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ABSTRACT 18 

Aim: The relationships between early-season cold temperature germination and pre-flowering 19 

drought stress in eight grain sorghum inbreds were assessed using morpho-physiological traits.  20 

Study Design: Field was laid out in a randomized complete block design.  21 

Place and Duration: The experiment was conducted at Vernon, Texas (34°9'4"N 99°17'26"W) 22 

during the month of April to August, 2013. 23 

Methodology: Lines were sown in the field in early April to determine early-season cold 24 

temperature germination. At the pre-booting stage, lines were subjected to limited and no 25 

irrigation treatments, to establish a correlation between cold temperature germination and pre-26 

flowering drought stress tolerance. Pre-flowering drought tolerance was assessed at five defined 27 

phenological phases of the reproductive growth stage, using morpho-physiological traits.  28 

Results: Final germination percent (FGP) differed among lines (range 30-80%) and was 29 

positively correlated with leaf area index, plant height (HGT), and harvest index (HI). These three 30 

traits and single plant biomass (SPB) also positively correlated with grain yield (SPY) under pre-31 

flowering drought. Most significant correlations among measured traits were observed at the 32 



 2

heading to flowering phase. HI explained 75 and 91% variability in SPY for the limited and no 33 

irrigation treatments respectively. Other predictors for SPY were; FGP, HGT and SPB under 34 

limited irrigation, and FGP and HGT under no irrigation.  35 

Conclusion: The ability to cease growth, maintain LAI, and retain high CLC and high HI, will be 36 

important selection traits to develop sorghum cultivars for temperate and highland regions, with 37 

possibility of pre-flowering drought occurrence.  38 

 39 

Keywords: Early-season cold temperature germination, pre-flowering drought tolerance, grain 40 

sorghum inbreds. 41 

 42 

1. INTRODUCTION 43 

Predicted changes in climatic conditions will likely create combinations of various abiotic stresses 44 

and make it necessary to adopt novel breeding approaches to develop new crop varieties for 45 

modern agriculture [1]. Physiological responses to drought, cold, and salt stress are similar and 46 

include; reduced shoot growth and photosynthetic activity, accumulation of reactive oxygen 47 

species, alterations in ion transport and compartmentalization, and changes in metabolite profiles 48 

[2]. Numerous physiological and molecular changes occur during exposure to cold and drought 49 

stress, indicating complex responses involving more than just one pathway or cell compartment. 50 

The complexity of traits involved in abiotic stress responses, low genetic variance of yield 51 

components, and lack of efficient selection criteria are few of the factors to be considered in the 52 

conventional breeding for abiotic stress tolerance in sorghum.  53 

 54 

When grown under minimum night temperatures from 4 to 10°C, sorghum cultivars will display 55 

delayed floral initiation [3] and infertile pollen [4]; responses observed when water stress was 56 

imposed during the pre-flowering stage [5]. These responses limit sorghum production in high 57 

altitudes, latitudes, and in regions with sub-optimal temperatures during germination, emergence, 58 

and early growth stages [6]. Improved cold tolerance in sorghum could extend its cultivation to the 59 

highlands and temperate regions, ensuring grain and forage production in marginal environments, 60 
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serve as alternative crop in frost free mild winter areas, avoid heat and water deficiency stress 61 

later in the season, provide possibility of double crop cycles (early-season plus regular planting 62 

season), avoid diseases and pests prevalent during the warm season, and provide an early 63 

establishment to outgrow warm-season competitive weeds. Early planting may serve as a water-64 

saving approach in sorghum grown under limited irrigation, by more efficient use of soil moisture 65 

accumulated during the winter-and spring-season, thus reducing the amount of irrigation 66 

compared to that needed during a regular growing season.  67 

 68 

Genetic variability for cold tolerance exists in sorghum and has been evaluated by both early 69 

planting in the field and controlled temperature conditions [7,8,9]. Cold tolerance in sorghum has 70 

been measured by various characteristics, i.e., germination, emergence, vigor, and seedling 71 

growth under sub-optimal temperatures [10]. With the current trends in weather patterns and 72 

unpredictability of precipitation during the regular planting period (late May to mid-June), early 73 

planted cold-tolerant sorghum cultivars will likely be exposed to pre-flowering drought stress. As a 74 

result, grain yield could be significantly reduced or even no grain could be produced. Limited 75 

research has been conducted to evaluate the relationship between cold and drought stress 76 

tolerance in sorghum. Selecting cold tolerant sorghum germplasm for early-season plantings 77 

