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Abstract: The sunflower hybrids hold a narrow cytoplasmic diversity. Besides, the heterotic effect
of wild cytoplasmic combinations of sunflower on important traits under water stress has not been
explored in detail. Here, we evaluated the different sunflower cytoplasmic combinations in sunflower
hybrids using cytoplasmic male sterile (CMS) sources as female parents. We used a total of sixteen
sunflower genotypes representing twelve CMS lines from wild and conventional sources along with
four restorer lines. Twelve CMS lines were crossed with four restorer lines to develop a total of 48 F;
hybrid combinations. The hybrids were evaluated under two different environments (i.e., regular
irrigation and water stress) for morphophysiological, yield, and biochemical traits over two years.
Heterotic effect for various CMS sources was evaluated on all of the three possible scales, namely,
better-parent heterosis (BPH), mid-parent heterosis (MPH), and heterosis as percent of check (PSH-996).
For better-parent and mid-parent heterosis, the CMS sources Helianthus annuus, Helianthus argophyllus,
and Helianthus debilis demonstrated positive better-parent heterosis for seed yield, oil content, and oleic
acid irrespective of the environment. However, the hybrid combinations of different sources when
using the genotype RCR8297 as the restorer parent recorded maximum average returns. Furthermore,
chlorophyll meter (SPAD) reading positively correlated with days to 50% flowering, days to maturity,
plant height, and number of leaves per plant in both the environments. Overall, this study identified
and compared the heterotic effect of the different cytoplasmic combinations in sunflower under water
stress as well as under normal irrigation environments.
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1. Introduction

Sunflower (Helianthus annuus L.) is an important oilseed crop and sunflower oil is visualised as
the most potential oil to narrow the gap between the total requirements and the domestic production
of edible oil in India [1]. Sunflower is widely adopted and valued for its high-quality edible oil due
to the presence of polyunsaturated fatty acids in conjunction with the right amount of linoleic acid
and oleic acid, which are known to reduce the risk of cardiac problems [2,3]. Sunflower hybrids are
preferred over varietal populations as hybrids offer several benefits in terms of growth, development,
synchronous flowering, early maturity, higher seed setting, increased productivity, fewer harvest
losses, and uniform seed moisture content for storage purposes [4]. Therefore, breeding efforts in
sunflower are more focused on exploitation of heterosis, which has been established as a useful tool
where genetically divergent parents result in highly productive sunflower hybrids with agronomically
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superior traits [5]. Genetic divergence among parents of a hybrid combination is a prerequisite for
hybrid superiority, thus making genetic diversity evaluation an essential component of plant breeding
programs [6]. The information on genetic relatedness among parents increases the selection efficiency
of parents and reduces the chances of selecting the genotypes of similar genetic composition [7,8].
Therefore, in a systematic breeding program, it is essential to identify superior parents for hybridization
and crosses to expand the genetic variability for selection of superior genotypes [9].

Water stress is one of the significant causes for crop losses worldwide, reducing average yields
to 50 percent or even more; furthermore, possible global climate change scenario suggests a future
upsurge in drought stress [10,11]. Therefore, breeding crop varieties for improved water use efficiency
is of utmost importance [12]. Sunflower, being a highly cross-pollinated crop, is ideally suited for
the exploitation of heterosis. A breeding program generally aims at developing cultivars with high
grain yield and oil yield potential [13]. Consequently, there have been relatively fewer efforts to
diversify the inbreds to get better heterosis over check hybrids. The development of sterile cytoplasmic
male sterility (CMS) analogs of lines used in sunflower breeding programs for commercial hybrid
development is one of the practical applications of CMS investigations [14]. At present, only one CMS
source (i.e., PET-1) is being widely used for sunflower hybrid breeding program [15]. This cytoplasmic
uniformity poses a potential risk for hybrid sunflower production [16]. The utilization of different
cytoplasmic backgrounds in hybrid development will improve the general variability of sunflower
plants and lessen the threats of epiphytotic growing needs for additional genetic variability to improve
cultivated sunflower plants [17].

Keeping in view the importance of diversifying the CMS sources in sunflower hybrids and
exploiting heterosis under normal as well as under stress conditions, efforts were made to study twelve
CMS lines belonging to different cytoplasmic sources and their hybrid combinations with four common
restorers for estimation of better-parent heterosis (%), mid-parent heterosis (%), and heterosis over the
popular commercial check PSH-996 (%).

2. Results

The overall mean performance of parents and their hybrids under normal as well stress conditions
is provided in Tables S1 and S2.

2.1. Better-Parent Heterosis (BPH)

The average values of BPH pooled over the years are provided in Table S3. There were significant
differences concerning BPH for all the traits studied under normal environment as well as under stress
environment. However, Helianthus debilis showed the maximum negative BPH with all restorers for
days to flowering and maturity compared to Helianthus petiolaris (a commercial CMS source), which was
determined to be suitable for early maturing hybrids in sunflower (Table 1). Helianthus argophyllus CMS
sources performed well under both the environments for seed yield and oil content in combination
with different restorers. The highest significant positive BPH for seed yield was recorded for H. annuus
sources with the restorer P124R (199.37%) under the regular water regime (Table 1), while under water
stress conditions, H. petiolaris sources showed higher heterosis over better parent for seed yield with the
restorer P69R (115.40%) (Table 2). For oil content, the CMS source H. debilis showed negative heterosis
over better parent with all four restorers in the regular water regime (Table 1). The highest positive
BPH for oil content under water stress was observed for H. annuus (15.07%) and H. argophyllus (13.64%)
sources with the restorer P100R (Table 2). In contrast, under the regular water regime, the CMS sources
H. argophyllus (7.83%) and H. annuus (7.75%) demonstrated high BPH for oil content (Table 1).
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Table 1. Heterosis over better-parent values (BPH, %) among cytoplasmic male sterile (CMS) sources representing five different species of sunflower for
morphophysiological, yield, and biochemical traits under normal irrigation conditions.

