003* 0.996®
72 280¢ 10079¢ 0.994° 0.993®
96 318 1087% 0.997a° 0.986°
Before stress 424*; 1044CZ 0.99832 1.001a2
12 423 1027¢ 1.004? 0.999°
.18 24 367°¢ 12022 1.007% 1.006%
48 312% 1045 1.011% 1.0092%
72 326.6° 1104° 1.000% 1.000%
96 3197 1203 0.998* 1.002%
Before stress 424° 1044 1.017% 1.020%
12 5262 908°¢ 0.970° 0.988°
20 24 437° 633" 0.964° 0.967°
48 323f 5229 0.996% 1.000%
72 370% 634° 0.956° 0.958°
96 403 6289 1.075° 1.066°
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MLC: Mashhad Lentil Collection. In each column means with the same letter(s) are not significantly different (P<0.05).
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Table 5. Fin in lentil genotypes during time points
Time Point (hour)

Genotype — 5 tore stress 12 24 48 72 9%

MLCa! 1034%9 105179 83859 957+ 100179 104979
MLC11 1013%9 953+ 1063%9 1032%9 959+9 85459
MLC13 953+ 9927 900%9 816%9 9389 1042+9
MLC17 1064%9 1000%9 97479 887+ 913%9 928%9
MLC33 1003 10759 1159+ 968+ 9639 1080%9
MLC38 1098*' 1046%9 1048%9 9819 94159 1054%9
MLCAT 1039+ 1050+ 847> 886+ 840" 897+
MLC70 1048%9 972+ 91479 92179 7390 83159
MLC74 987+ 930+ 948+ 938+ 772+ 935+
MLCS3 1139+ 1155+ 942+9 9617 9639 1020%9
MLC84 994+ 1000+ 922+ 790% 818%9 863"
MLC103 1185 906+ 891+ 8709 840" 918+
MLC286 895+ 1031%9 1086+ 95479 940%9 1130%
MLC303 1227 1059+ 977+ 1086%" 106159 1140%¢
MLC334 1052+9 1126+ 99479 980 968+ 900%9
MLCA07 978+ 1140+ 962+ 1031%9 933 930+
MLC409 83254 9579 78759 884+ 981%9 907%9
MLC454 10861 1032%9 915%9 104079 960°9 1028%9
MLC469 1176 9947 1029+ 961+ 953+ 1000+
MLC472 982+ 960 99479 8569 817%9 947%9

Gl gre Dol oo (o yo 50 alie By, sl gla Sl g cwgs 8 oBiils LS pale caSimgl wis yganSIS :MLC

5 iy Jleis! ma jo
MLC: Mashhad Lentil Collection. Means with the same letter in the same trait are not significantly different (P<0.05).
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Table 6. Fr, parameters in lentil genotypes at freezing temperature
Freezing temperature (°C)

Genotype

0 -18 -20
MLC8! 1093%¢ 1031 841%!
MLC11 1143*¢ 1146%¢ 648"
MLC13 1111%¢ 1002*9 707"
MLC17 1080%¢ 1158%® 645
MLC33 1163® 1206* 8009"
MLC38 1141%¢ 12122 731"
MLC47 1078*¢ 1000%*¢ 602™
MLC70 1043 1083%¢ 586"
MLC74 1089%¢ 995%9 670"
MLC83 1147%¢ 1180 762"
MLC84 1000*9 10964 597™
MLC103 1054%*¢ 1001%*9 750"
MLC286 1098%¢ 1128*¢ 79297
MLC303 1173 1173 930°
MLC334 1167 1166 678"
MLC407 1077%¢ 1141%¢ 769"
MLC409 973 879« 822fm
MLC454 1072%¢ 1137 821fm
MLC469 1118*° 11772 761"
MLC472 1052%¢ 1075%¢ 652"
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MLC: Mashhad Lentil Collection. Means with the same letters in the same trait are not significantly different (P<0.05).
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Table 7. F\ parameter in the lentil genotypes at freezing temperature and during time point
Time Point (hour)

Genotype  Freezing temperature (°C)

Before stress 12 24 48 72 96

0 6189 696 5140 898*¢ 8097 863**

MLC8! -18 6189 461 519t 786*%  775%%  695°Y
-20 61892 506 176%*  326™ 302 458+
0 607" 768+ 877 1149° 780 6635

MLC11 -18 607" 682002 1131® 770% 847a* 84422
-20 607h—bj 285aw-ce 126bp—ce 259bb—ce 285w-ce 111br—ce

0 5367 727%% 7062 893 780*%9 944m

MLC13 -18 53674 4002 770+ 621909 770%a" 925
-20 5367 5507 104™*  p4%  295%  p1ghtee

0 659°b 704%2v  704%W 816%d 773 767%

MLC17 -18 659 6269 942%m 835  gppaad 946!