needs to be conducted simultaneously with selection for drought tolerance because such cultivars 78 

will likely be exposed to pre-flowering drought stress.   79 

 80 

Numerous morpho-physiological traits have been used to evaluate  drought tolerance in 81 

agricultural  crops, including  plant gas exchange and remobilization of photosynthetates [11,12], 82 

early vigor [13], intrinsic water use efficiency [14,15], root architecture [16], flowering 83 

time/anthesis-silking-interval [17], chlorophyll concentrations, stay-green characteristic, delayed 84 

senescence [18], dhurrin content  [19]. Balota et al. [20] working on twelve grain sorghum 85 

cultivars found that respiration rates measured at 10 and 15°C had the highest association with 86 

germination and elongation rates, while respiration at 25°C was associated with seedling growth 87 

characteristics. Unpublished findings by Burke et al. indicate that Ethiopian grain sorghum lines 88 
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selected for higher dhurrin levels (a characteristic observed in drought tolerant sorghum lines), 89 

had better cold germination and vigor than their drought susceptible counterparts. These findings 90 

suggest a possible relationship between cold and drought tolerance in sorghum. Identifying traits 91 

to select for pre-flowering drought stress tolerance from early-season cold tolerant sorghum 92 

germplasm, will facilitate understanding of the morpho-physiological responses of these materials 93 

to pre-flowering drought stress, and identify traits that may be used for selection of germplasm 94 

tolerant of both stresses. The objectives of this study were to determine early-season cold 95 

tolerance of a number of grain-type sorghum recombinant inbred lines (RILs), and establish a 96 

correlation between early-season cold tolerance and pre-flowering drought stress tolerance using 97 

some selected morpho-physiological traits. 98 

 99 

2. MATERIALS AND METHODS 100 

 101 

2.1 Plant material and experimental design 102 

The experiment was conducted at Vernon, Texas (34°9 '4"N 99°17'26"W) during the month of 103 

April to August, 2013. Eight sorghum lines were evaluated in this study. The inbred lines were 104 

developed through crossingThese were inbred lines resulting from crosses between maternal 105 

cold tolerant line BTx623 and other germplasm (Kaoliang, Hong Ke Er Jiao, and Niu Sheng Zui) 106 

selected for cold tolerance in China. The eight lines used in this study have been assigned short 107 

marked B1((BTx623 x NSL51071)-F2-18-1), B2 ((BTx623 x NSL51071)-F2-46-1, B3 ((BTx623 x 108 

PI563998)-F2-69-1, B4 ((BTx623 x PI563998)-74-1, B5 ((BTx623 x PI568016)-F2-99-1, B6 109 

((BTx623 x PI563998)-F2-119-1, B7 ((BTx623 x PI568016)-F2-191-1, and B8 ((BTx623 x 110 

PI563998)-F2-248-1. The experimental design was a randomized complete block with two sub-111 

blocks serving as irrigation treatments (Limited-irrigation; LI and No-irrigation; NI). Each plot 112 

(sorghum line) was replicated three times. Plots had four diked rows at 10.67m length and 1.0m 113 

row spacing. Irrigation treatments were separated by eight diked rows of BMR-type forage 114 

sorghum as a buffer for any furrow irrigation overflow. Seeds were sown on 4 April 2013, at 115 

seeding rate of 3.36kg ha-1, which corresponded to 40 seeds m-1 row, or 1707 seeds per plot. 116 
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NPK fertilizer at 40-30-20 composition was applied at 84kgha-1 eight weeks after planting. Broad-117 

leaf weeds (predominantly careless weeds; Amaranthus palmeri) were controlled with 2,4-118 

dinitrophenylhydrazine herbicide.  119 

 120 

2.2 Treatments and morpho-physiological traits assessed 121 

Originating from the semi-arid sub-tropics, sorghum requires a minimum temperature of 12.8ºC 122 

and an annual precipitation of 381-610 mm to complete a growth cycle. Total precipitation during 123 

the experimental period (April to mid-August) was 39.80 mm. Precipitation during April was only 124 

28.80 mm compared to a 10-year average precipitation of 63.50 mm. Therefore, available soil 125 

water for vegetative growth came mostly from the water stored (117.9mm) in the soil profile from 126 

rainfall and snow precipitation during the preceding winter-spring months (November to 127 

December, 2012 and January to March, 2013).  The effects of pre-flowering drought stress were 128 

assessed at five denoted phenological phases of the reproductive growth stage (pre-booting to 129 

physiological maturity; (I) pre-booting to booting, (II) booting to heading, (III) heading to flowering, 130 