Teaite P100R P124R P69R RCR8297
+HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR
- -
paste Tgfy:; owering 209 023* 813  -124% 047  —146* —073*  -746  084* 254 -6.03 -6.93 -6.79 —5.42 —402 209 -071% 445  239% 007
Days to Maturity (days) ~ —0.74  0.37* -35 088*  -072 0.02* -203 179 043%  -118 0.18* -092 399 —002*  058*  026% 082 -325 16% 11
Plant Height (cm) 21.08 3139 17.49 20.69 3243 3796%  5305%  4965% 1916 36.8* 2663 5656* 327 1671 355 29.03 32 29.94 3172 37.25%
Head Diameter (cm) -7.07 -8.44 —431  3859% 449 -8.61 —933  4986*  3519*  -7.83  -1099  -1396  -4.82  3247*  -943 -846  -1122 42 3009%  -041
No. of Leaves/Plant -1759  -678 -138 261 -254 -127  586%  226* 1.53 018 -1134 746 -2.05 3.03 787 ~9.84 0.97 555%  1454% 748
Specific Leaf Weight (g) ~ —7.04*  —474*  —1006* 3077+  -3505  -2864  -27.78  -67.46  -131  -100*  -472  -2444  -37.87  -1424  -1411  1348*  -4651  -3077  -2171  -872*
Rela‘:&:ﬁfﬁ““ -33% 1748  -1731  -1065  —9.69 -1022  -1663  838% 1224  1219%  —272%  443% -859 —449 072 % -8.14 -5.83 -1498 719 -59
SPAD Reading —1962  -04% 1041  -224%  487% 1709  -1809  -1593  —221*  -1105  -259*  —1079  -2044  -448*  811* 1781  —1265  -1218 —led*  422%
100-Seed Weight (g) 351% 33* -8.42 1.67 —1442 446 371 411*  1006*  -1555 1354  -299 785  587* 208 191 1252% 282 679 0.98
Seed Yield/Plant (g) 7249 16809 5745 80.01 10274 4212 19937* 3551 70.03 87.9 2061 14318% 1963 66.99 77.05 8491  1864* 8216 7745 127.28%
Harvest Index (%) 8811* 3113 2173 2921 3734 11594%  10076* 14002* 4726  9827* 1635 125 3419 3.96 1058 114.37*  13733*  14563* 5298  108.82*
Biochemical Traits
il Content (%) 783%  775% 915 409 808% 627  717* 1326 3.52 2.33 479* 48+ —456 3.76 1.66 617%  -397 ~115 421 7.92 %
Palmitic Acid (%) -5158  —46.62  —455 3362  -397  —1666* 484  —1577* 2557  —2375 —1911* —2118* -917* 2864  -3228  -37.98 —1553* —148*  —4137  -5235
Stearic Acid (%) 3864 —3021  -3671 -1921%  —5663  -2726  533*  —2089* 3537 -2244* 2763  —3193  —63.69  —3203 -2277* 2968  —2562%  -5639  —4741  —2304%
Oleic Acid (%) -1967  -2132  -1892  -2592  -3645 2728  -3612  -3359  —130*  —2148  -3059  -2373  —2044 24 -1687% —1456* -826* 2344  —642%  —678*
Linoleic Acid (%) 2678%  3011%* 2157 234*  4376% 1078 1117 16.33 1.94 833 40.89%  31.22%  3507* 2571% 1228 ~166 ~158 8.68 -2 ~139

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively; * The codes represent sources from HA (Helianthus argophyllus), HAN (Helianthus annuus), HD (Helianthus debilis),
HPE (Helianthus petiolaris), and HPR (Helianthus praecox).

Table 2. Heterosis over better-parent values (BPH, %) among CMS sources representing five different species of sunflower for morphophysiological, yield, and

biochemical traits under the water stress environment.

Traits P100R P124R P69R RCR8297
+HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR
Days to 5(3 :’yf)l"we““g 148% 037 196%  643% -255 -158 -3.90 095* 0.53 ~1.64 ~4.80 -5.60 -5.03 -3.37 -378 253 % ~145 393% 481 -0.80
Days to Maturity (days) ~ 0.30*  —1.44 -385  313%  -510 ~131 -1.93 251 056*  -283 -1.87 -142 -519  135%  -236  092%  -112 218 145% 210
Plant Height (cm) 2552 4940%  4655% 3805  42.23* 699 5606 1947 23.18 23.99 —635 7490 6.03 3115 4397* 3363  5530% 3447 39.54 23.74
Head Diameter (cm) 9.38 -1668  -197  4688%  —648 143 -1035  -373 4836 1872 773 569 1132 3141%  —1428 551 -152 658  4311%  -7.86
No. of Leaves/Plant 18.83%  36.03** 7.26 23274 1214 1478 1652 % 1.01 27.93 0.28 -8.09 12.29 -9.29 1424 5.62 1059 2533 1539 1845% 501
Specific Leaf Weight (5) ~ —4254  —30.80  20.83*  28.62**  -3246 5416  —4170  -5167  -17.31  -1564* -57.04  -4308 -1545* 2541  -2672 2574  —4281  -2833  —475%  250*
Re“g‘o":t::ffn‘“e' ~7.64 -291 391 0.95 14.97 ** 559 9.78* —1931  2265*  27.88*  —12.82 -7.55 ~11.12 2.85 -1.05 4.90 -3038  27.92% 6.60 14.82
SPAD Reading —1551 224 2326 —0.11*  -1796  -2038  -869*  -2155 -253*  -2615 1633  —11.60  -1593  -504*  -1328  -17.66  —1899  -1996  —-1045*  -19.94
100-Seed Weight (g) 1697*  -536  2453% 1111 ~12.39 9.04 284 12.81 12.12 992 127 8.51 1644%  1692*% 0.59 13.37 164 4462  2472% 359
Seed Yield/Plant (g) 6308 1637  8048*  71L75% 4656 2537 6216% 4681 4391 1645 28.98 3882 6396* 11540 4815 4177 51.98 56.94 28.25 4438
Harvest Index (%) -3584  -3633 -2387* 4357  -4846  -4578 -2636*  -4064  -5117  -4443  -51.07  -4234 —1134% 4609  —4804 —1751% —1250% —467*  —4267 2474
Biochemical Traits
il Content (%) 1364% 1507 % 8.58 421 451 8.70 8.28 474 7.23 291 9.5 950%  1071%  1026* 467 11.73 5.61 1.24 10.86 ** 5.96
Palmitic Acid (%) —1441  —1892  -19.85  —1074*  -3458  -092*  —4971  —6637  —13.63* —136*  243%  —1536  —6044  —1143*  484* 3748  —2519  -1807  -2006  —1943
Stearic Acid (%) —6472  -3911% -7031  -5405  -7542  —4241% 074" 5338 -34.42% —3488* -2720* -5512  -5469 —4147* -2670* —4490* —4457* -8417  -5317  —4585*%
Oleic Acid (%) 120%  -1521  -2161  199* 1356  -743* 1640  —2713  -898* 1485  -3009  -1614  -3078  -1458  -3115  -391*  —1090  —29.65  050*  6.60*
Linoleic Acid (%) 1.16 511 2498%  —377 12.00 -1520 885 415 ~7.04 1.32 3059%  1432%  56.31% 8.00 1959 1075  -1126  1314*  -1032  -13.74