-20 659e-bc 32Qan-ce 98bt-ce 83bw—ce 161bl-ce 48¢c-ce

0 664°° 731 879*¢ 905%" 692  796%%

MLC33 -18 6640 592Nk 9937 9043 8297  1054%
-20 576i-bm 388af-ce 2973u-ce 186bj-ce 226bd-ce 170bl-ce

0 668 641 696 842%@ 835  gO5*ag

MLC38 -18 668°0° 5g2"! 965%1 818*ad g4 937"
-20 668e—bb 44472 145bn-ce 78by-ce 5ece-ce 230bd-ce

0 622029 735%% 505P-0w 858*Y 737%%  781%%

MLC47 -18 6220 728** 37+ 79 63 950!
-20 6229-bg 473ce 113bq-ce 4q¢ccce 117bp-ce 94bu-ce

0 646" 698 692¢% 882>t 6159%" 678
MLC70 -18 6464 6129 807af 801*%  777*%  7415%%
-20 646f-bd 279xce Glcb-ce 136hP-ce 5oce-ce 390d-ce

0 564/t 727%% 6309 96231 6565  703%awW

MLC74 -18 5641 463 7392 5g3mb - 57ghbm 895%¢
-20 564j-bn 241bc-ce 83bx-ce 176bk»ce 117bp»ce 166bl»ce

0 699 805 486 866> 793 804>

MLC83 -18 699 8282 892%s 729> 7717 842
-20 699 316%-ce 159bm-ce 198bh-ce 223be-ce 145bn-ce
0 592k 760%3 728%% 515%™ §119P 7505

MLC84 -18 592Nk 62499 716> 8242¢ 84422 877+

-20 592h-bk 323ap-ce lllbr-ce glbv-ce 66bz-ce 3qcece

0 727%% 719> 531" 782%20 7032w 813*€

MLC103 -18 727%% 485" 676900 667¢%  516™u  5EgM
-20 72738 32082p-ce 3063 227bd»ce zogbf»ce 203bg»ce

0 524m-bs 7092 740* 1053*F  697¢™  790%%

MLC286 -18 524m-bs T47%2° 943%m 6289P1 8273 1104%¢
-20 524m-bs 450w-ce 319Qaace 304at-ce 4083cce 477ab-cb

0 757+ 696 740% 895%¢ 768+ 878>

MLC303 -18 7575 6279 861** 907" 795%% 919*9
-20 757+ 456%™ 143bce  120%c  g46Md 707%%

0 6259 7613 575m 1072%¢  777%%9  836%®

MLC334 -18 62590f 852%Y 9574k 771%@ 837 927%°
-20 6259-bf 346aj-ce 162bl-ce 89bv-ce 279ax-ce 70by-ce

0 568m 750 580"PM  1091%¢ 709 774%%

MLC407 -18 568/-om 877 891%¢ 67990 906> 849*7
-20 5681-bm 454w-cd 343ak-ce 348a-ce 28gav-ce 213bf-ce

0 459vc 753+ 3362 8403  gog*c  gEc™

MLC409 -18 459w 305%  315%ce 581 8013  5oE"k
-20 459+ 4297 490" 271%  400°  420%

0 6129 720> 5019 999+h 745%%°  782%%

MLC454 -18 61200 4390 7917 BggTE  G77d  1031%0
-20 6129 200 19250 3314m 444 Q74Y°

0 755+ 7667 748 945%™ 735 802*%

MLC469 -18 755+ 5g1"! 1095%¢ 835 835 96871
-20 755a—a| 352ah-ce 198bh-ce 265ba-ce 455w-cd 267ba-ce

0 5g1"! 750*%" 784%% 858*Y 601" 751%am

MLCA472 -18 581! 533" gg4*s  f10%M  748%%  9Qgrh
_20 581h»bl 386ag»ce 164bl-ce 138b0-ce 131bp-ce glbv-ce
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MLC: Mashhad Lentil Collection. Means with the same letters in the same trait are not significantly different (P<0.05).
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Figure 2. Trends of maximum efficiency of PSII photochemistry (Fv/F'm) in the light under freezing stress during recovery period.
Vertical bars indicate standard error
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Figure 3. Trends of maximum efficiency of PSII photochemistry in the light (Fv'/F'm) in lentil genotypes
in freezing temperature and during recovery period. Vertical bars indicate standard error
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Table 8. F'¢/F'm in the lentil genotypes at the freezing temperature and during time point