(IV) flowering to anthesis, and (V) physiological maturity. The limited irrigation treatment received 131 

irrigation from the pre-booting through flowering phase in the amounts stated in Table 1. The total 132 

water (winter-spring rainfall and snow precipitation, and May to August rainfall, plus total 133 

irrigation) supplied in the limited irrigation treatment was 344.98mm, compared to 117.90mm 134 

(winter-spring rainfall and snow precipitation and May to August rainfall) for the no irrigation 135 

treatment.  136 

 137 

Table 1: Furrow irrigation and cumulative irrigation (irrigation plus rainfall) applied to limited 138 

irrigation treatment from the pre-booting through flowering phenological phases. 139 

Phenological phases Furrow Irrigation (mm) Cumulative (irrigation + rainfall) 

I 51.30 79.30 

II 45.00 126.00 

II 39.40 170.90 

IV 52.30 227.08 
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 140 

Plant morpho-physiological traits evaluated at the five phenological phases  were: plant height 141 

(HGT; cm), leaf area index (LAI), chlorophyll content (CLC; µmol m-2), total leaf number, the 142 

number of fully developed leaves, days to flowering (DTF), days to maturity (DTM), single plant 143 

dry biomass (SPB; g), single plant grain yield (SPY; g), and harvest index (HI) (Table 2). Early-144 

season cold temperature germination was evaluated based on final germination percent (FGP). 145 

Since the effect of pre-flowering drought stress on sorghum grain yield is most significant at the 146 

booting to flowering interval of the reproductive growth stage, CLC, LAI, and HGT were assessed 147 

at phenological phases (II and III) of this interval. SPB, SPY, and HI were assessed at 148 

physiological maturity (boxes in Table 2). Data from phenological phases I and IV were used to 149 

evaluate the initial effects, and extent of the variations of assessed morpho-physiological traits to 150 

pre-flowering drought stress, compared to their observed variations in phases II and III.  151 

 152 

Table 2: Assessed morpho-physiological traits at various phenological phases of the reproductive 153 

stage under limited and no irrigation treatments 154 

Phases I 

Pre-booting-

Booting 

II 

Booting-

Heading 

III 

Heading-

Flowering 

IV 

Flowering-

Anthesis 

V 

Physiological 

Maturity 

 LI NI LI NI LI NI LI NI LI NI 

FGP           

CLC x x x x x x x x   

LAI   x x x x     

HGT x x x x x x x x   

SPB x x x x x x x x x x 

SPY         x x 

HI         x x 

FGP: Final germination percent (%)  SPB: Single plant dry biomass (g) 155 

CLC: Chlorophyll content (µmol m-2)  SPY: Single plant yield (g) 156 
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LAI: Leaf area index    HI: Harvest index 157 

HGT: Plant height (cm)    X: Assessed 158 

 159 

2.2.1 Final Germination Percent, Days to Flowering and to Physiological Maturity 160 

Final germination was visually assessed every third day following sowing, for four consecutive 161 

weeks. Seed was considered germinated once the plumule emerged above the soil surface. The 162 

final germination percent was determined at the end of the fourth week, by calculating the final 163 

cumulative germination as a percentage of the initial number of seed sown (1707/plot). Days to 164 

flowering (50% blooming plants averaged across three replications) and physiological maturity 165 

(70% of plants with dark spot on grain averaged across three replications) were also determined 166 

for each line. 167 

 168 

2.2.2 Plant Height, Chlorophyll Content, and Leaf Area Index 169 

Plant height and chlorophyll content were measured concurrently on the same plant between 9 170 

and 11 a.m. following the 50% booting stage, using a meter-stick and chlorophyll meter (SPAD-171 

502, Minolta, Co., LTD, Japan) respectively. Plant height was measured from the base of plant to 172 

the ligules of the flag leaf. CLC readings were taking from the base, middle, and top sections on 173 

either sides of the mid-vein of the last two fully-developed leaves. Leaf area index was measured 174 

using a Ceptometer (AccuPAR LP-80; Decagon Devices, Inc., USA) from ten random sections in 175 

each replication following HGT and CLC measurements.  176 

 177 

2.2.3 Single Plant Biomass, Single Plant Yield, and Harvest Index 178 

Plants were sampled for dry biomass production at physiological maturity. Six plants were 179 

harvested per replication, oven dried at 70ºC for 72 hours, and individually weighed. Single plant 180 

biomass (SPB) was calculated per plant. Dried panicles from each of the same six plants were 181 

separately hand-threshed and winnowed clean. Grain yield (SPY) was determined for each plant, 182 

and harvest index (HI) was calculated as the ratio of SPY to SPB. 183 

 184 
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2.3 Statistical Analysis 185 