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively. * The codes represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and

HPR (H. praecox).
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Negative values for BPH for fatty acid composition were observed under normal water irrigation,
whereas a few positive values were recorded under water stress conditions. For linoleic acid (%),
significant positive BPH values were demonstrated for three restorers (except RCR8297) with all CMS
sources under normal water irrigation (Table 1). The CMS source H. debilis showed maximum heterosis
with the restorer P69R for linoleic acid under water stress conditions (Table 2). The CMS sources
H. argophyllus, H. annuus, and H. debilis showed positive BPH under both the environments for seed
yield and oil content. These sources could be a good option for use in future sunflower breeding
programs for the development of water-use-efficient sunflower hybrids. Further, the trends of BPH
values for the yield and oil content are provided in Figure S1.

2.2. Mid-Parent Heterosis (MPH)

The average values of MPH pooled over the years are provided in Table S4. The highest MPH
values for seed yield were observed for H. annuus CMS sources in combination with RCR8297 (220.1%),
followed by P124R (213.82%), P100R (185.94%), and P69R (156.35%), under normal irrigation conditions
(Table 3). The H. petiolaris sources recorded the highest significant positive heterosis over mid-parent
when crossed with P69R (158.73%) and P100R (106.74%) under the water stress environment (Table 4).
For oil content, all CMS sources showed positive MPH values, except the H. debilis source with
P100R (-3.91%) and P124R (-5.50%), and H. annuus with RCR8297 (-1.66%) under the normal water
regime (Table 3). All CMS sources’ combination with all four restorers were observed to have positive
MPH under water stress conditions (Table 4). The highest MPH for oil content was observed for
H. praecox with P124R (13.20%) under the normal water regime and the H. debilis source with P69R
(59.43%) under the water stress environment (Tables 3 and 4). Except the H. annuus CMS sources
in combination with the pollen parent RCR8297 (-2.73%), all other CMS sources showed a positive
MPH for linoleic acid (%) under the normal water regime; and CMS sources H. argophyllus with
P124R (-2.33%), and H. petiolaris (-3.92%) and H. praecox (—6.10%) with RCR8297 showed negative
MPH, while the remaining combinations had positive MPH under the water stress regime (Tables 4
and 5). The H. petiolaris CMS sources had higher MPH values with three restorers, except P124R, for
head diameter and H. annuus sources had higher MPH values for plant height under both the water
regimes (Tables 3 and 4). All of the CMS sources had positive MPH values for seed yield. For oil
content, the CMS sources H. debilis and H. annuus showed negative MPH under normal conditions.
Further, the trends of MPH values for yield and oil content are provided in Figure S2.

2.3. Heterosis as Percent of Check

The average values of heterosis over the commercial check pooled over the years are provided in Table
S3. The average performance of sunflower hybrids (% of the check) developed across groups is presented in
Tables 5 and 6. The highest average performance for seed yield with respect to check was observed for the
H. debilis source with RCR8297 (120.86%) followed by H. argophyllus with RCR8297 (111.04%) under the
normal irrigation regime (Table 5). In the water stress regime, the H. debilis source with P100R (138.30%) and
RCR8297 (138.24%), and H. annuus with RCR8297 (136.55%) showed significant and positive heterotic effects
(Table 6). All the CMS sources with all four restorers were observed to have positive values for oil content
under the water stress environment (Table 6). The male parent RCR8297 was recorded as the best performer
under water stress as well as normal irrigation conditions for seed yield (Table 5). For seed yield, the CMS
sources H. argophyllus, H. annuus, H. debilis, and H. petiolaris combinations with P100R; H. petiolaris with
P69R; and H. argophyllus, H. debilis, H. petiolaris, and H. praecox with RCR8297 recorded significant heterosis
under normal water irrigation (Tables 5 and 6). For harvest index under normal conditions, H. praecox was
identified as having the highest heterosis over commercial check, whereas H. debilis was identified as having
the highest heterosis for harvest index under the water stress environment (Tables 5 and 6). For oil content,
H. argophyllus and H. debilis were recorded as having the highest heterosis over commercial check under the
water stress environment and normal environment, respectively (Tables 5 and 6). Further, the trends of
heterosis percent of check values for yield and oil content are provided in Figure S3.
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Table 3. Heterosis over mid-parent values (MPH, %) among CMS sources representing five different species of sunflower for morphophysiological, yield, and

biochemical traits under normal irrigation.