Freezing temperature (°C)

Time Point (hour)

Genotype Before stress P 24 48 72 96
0 0.730°" 0.740°" 0800~  0.540°®  0.630°®  0.610°®
MLC8 -18 0620 0740 0810°"  0700°¢ 0.480°Y  0.610°%
-20 0.550*%  0.550%% 0470  0.240%%  0.450°Y  0.610°%
0 0.880%° 0730 0.830°9  0.690°%  0.660°3  0.600°%
MLC11 -18 0.750%° 0700°Y 0730  0.750°"  0.750*"  0.600%%
-20 0.170%%  0.420™  0.390"  0.200°M  0.360™  0.600**
0 0.730% 0730°Y _ 0.730°" _ 0.680°® _ 0.690°* _ 0.560°"
MLC13 -18 0.760™ 0730  0.730°"  0.670°%  0480°%  0.560°™
-20 03109 0.420™  0.160°Y  0.200°%  0.480°%  0.560*™
0 0.730° 0.750°°  0.730°" _ 0.650°7 _ 0.640°*% _ 0.620°%
MLC17 .18 0.760%" 0710  0720a¥  0.730°" 0610  0.620°%
-20 0100  0.280°"M (0.210%  0.150%% 0.360™i  0.620*%
0 07009  0.720°%  0.730°Y _ 0.680°* 0.610°®  0.640°*
MLC33 -18 0.780% 0710  0.810°" 0720% 0540%%  0.640°
-20 0210°H  0.300"%  0.320"M  0.350™%  0.420"%  0.640%
0 06707 0.760°"  0.670°®  0.660°3  0.590>  0.600°%
MLC38 -18 0740 06603 0.690°®  0.690°2 0.570°%  0.600°%
-20 0.330°%  0.130°% 0150  0.200%Y  0.420™  0.600%
0 0.740%° 0730  0.680°° 0520  0.640°7  0.600°*
MLC47 -18 0750  0.690*2 0.690°® 0770  0.630°*  0.600%*
-20 0.230°™  0.200%Y  0.120°"%  0.210%Y  0.470%%  0.600**
0 0690  0.730~  0.720™"  0.630°™  0.660°3  0.620"
MLC70 -18 07109  0720°% 0730a% 0.690°® 0580°% 0.620*%
-20 0.090"H  0.150%%  0.300"M  0.100%  0.3307M  0.620*
0 0720 0.660°3  0.700 _ 0.580°%  0.650°7  0.560°%
MLC74 -18 0720**  0670* 0790  0.650°% 0570°®  0.560*™
-20 0.270%-i 0.270%9  0.310"%  0.120%%  0.280%%  0.560**
0 068070  0.710°" 0.690°®  0.540°*  0.640°*  0.610°®
MLC83 -18 0.660%4 070  0660*4  0.710°* 0.670°%  0.610°*
-20 0.190°% 0320  0.360™)  0.230°"  0.3307Y  0.610%%
0 0.800% 0.690°®  0.650°7  0.610°®  0.710°% _ 0.590°™
MLC84 -18 0.750%° 0720%Y  0.720%%  0.670°" 0.600*  0.590%
-20 0.080°%  0160%% 0.150°% 0.210%% 0.360™ 0,590%
0 0.740% 0710  0.720°" _ 0.610°™  0.660°%  0.610°®
MLC103 -18 0590 0600 0.670** 0630*®° 0530*  0.610°%
-20 0.320“  0.330°%  0.380%%  0.420M  0.400™  0.610%%
0 0.720°%  0.7407°  0.760" _ 0.640°™"  0.640*  0.500%™
MLC286 -18 0.770% 0740°° 0800  0.750°°  0.660°%  0.590%"
-20 0580*%  0.560°*  0.480°"  0.460*"  0.500%""  0.590%2
0 0.710° 0700  0.670°®  0.660°  0.690°®  0.620°%
MLC303 -18 0.850%¢ 0.740%°  0.710°*  0.900° 0570*%  0.620%%
-20 0780*%  0.620°*  0.290%%  0.230°%  0.420™  0.620*%
0 07207 0.720°"  0.720°" _ 0590°™  0.610°®  0.590°*"
MLC334 -18 0.880%¢ 0700  0.750%°  0.720®'  0.670°%  0.590*2
-20 0.170%%  0.430%%  0.180%"  0.200“"  0.390"  0.590%
0 0740 07407 0.760°"  0.670°"  0.680°9 0.570°%
MLC407 -18 0.760%" 0750*° 0670 0730  0.670°%  0570°*
-20 0.320*  0.460*"  0.510*'  0.430%%  0.470°%  0.570%%
0 0.660°3 0.710°%  0.700°7 _ 0.420™  0.640°  0.540°%
MLC409 -18 0600  0.680*% 0750°° 0500°™  0.400™  0.540%%
-20 0.490"Y  0.340°Y  0.260%%  0.440"  0.410™  0.540%™
0 0.850" 0.740°" 0730 _ 0.580°% 0.630°®  0.560°®
MLC454 -18 0730  0.640°* 06508  0.700°  0.440"  0.560%
-20 0.370"  0550*%  0.540%%  0.260°"  0.280%Y  0.560%
0 0.720° 07009  0.860°7  0.680°*  0.680°%  0.640°"
MLC469 -18 0.770* 0.740%¢  0.730*Y  0.840°9  0580**  0.640*"
-20 0.400™  0.490*"  0.450*Y  0.260°%  0.400"  0.640%
0 0.730* 07207 0.740°7  0.680°  0.700  0.570°%
MLCA472 -18 0760*"  0720°% 06503  0.710°* 0.580*% 0570°*
-20 0.100™  0.220°%  0.280°M  0.270°%  0.430%%  0.570**
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MLC: Mashhad Lentil Collection. Means with the same letters in the same trait are not significantly different (P<0.05).
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Table 9. Correlation matrix of lentil genotypes properties at -18 °C (above diagonal) and total temperature
(lower diamond).