Data were analyzed using SPSS 17.0 (SPSS Inc., USA) and Sigma Stat 3.1 (Systat Software 186 

Inc., USA). Multivariate analysis of variance was used to identify significant effects of 187 

experimental treatments (sorghum breeding lines, irrigation levels, and phenological phases) on 188 

assessed traits based on Wilks’ Lamda test and its associated significant level (P=0.05). The 189 

Bonferroni adjustment was used where necessary to avoid type I errors. Means among and within 190 

lines were separated by Tukey's HSD test and student T-test respectively at the 5% probability 191 

level, except when stated otherwise. Pearson correlation matrix was used to identify correlations 192 

between measured traits. The predictive effect of individually assessed traits on yield was 193 

analyzed using a forward multi-regression analysis. Due to the small sample size, the variance in 194 

yield as explained by each assessed trait was expressed as the adjusted R square value. To 195 

ensure a standard distribution of data and improve homogeneity of error variances, the 196 

percentage values of germination were transformed using the arcsin function prior to analysis of 197 

variance. 198 

 199 

3. RESULTS AND DISCUSSION 200 

 201 

3.1 Results 202 

The main effects of experimental treatments (sorghum line, irrigation or no irrigation, and 203 

phenological phase of the reproductive growth stage) and  their interactions on measured 204 

morpho-physiological traits are presented in Table 3. 205 

 206 

Table 3: Summary of multivariate analysis of variance of phenological phase, irrigation level, and 207 

sorghum line effects on assessed morpho-physiological traits 208 

 FGP SPB SPY HI HGT LAI CLC 

Phase     * * * 

Irrigation  * * * * * * 
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Lines * * * * * * * 

Phase x Irrigation       * 

Phase x Lines     * * * 

Irrigation x Lines  * * * * * * 

Phase x Irrigation x Lines     * * * 

* denotes significant interaction at P=.05. See legend in Table 2 for abbreviations. 209 

 210 

 211 

 212 

3.1.1 Final Germination Percent, Days to Flowering and to Physiological Maturity  213 

Freezing and below freezing temperatures were recorded post-sowing (4 April, 2013) on the 5 214 

(0ºC), 10 (-1ºC), 11 (0ºC), 19 (0 ºC), and 24 (-1 ºC) of April 2013 (Figure 1).  215 
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Figure 1: Daily temperature variations during seeding month of April 2013. 217 

 218 

FGP was affected only by the main effect of sorghum line (Table 3). FGP significantly varied 219 

among lines. FGP for lines B1, B2, B3, B4, B5, and B7 were the highest, followed by line B8, with 220 

line B6 having the lowest FGP value at just 30% (Table 4). Lines were of different maturity 221 

groups, with different DTF and DTM. 222 

 223 
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Table 4: Final germination percent (FGP), days to flowering (DTF), and days to physiological 224 

maturity (DTM) of eight grain sorghum inbred lines (RIL code) 225 

 

RIL code 

 

Mat. group 

RIL 

Pedigree 

FGP 

(%) 

DTF 

(days) 

DTM 

(days) 

B1 Late (BTx623 x NSL51071)-F2-18-1 77 az 87 a 113 a 

B2 Medium (BTx623 x NSL51071)-F2-46-1 80 a 74 c 100 c 

B3 Med.-late (BTx623 x PI563998)-F2-69-1 78 a 80 b 106 b 

B4 Med.-late (BTx623 x PI563998)-F2-7469-1 80 a 80 b 106 b 

B5 Med.-late (BTx623 x PI568016)-F2-99-1 75 a 80 b 106 b 

B6 Med.-late (BTx623 x PI563998)-F2-119-1 30 c 83 b 109 b 

B7 Late (BTx623 x PI568016)-F2-191-1 80 a 87 a 113 a 

B8 Medium (BTx623 x PI563998)-F2-248-1 65 b 74 c 100 c 

  s.e. 4.63 1.31 2.13 

zMeans for sorghum lines within an assessed trait. Within columns, means followed by a common 226 

letter are not significantly different (P=.05). Standard error, s.e. 227 

 228 

3.1.2 Plant Height 229 

Plant height was affected by an interaction among phenological phase, irrigation treatment, and 230 