Traits P100R P124R P69R RCR8297
+HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR
- -
paste Tgfy:; owering -182  065* -55 —047% 064 115  -054*  —426 1.2% —147 -3.19 -3.98 ~6.69 -2.08 ~1.69 -155 ~03* 092 276%  118%
Days to Maturity (days) 0.0 11 -182 167 0.24 1.36 ~039 0.84 172 0.62 17+ 09 ~126 144 257%  212% 134 017 343%  348%
Plant Height (cm) 3607 5407% 246 29.81 4315 4801 6053%  5924% 4264 14697 4522 6878* 2349  5424% 6007 4426  5675%  39.82 39.64 47.79
Head Diameter (cm) 148 14.43 149  4595% 1755 1337 136 805%  425% 135 1147 86 1578 416% 13.05 243 2153 3814% 5417  3449*
No. of Leaves/Plant ~116 8.05 423 10.39 3.94 144 1826%  2429% 1081 6.35 ~0.66 11.95 8.63 9.11 -2.08 ~132 1935 1393%  2169*  14.67%
Specific Leaf Weight (g) 1207+  22.85*  1875* 4527+ 1979  -2344  -2041  -6271  -711 —467 422 1662  -3137  -439  -1078  5112%  -23.66 0.86 085  26.14%
Rela‘:&:ﬁfﬁ““ -178 —1224  -1246  —4.54 -345 -117 —781  1086* 812  15.04* 18% 1085  -559 0.03 4724 -177 192% ~14.31 —417 -3.14
SPAD Reading —1226  898*  -153  534*  1258*  —113  -1215  -951  297* 658 0.01 -834  -18.05 -17 926%  -1518  -1017  -9.96 31% 973w
100-Seed Weight (g) 6.23 6.81 —412 473 —545 -093 ~056 5.56 1485%  —6.88 -953 3.77 —028  10.67*  823*  979*  1875% 724 17.25%  11.03*
Seed Yield/Plant (g) 11165 18594* 10077 11799 12724 8798  21382% 8537 1208 12945 5415 15635% 5924 11304 109.02  15555%  220.1%  16137* 14404  19399*
Harvest Index (%) 13155% 8637 48 45.16 7942 14509 16496* 16551 7107  159.01* 5148 54.08 78.52 2059 4012 14931%  22651% 185.07* 7405  161.89**
Biochemical Traits
il Content (%) 110% 931+ ~391 7.19 132%  1051*  1004*  -55 74 7.06 8.72 6.92 3.27 7.09 6.4 1031%  -166 7.33 7.78 1271
Palmitic Acid (%) —4184  -3513  -3374  -2461  -2542  —-586*  13.0%  -908*  -2045 -823*  -845%  —1604  -318*  -2264  -1825  -30.99  —1261* -1178% -3523  —4299
Stearic Acid (%) —367  -157%  -329  -1181*  -521  -2054  2487*  -824* 3005 —1582*  -208  —-1501* —6163 2511 —1426* 2246 -379*  -5416 4136 —1586*
Oleic Acid (%) ~156  -1905  -1506  -2077  -29.84  —1945  -2692  -2641  -581* 1447  -289  -2133  -2036  —2021  -837*  —402*  558* 1427  181*  056*
Linoleic Acid (%) 3852%  40.08**  3423%  3756*  593% 2502 27.02 3021 11.95 1833 4348*  3607*  3535% 3263 2066 1144 —273 235 8.34 9.04

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively. * The codes represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and

HPR (H. praecox).

Table 4. Heterosis over mid-parent values (MPH, %) among CMS sources representing five different species of sunflower for morphophysiological, yield, and

biochemical traits under the water stress environment.

Traits P100R P124R P69R RCR8297

+HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR

Days to 5(3 :’yf)l"we““g 229% 116 2.08 7.02% -06 -0.09 -2.81 277 2.66% ~0.24 -18 -3 -177 0.25 23 3444 -018  456*  538% 1.63

Days to Maturity (days) 138* 0.38 -196  402% -2.83 0.29 0.39 -0.08 1.77 % -0.01 -0.03 117 258 285% 0.74 228 % 093 00 242 % 049
Plant Height (cm) 4179 7061% 5035 6045*  59.44% 2737 77.06% 2998 50.47 37.58 1641 9422% 2115  67.27*  59.04* 3663  7831% 4546 49.67 38.56
Head Diameter (cm) 4651% 1947 3193 6822% 3025 31.63 23.75 2467 6275% 9.05 1447 24.82 9.59 4372% 104 4519%  4279% 4651  68.59% 3049

No. of Leaves/Plant 2337 4393% 1081  4279*  20.18 20.42 33.3% 6.64 36.86 ** 8.86 297 36.49 ** 237 21.12 1415 1699 4447% 2289 25.34 329
Specific Leaf Weight (g) ~ —25.17 —42  4286*  31L67* 188 —45 2489  —4821  —9.64 -733 5205  -2976 144  -1234  -2288  -317* 2124  -161 32+ 23.02%
Rel%‘o":t::ffx‘"e' -4.78 6.78 12.52 8.99 2649 182*  2094*  —1922  2663*  2993*  -882 117 -5.13 95 7.27 10.18 -2344 3602 1362  24.05*
SPAD Reading 917 002%  -1688  48* ~1049 =567 29% 634 1038* 1125  -1332 -8 —1371  —027*  -1033  -1361  -1022  -1662  -208* 1722

100-Seed Weight (g) 279*%  -097  305% 16.91 ~1.05 16.35 13.24 15.73 177 095 1057 17.02 1657  22.82% 1355 2151 135 5048 % 3274 % 738
Seed Yield/Plant (g) 82.8 294 95.73%  10674* 5941 39.04 79.66 56.23 70.61 28.55 60.65 7863 10483* 15873* 107.02*  60.31 66.37 80.98 59.63 47.87
Harvest Index (%) -9.38 —486  9.88* 1828  —2467  —17.03  1834*  -822  -2381  -20.69 -33 —1468  2542% 2122 2449  13.62*  349%  37.64*  —157  936*

Biochemical Traits

il Content (%) 15.96 155 9.08 6.79 829 14.03 13.76 10.94 11.92 822 5639 56.94*  5043%  5746%  49.84* 1667 10.49 6.77 15.18 10.88
Palmitic Acid (%) —7.27 -7.36 -632  -146*  -2848  943* 4301  -6198 -804  833% 162 -132% 5808  -842  1611*  -2583 1109  -17.09  -1574  —453
Stearic Acid (%) -5858  -2683* 6775  -39.66  —6716  -3256  19.64*  -3511  -2697*  -338  -2262  —4593  -40.12  -3094 -1995* —4098  -347  -81.63  -4292  -31.3%2
Oleic Acid (%) 435+ —848  -1745  49% 584 567* 248  -1529  092*% -812  -27.33  -1127  —2955  -832  -2552  1027%  476*  —1775  12.22%  1557%

Linoleic Acid (%) 6.03 1178 39.53% 0.73 20.46 -233 7.9 29.6 % 3.06 11.05 38.46 2308 6398 1687  3133% 0.19 236 37174  -392 -6.1

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively. * The codes represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and

HPR (H. praecox).
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Table 5. Heterosis over commercial check values (%) among CMS sources representing five different species of sunflower for morpho-physiological, yield and

biochemical traits under normal irrigation.