NO. Parameters 1. 2. 3. 4. 5. 6. 7. 8. 9.
1. Survival 1 0.80™ -0.31™ 052" 066~ 0737 0737 -0.11" -0.39™
2. Dry weight  0.75™ 1 0.03" 0.62™ 064" 062" 060 -0.20" -0.41"™
3. F0 -0.24™  -0.02" 1 0.26"™ -0.02™ -0.29™ -0.35™ -0.32" -0.29"™
4, F'm 0.18™  0.49" 0.53" 1 0.95™ 077" 0717 -0.43" -0.40™
5. Fv 0.39"  0.64™ 0.12™ 0.89™ 1 0.90™ 087" -0.32" -0.31"™
6. Fv/IF'm 0.07" 0.42" -0.24™ 050" 0.73" 1 0.99™ -0.19™ -0.29™
7. F'a/Fm 0.29™ 056" -0.20" 0.5 0.85" 0.90™ 1 -0.04™  -0.19™
8. Fa/F'v 0.37 0.25™ 0.20™ 0.43™ 0.37™ 0.04™  0.40™ 1 0.76™
9. gL 0.28™  0.21"™  0.27" 055" 047"  0.14™ 047" 0977 1
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"s *and **: non-significant and significant at 5%, and 1% of probability levels , respectively.
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Figure 4. Cluster grouping of lentil genotypes based on studied characteristics at 0°C (A), -18°C (b) and -
20°C (C) under controlled conditions. MLC: Mashhad Lentil Collection
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Table 10. Mean and deviation from mean of groups in cluster analysis for traits in lentil genotypes at -
18°C under controlled conditions

Group
1 2
MLC11, MLC407, MLC286,

Genotypes MLC469, MLC303, MLC472,
MLCE, MLCS ML C74, MLCI0S, mica7, MLC70, MLCB4, MLCBS,
, MLC17, MLC334, MLC33,
MLC38, MLC454
Traits Group mean fDeV|at|on Group Deviation from mean
rom mean mean
Survival 44.0 -35.2 91 11.7
Fo 358 -4.40 363 1.500
F'm 982 -123 1145 40.9
F'v 613 -130 786 434
FVv/IF'm 0.628 -0.045 0.689 0.015
Fa/F'm 0.631 -0.043 0.688 0.014
Fa/F'v 1.010 0.007 1.001 -0.002
o] g 1.008 0.005 1.001 -0.002

MLC: Mashhad Lentil Collection. Wgeien (swgd 3 olRiils ol pole caSimgh was & eSS :MLC
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Figure 5. Biplot based on two major principal component factors at 0°C (A), -18°C (b) and -20°C (C).
MLC: Mashhad Lentil Collection
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