Traits P100R P124R P69R RCR8297
+HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR
Days to fg ; yg )l"we““g 9522 9747* 9461 9.04  98.16% 9529 95.75 95.29 97.07* 95.53 96.56 95.64 95.98 97.19%  9862* 9468 9575  98.39%  98.33%  97.87%
Days to Maturity (days) 9568 9711 9525  97.07% 9642 96.14 9481 9694 9642 959 9.3 95.86 94.77 9% 9759 9635 95.94 955 9755%  98.15%
Plant Height (cm) 84.11 90.17 80.63 9695  9189%  80.62 81.84  9098*  9565* 8325 712 7521 6278 9362 8119 9164*  9346*  920%  10582% 9717%
Head Diameter (cm) 95.89 96.99 91.09 97.88 98.61 94,61 9597 14267* 9493 94.56 92.18 90.61 90.61 93.48 93.95 94,54 93.63 992 91.84  102.29*
No. of Leaves/Plant 56.47 63.88 6758  80.69* 7067 62.07 6655 7707  7745%  69.63 67.49 7045 7457 8384* 7093 64.65 724 7569%  90.83% 8019
Specific Leaf Weight (g) 863% 10993 10411% 9743 6267 68.04 80.48 37.67 75 87.67* 5365  9247% 7192 80.48 8562 10046* 6164 80.14 5839  88.36*
Rek‘é‘;’:teL‘ffoy‘)’a‘e‘ 107.68%  98.25 89.2 96.38 97.43 100.76 9547  10395* 8521  10629* 109.39* 12159*  93.62 9839  103.15* 10291  109.37* 8285 92.22 93.19
SPAD Reading 8235  10256* 931 9746  10353* 8513 84.54 87.36 97.13 8774 10034* 9232 82.68 97.04  107.28*  89.84 95.48 9% 107.51%  113.92%
100-Seed Weight (g) 8675 8494 753 87424 7741 77.81 76.66 8012 9273% 7146 76.31 85.62* 8133 9529%  9111* 8193  8652* 7696  89.61* 8276
Seed Yield/Plant (g) 10576* 10111  10447* 106.84*  97.77 87.45 99.87 89.91 98.68 90.6 73.27 85.75 79.37 101.01 8529  111.04* 9544  120.86* 10479*  109.11*
Harvest Index (%) 232.87* 16233 150.7 20871 18199  217.65 19839  237.19% 21894  22621* 18457 16061 21286 19448 1754 236.66%  262%  27117* 236.15%  272.56*
Biochemical Traits
Oil Content (%) 10461% 10352* 9703  10276* 10849*  100.88  100.95 92.64 99.8 99.35 99.85 98.92 101.94 10031 99.48 10117 90.66  10558*  100.57  104.65**
Palmitic Acid (%) 80.37 88.6 9047  11019% 10009  109.47* 131.68* 10579* 9869  10327* 10486* 9636  111.03* 9472 89.81 76,57 97.1 97.94 75.79 61.68
Stearic Acid (%) 103.59 105.9 10833 130.56*  69.1 107.06  130.56*  135.42% 9444 1009  122.34%  103.99 62.15 11085 12274%  116.67* 11493* 7465 9036  12517*
Oleic Acid (%) 101.8*  10119* 102.33* 9351 82 83.63 79.01 76.21 95.38 86.86 82.1 93.15 91.29 89.35  10114*  99.1*  11237* 8786  10129*  100.04*
Linoleic Acid (%) 100.28 99.8 98.35 103.08  11884* 113.92* 11432* 119.63* 10483  1114*  11496* 10661 10927  109.97*  98.67 102.46 8773 11323 10211 10275

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively. * The codes represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and
HPR (H. praecox).

Table 6. Heterosis over commercial check values (%) among CMS sources representing five different species of sunflower for morphophysiological, yield, and

biochemical traits under water stress environment.

Traits P100R P124R P69R RCR8297
*HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR HA HAN HD HPE HPR
Days to 5(3 :’yg"wem‘g 97.43 96.73 997  101.34* 9627 97.04 9476  9954*  99.13*  9849% 9697 96.15 974  9843*  98.01 98.06 9499  98.84%  993% 97.9
Days to Maturity (days) ~ 98.22* 98 9583 10038* 9542 96.67 975 97.17 97.71 97.67 9%6.11 98 945 985%  98.17*  9883*  9825* 975  9859** 9842
Plant Height (cm) 8918 9583* 8449  1057* 892 7604 9439% 6887  9424% 72 6653 9725* 6113 10078 7941  9492*  11096* 9132  10899* 8619
Head Diameter (cm) 11362* 10833 10119 10569 10857 10779  1147* 9937 106.4 93.88 9839  12026* 9153 1035 9976 111.94* 12467* 11001* 10299 10584
No. of Leaves/Plant 7627 8038 6807  10162%  77.84 81.44 82.67 7167 1052% 7718 7553 9228% 7455  10071% 874 7994 9059% 8341  96.92* 732
Specific Leaf Weight (g) 6213 9354*  9864*  7602*  57.82 4966 7925% 3946 585 7313 4626 8163 7075 6241 6633 81.86*  77.89* 585 5663 89.46*
Re}%‘o":t::ffn‘“e' 9291  10535* 9818 9538  108.63* 107.27* 109.88* 6457  101.84*  102.09* 87.6 97.24 814 942 90.63  10548* 7429  11621%  97.02  10431*
SPAD Reading 93.94 972 8652 103.04% 9401 88.33 90.03 88.45 9752 84.68 9443 9452 9478 10375%  9928*  100.92**  99.29* 981  10975% 9813
100-Seed Weight (g) 10577 90.88  11031*  101.34* 8711 93.19 96.78 90.79 95.03 8223 90.85  10295% 9392  10152%  96.41 96.13 9586  11639* 106.08* 8564
Seed Yield/Plant (g) 13157 9596 1383*  131.61* 13411* 10106  1322* 10799 10642 1057 8653 1003 10606 11892  13381%  12668* 13655* 13824* 11297  132.16*
Harvest Index (%) 2033 20174 24124 17882 19039 22577  30663*  247.19% 20331 24006 14453 17034  26191* 15924 18674  261.84* 27775* 30258* 18197  280.11%
Biochemical Traits
il Content (%) 11893  11852*  112.88* 10901 11147 11085 11063 10888 10822 10565 11139 11192  11509% 1115 10694  1139* 10794 10524 11184 10865
Palmitic Acid (%) 8243 7815 97.3% 9537 625  9748* 5054 40.83 9213 9.13* 11163 9119 4802 9811%  11295% 741 8867  9946*  9573%  955*%
Stearic Acid (%) 11674 2015 11674 15204 8133 1412 1927%  18326% 12264 1118  1681* 10343  17811* 12532  147.85  1568*  157.73* 6223 13326 154.08
Oleic Acid (%) 96.42%  89.42% 7789  9381* 8327  8831* 8443 7241 8124 72.62 7236 9149% 7127 8795% 7158 9152  9041* 699  89.85% 9056
Linoleic Acid (%) 10603 11072 127.77* 10557  127.72* 11297 12145  13876*  123.85  13499* 12994 11194  13952* 11426  13194* 11117 11053  14091* 11169  109.61

Note: ** and * indicate significance at p < 0.01 and p < 0.05, respectively. * The codes represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and
HPR (H. praecox).
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2.4. Correlations

For parental lines and hybrids grown under the regular water regime, 21 correlation coefficients
were found to be significant (p < 0.05) (Table 7). Among these, five were negative correlations.
Under normal conditions, plant height was correlated with the number of leaves per plant, oleic acid
content, days to maturity, SPAD reading, and seed per plant (Table 7), whereas 100-seed weight was
correlated with plant height, number of leaves per plant, and oleic acid content (Table 7).

Likewise, under the water stress environment, only 11 correlation coefficients were determined to
be significant (p < 0.05) (Table 8). Furthermore, there was no significantly negative correlation recorded
under water stress, and the correlation values were not significant for most of the traits (Table 8).
SPAD reading was positively associated with days to 50% flowering, days to maturity, plant height,
and number of leaves per plant (Table 8). Significant correlations were determined between plant
height and number of leaves per plant and also between days to maturity and days to 50% flowering
(Table 8).
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Table 7. Pearson’s correlation coefficients of sunflower hybrids under the regular growth regime with only significant values at p < 0.05 (*) and p < 0.01 (**).

DR Neo MU se msed (00 o
(days) (cm) Leaves/Plant Reading) Yield/Plant (g) Weight (g) (%) Acid (%)
Days to 50% Flowering 041 * 0.37 * 041 * 033 *
(days)

Days to Maturity (days) 0.39* 0.46 ** 0.40 *

Plant Height (cm) 0.67 ** 0.38 * 0.44 ** 0.41* 0.29 *

No. of Leaves/Plant 0.53 % 0.43*
Specific Leaf Weight (g) 0.32*

100-Seed Weight (g) 0.34 %

Table 8. Pearson’s correlation coefficients of sunflower hybrids under water stress with only significant values at p < 0.05 (*) and p < 0.01 (**).

Days to Maturity . Head Diameter Photosynthetic Efficiency
(days) Plant Height (cm) (cm) No. of Leaves/Plant (SPAD Reading)
Days to 50% Flowering (days) 0.46 ** 0.31 % 0.44 ** 0.44 **
Days to Maturity (days) 0.50 ** 0.35* 0.39 *
Plant Height (cm) 0.30 * 0.62 ** 0.64 **

No. of Leaves/Plant 0.55 **

8 of 16
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3. Discussion

Sunflower is a highly cross-pollinated crop and commercial cultivation of its hybrids is more
desired because of their agronomic and economic advantages over varieties (high productivity,
high oil content, uniformity, etc.) [18]. Moreover, the favorable characteristics of sunflower hybrids
like production stability, response to high-input agriculture, high self-fertility, consistent growth,
and maturity shifted the focus toward heterosis breeding, leading to the release of first-ever sunflower
hybrid BSH-1 in India, which provided the required fillip to expand sunflower cultivation in the
country [19]. Since then, many hybrids have been released for commercial cultivation based on the
cytoplasmic genetic male sterility system. The central component of sunflower hybrid development is
cytoplasmic male sterility. The synthesis of hybrids with high heterotic effect became possible after the
discovery of the first CMS source by Leclercq [20].

The range of heterosis in sunflower is highly variable for different agronomic and yield traits,
especially for seed yield. Significant positive heterosis for this trait has been reported by several
researchers [17,21-23]. The wild relatives of crop plants were evolved in wild environments independent
of the pressure by human selection [24]. Therefore, they are the storehouse of valuable genes for traits
like drought resistance, and employing the useful genes from wild relatives of the crop has resulted
in the development of drought-tolerant genotypes in several crops like maize and eggplant [25-28].
Similarly, the wild relatives of sunflower were used in the past [29-31].

Here, we evaluated the agronomical and biochemical traits in the hybrids resulting from a cross
of 12 CMS lines with 4 restorer lines as male parents. These dwarf hybrids are probably suitable for
mechanization and intercropping without much reduction in their yield levels [32]. In this work, the CMS
source H. argophyllus was observed to have a negative heterotic effect, which is suitable for dwarf
plant-type hybrid. The results indicated a positive influence of cytoplasmic sources on heterosis for
head diameter, particularly under the water stress environment, which should be exploited to develop
high-yielding hybrids suitable for growing under moisture stress environments [5]. Seed yield is one of
the most critical traits for sunflower breeders. The evaluation for the essential traits in sunflower hybrids
should start from inbred line selection by estimating the heterosis in the hybrid combinations and also
by determining the correlation among the most important characteristics to develop a hybrid with a
combination of desired traits [33]. Sunflower has been proposed as a model oilseed for changing climate
needs. Therefore, more focus is needed in achieving stable yield under water stress.

Moreover, hybrids with short vegetative cycles are also desirable for popularizing sunflower
cultivation in non-traditional sunflower-growing regions [34]. Crop domestication has resulted in less
genetic diversity than that of the species as a whole. This narrowing of the genetic base of cultivated
sunflower is causing a problem in the successful production of sunflower [35]. The introgression from
the wild relatives of sunflower is useful in widening the genetic basis of sunflower. The wild relatives
of sunflower represent the vital source of CMS for cultivated sunflower plants. The wild relatives of
sunflower continue to contribute to sunflower improvement, and there is still a lot of potential to be
exploited [36]. Similarly, in this work, the wild relatives of sunflower when used as the CMS sources,
especially H. argophyllus and H. debilis, demonstrated positive better parent heterosis for seed yield,
oil content, and oleic acid irrespective of the environment.

The overall significant differences in the performance of different wild sources have been
observed [37]. It was readily apparent that various cytoplasmic sources influenced traits under both
the environments under consideration. Similarly, previous studies in sunflower have proved that
the wild cytoplasmic sources significantly affect the qualitative and quantitative traits [38]. In this
extensive study, the cytoplasmic effect on heterosis along with water stress tolerance was identified
using the different wild species. CMS sources significantly influencing the hybrid vigour under the
moisture stress environment were identified. Further, the sources belonging to H. argophyllus, H. annuus,
and H. debilis were determined to be comparable with the commercially used CMS source PET-1 and
were at par in BPH for seed and oil content under stress conditions.
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4. Materials and Methods

4.1. Experimental Material

The study was carried out under open field conditions at the Punjab Agricultural University
(PAU), Ludhiana, India (coordinates: 30°54’6"’N, 75°48’27"'E). The experimental material consisted
of 48 F1 hybrids with different CMS backgrounds, sixteen parental lines, and one commercial check
hybrid. The hybrids were produced by crossing eight alloplasmic CMS lines having cytoplasm from
various wild sources and four CMS lines from a cultivated source (cytoplasm from H. petiolaris) with
four restorer lines (Table 9). The experiment was conducted over two years over the two environments
(normal irrigated and water stress). Water stress was created by withholding the irrigation throughout
anthesis and soft dough phases of crop growth [39]. In the normal irrigation environment, six irrigations
(recommended by PAU for cultivation of sunflower in the Punjab region) were applied during the crop
season, whereas in the water stress environment, only two irrigations were applied during the crop
season to create water stress for both years.

A set of 48 male sterile line (A) X male fertile line (R) crosses and parental lines along with PSH-996
(a check hybrid based on the PET-1 source released by the Punjab Agricultural University, Punjab,
India) were planted during spring 2011 in the first week of February in a randomized block design
(RBD) with three replications. Each genotype was represented by a plot of two rows of 3 m length each.
The crosses evaluated in spring season 2011 were again synthesized in offseason 2011 for second-year
evaluation in spring 2012. The same set of experiment conducted in spring 2011 was repeated in spring
2012. The inter-row and intra-row spacing were maintained at 60 cm and 30 cm, respectively, during
both the years of the experiment. All plant production practices were followed as defined elsewhere,
and no phytosanitary measures were needed. Total amount of rainfall for each season (i.e., 316.7 and
42.2 mm for year 1 and 2, respectively) and data of rainfall (mm) recorded during the first and second
year of the experiment are provided in Table S6.

4.2. Morphophysiological Traits

Hybrids showed uniformity for their respective phenotypes and the parental genotypes being
inbred lines were also uniform; therefore, five random plants were chosen from each entry in each
replication for the estimation of plant traits. Days to 50% flowering were recorded from the date
of sowing until approximately 50% of the flower buds opened its flowers in each genotype in all
replications. Days to maturity were counted from sowing to full maturity when the backside of the
heads turned brown. The data for all other morphological and physiological traits were recorded on
the same set of five plants chosen from each genotype. Plant height (cm) was measured in centimetres
from ground level to the attachment of head at the time of physiological maturity. Head diameter (cm)
was measured from one end of the head to the other end at maturity. The number of leaves per plant
were determined by counting the number of leaves in five randomly selected plants in each replication
at the time of flowering. Specific leaf weight (SLW) was calculated as the ratio of the dry weight of
total leaves per plant (g) to the total number of leaves per plant. Relative leaf water content (RLWC)
was determined from 100 mg leaf discs (fresh weight), submerged in distilled water in test tubes until
saturation. After 6 h, the leaf discs were removed from test tubes. Surface water of the discs was
blotted off without putting any pressure, and then the discs were weighed to obtain saturated weight.
After that, by drying the discs at 70 °C for 72 h, their dry weight was determined [40]. Chlorophyll
content was recorded using SPAD in five intact plants (third-fourth leaf from the top of the plant) for
all genotypes in each replication.
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Table 9. The list of genotypes and their interspecific hybrids (1 = 48) used in the study as adapted from Tyagi et al. [5].

11 of 16

A/B/R Lines Species Hybrids
Cytoplasm RCR8297 P69R P124R P100R
Code
A Lines (Alloplasmic)
CMS-E002-91A H. annuus HAN CMS-E002-91A x RCR8297 CMS-E002-91A x P69R CMS-E002-91A x P124R CMS-E002-91A x P100R
CMS-PKU-2A H. annuus HAN CMS-PKU-2A x RCR8297 CMS-PKU-2A x P69R CMS-PKU-2A x P124R CMS-PKU-2A x P100R
CMS-ARG-2A H. argophyllus HA ARG-2A x RCR8297 CMS-ARG-2A x P69R CMS-ARG-2A x P124R CMS-ARG-2A x P100R
CMS-ARG-3A H. argophyllus HA CMS-ARG-3A x RCR8297 CMS-ARG-3A x P69R CMS-ARG-3A x P124R CMS-ARG-3A x P100R
CMS-ARG-6A H. argophyllus HA CMS-ARG-6A x RCR8297 CMS-ARG-6A x P69R CMS-ARG-6A x P124R CMS-ARG-6A x P100R
CMS-DV-10A  H. debilis ssp. Vestitus HD CMS-DV-10A x RCR8297 CMS-DV-10A x P69R CMS-DV-10A x P124R CMS-DV-10A x P100R
CMS-PHIR-27A  H. praecox ssp. Hirtus HPR CMS-PHIR-27A x RCR8297  CMS-PHIR-27A x P69R CMS-PHIR-27A x P124R ~ CMS-PHIR-27A x P100R
CMS-PRUN-29A H. g:f;;gz?p' HPR CMS-PRUN-29A x RCR8297  CMS-PRUN-29A x P6OR ~ CMS-PRUN-29A x P124R  CMS-PRUN-29A x P100R
A Lines (Euplasmic lines)
CMS-40A H. petiolaris ® HPE CMS-40A x RCR8297 CMS-40A x P69R CMS-40A x P124R CMS-40A x P100R
CMS-42A H. petiolaris HPE CMS-42A x RCR8297 CMS-42A x P69R CMS-42A x P124R CMS-42A x P100R
CMS-234A H. petiolaris HPE CMS-234A x RCR8297 CMS-234A x P69R CMS-234A x P124R CMS-234A x P100R
CMS-38A H. petiolaris HPE CMS-38A x RCR8297 CMS-38A x P69R CMS-38A x P124R CMS-38A x P100R
R Lines (Restorer Lines)
RCR-8297 H. annuus HAN
P69R H. annuus HAN
P124R H. annuus HAN
P100R H. annuus HAN

® H. petiolaris is a conventional source. A line: CMS line, B line: Maintainer of A line, and R line: Restorer line.
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4.3. Yield and Biochemical Traits

Sunflower is a large-seeded crop; hence, 100-seed weight was determined instead of 1000-seed
weight as in the previous studies [41-45]. Hundred-seed weight was recorded from 100 seeds counted
from a random sample of open-pollinated seeds from each genotype in each replication. Seed yield
per plant was recorded from five open-pollinated plants in each replication, and then the average
was calculated. Harvest index (percent), defined as the ratio of seed yield (SY) to the total biomass
(vegetative mass (VM) + Seed Yield) at maturity was calculated as follows:

Seed yield

HI =
Total above — ground biomass

100 (1)

4.3.1. Oil Content

To determine oil percent in seeds, a wide-line nuclear magnetic resonance (NMR) instrument
(Newport Analyzer MKIII-A, Newport Instruments Ltd., Milton Keynes, England) was used. The NMR
was standardized by the use of 4 g seed of known oil content. Clean seed samples were first dried
for 3 hin an oven at 11 °C. A representative sample (2 g) was used for estimating oil content. The
instrument was operated by keeping the calibrations described in [46].

4.3.2. Analysis of Fatty Acid Ethyl Esters (FAEEs)

Gas-liquid chromatography was used for fatty acid estimation. Fatty acids were first converted
to their ethyl esters by the standard method of transesterification and the percentage of palmitic acid,
stearic acid, oleic acid, and linoleic acid was determined [47]. Briefly, a gas chromatograph fitted with
a fused silica capillary column and a flame ionization detector (FID) was used for the separation of
esters (Varian CP 3800, USA). A CP-SIL 88-coated column was used as the stationary phase, whereas
an unreactive gas such as nitrogen was used as the mobile phase. The FAEE sample (2 uL) was injected
to the front and middle injector (FID 1177) of the graph chromatograph. The temperature was set
at 200 °C, while the temperatures of the injector and FID were maintained at 230 °C and 250 °C,
respectively. Samples were maintained at a constant temperature and pressure. Peak identity of fatty
acids is confirmed by a reference standard from Sigma Standard, which was run at the same conditions.
The composition of fatty acids was estimated based on the peak area and expressed as the percentage
of fatty acids.

4.4. Data Analysis

The replicated mean values pooled across years for morphophysiological, yield, and biochemical
traits were computed for better-parent heterosis (BPH) and mid-parent heterosis (MPH) using the
INDOSTAT software (version 7.5). Commercial check hybrid values were used to calculate the heterosis
as percent of check (PSH-996). The pooled-over heterosis values of each source based on the species
were used to highlight the species-level differences. Heterosis was calculated using the following
formulas:

F1-BP
Better — parent heterosis (BPH) = ——— x 100 )
where
F1 = mean value of F;
BP = mean value of better-parent
F1-MP
Mid — parent heterosis (MPH) = ——— x 100 3)
MP

where
F1 = mean value of F;
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MP = mean value of mid-parent.

As Percent Check = % x 100 (4)

where

F1 = mean value of F;

SC = mean value of standard check hybrid.

The test of significance for BPH, MPH, and over commercial check PSH-996 was determined with
the CD (critical difference) value, which was calculated by multiplying SD4 with t-value (at both error
df p <0.05 and p < 0.01 level of significance),

where

SD4 = = V2MSE/r V2MSE/r

MSE = error mean square as calculated in RBD using parents, F; hybrids, and

standard checks

r = number of replications.

The R package corrplot was used to determine and plot the Pearson’s linear correlation
coefficients [48].

5. Conclusions

Heterosis has been exploited extensively in crop production and has been a dominant force in the
evolution of plants. In sunflower, the hybrids are preferred for their better yield and contributing traits
along with their better performance under stresses. In our study, by using wild cytoplasmic sources,
we demonstrated that the wild/non-conventional cytoplasmic sources of sunflower had a significant
influence on different traits compared to the conventional source PET-1 under normal as well as water
stress conditions. Significant differences between MPH and BPH percentages were observed under
both situations. The wild CMS sources H. argophyllus, H. debilis, and H. praecox, performed well under
both the environments compared to the PET-1 source for seed yield and oil content. High-yielding and
water-stress-tolerant hybrids can be developed by using these CMS sources in sunflower heterosis
breeding programs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/4/465/s1,
Table S1: Data of specific combining ability of sixty one-way F; hybrids under normal and water stress environments.
Figure S1. Average performance of sunflower hybrids as better-parent heterosis (BPH, %) developed across groups
for yield and oil content. The codes (x-axis) represent sources from HA (H. argophyllus), HAN (H. annuus), HD (H.
debilis), HPE (H. petiolaris), and HPR (H. praecox). The normal (N) and stress (S) environments are represented along
the x-axis. Figure S2. Average performance of sunflower hybrids as mid-parent heterosis (MPH, %) developed
across groups for yield and oil content. The codes (x-axis) represent sources from HA (H. argophyllus), HAN (H.
annuus), HD (H. debilis), HPE (H. petiolaris), and HPR (H. praecox). The normal (N) and stress (S) environments
are represented along the x-axis. Figure S3. Average performance of sunflower hybrids as heterosis percent
of check developed across groups for yield and oil content. The codes (x-axis) represent sources from HA (H.
argophyllus), HAN (H. annuus), HD (H. debilis), HPE (H. petiolaris), and HPR (H. praecox). The normal (N) and stress
(S) environments are represented along the x-axis. Table S1: Mean performance of parental lines of sunflower for
morphophysiological, yield, and biochemical traits under normal irrigation pooled over years. Table S2: Mean
performance of sunflower hybrids for morphophysiological, yield, and biochemical traits under normal irrigation
pooled over years. Table S3: Heterosis over better-parent values (BPH, %) of sunflower for morphophysiological,
yield, and biochemical traits under normal irrigation pooled over years. Table S4. Heterosis over mid-parent
values (MPH, %) of sunflower for morphophysiological, yield, and biochemical traits under normal irrigation
pooled over years. Table S5. Heterosis over commercial check values (%) for morphophysiological, yield, and
biochemical traits under normal irrigation pooled over years. Table S6. Weather data during crop season over
years used in the study.
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