sorghum line (Table 3). Under limited irrigation treatment, lines differed in HGT (Table 5). In the 231 

booting to heading phase, lines B2 and B8 were significantly taller than lines B5 and B7, with 232 

other lines being intermediate. In the heading to flowering phase, lines B1, B2, B3, B4, and B8 233 

were significantly taller than lines B5 and B6, and line B7 was the shortest. Under no irrigation 234 

treatment, line B2 was the tallest, followed by lines B1, B8, and B4, then lines B3 and B5, with 235 

lines B6 and B7 being the shortest ones in the booting to heading phase. Lines B6, B7, and B8 236 

significantly reduced height in response to lack of irrigation during phase II. Lines B1 and B2 were 237 

the tallest under no irrigation in the heading to flowering stage, followed by lines B8 and B4, then 238 

lines B3, B5 and B6, and line B7 was the shortest. During phase III, all lines but B1 and B2 239 

significantly reduced height in response to drought.  240 
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3.1.3 Chlorophyll Content 241 

Chlorophyll content was affected by an interaction among phenological phase, irrigation 242 

treatment, and sorghum line (Table 3). Under limited irrigation treatment, lines B1 and B3 had 243 

significantly lower CLC than the other lines in the booting to heading phase (Table 6). In the 244 

heading to flowering phase, the differences among the lines were more complex, with lines B7 245 

and B8 having the highest CLC and line B3 the lowest CLC. Under no irrigation treatment in the 246 

booting to heading phase, line B8 had the highest CLC, followed by lines B2, B4, B6, and B7, 247 

with line B3 having the lowest CLC. Similar as in the limited irrigation treatment, lines B7 and B8 248 

had the highest CLC, and line B3 the lowest CLC during the heading to flowering phase. Drought 249 

did not affect CLC of any lines in the booting to heading phase. In contrast, drought reduced CLC 250 

in all lines but lines B4 and B8 during the heading to flowering phase. 251 

 252 

3.1.4 Leaf Area Index 253 

Leaf area index was affected by an interaction among phenological phase, irrigation treatment, 254 

and sorghum line (Table 3). Under limited irrigation treatment, line B3 had the highest LAI during 255 

the booting to heading phase (Table 7). In the heading to flowering phase, line B5 had the highest 256 

LAI, followed by lines B1, B2, B3, B4, B7 and B8, while line B6 had the lowest LAI. Under no 257 

irrigation treatment, lines B4 and B5 had the highest LAI in the booting to heading phase, 258 

followed by lines B1, B2, B3, and B8, while lines B6 and B7 had the lowest LAI. In the heading to 259 

flowering phase, the highest LAI was noted for line B4, followed by line B2, then lines B1 and B3, 260 

then lines B5 and B8, with the lowest LAI expressed by lines B6 and B7. In the booting to heading 261 

phase, drought reduced LAI of lines B3 and B7. Reduction in LAI due to drought was more 262 

pronounced during heading to flowering phase, affecting lines B3, B5, B7, and B8. 263 

 264 

 265 

 266 

 267 

 268 
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Table 5: Effects of an interaction among phenological phase, irrigation treatment, and sorghum 269 

line on plant height 270 

 II-Booting-Heading III-Heading-Flowering 

 LI NI LI NI 

B1 102.53 bcz 97.79 b 110.24 a 105.41 a 

B2 119.63 a 116.76 a 120.57 a 115.82 a 

B3 90.75 cd 81.10 cd *114.63 a 87.14 bc 

B4 98.63 bc 90.60 bc *108.46 a 91.01 b 

B5 77.72 e 70.79 d *89.74 b 77.01 bc 

B6 *80.01 dey 55.70 e *95.00 b 79.37 bc 

B7 *71.55 e 47.93 e *77.04 c 51.13 c 

B8 *108.28 ab 91.01 b *112.09 a 98.04 b 

Mean *93.29 *81.81 *103.48 *82.00 

s.e. 3.48 3.68 3.58 3.63 

zMeans for sorghum lines within an irrigation treatment and phenological phase. Within columns, 271 

means followed by a common letter are not significantly different (P=.05). Standard error, s.e. 272 

yWithin rows, “*” denotes a significant difference for each line between irrigation treatments within 273 

a phenological phase. 274 

 275 

 276 

  277 

 278 

 279 

 280 

 281 

 282 

 283 
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Table 6: Effects of an interaction among phenological phase, irrigation treatment, and sorghum 284 

line on plant chlorophyll content 285 

 II-Booting-Heading III-Heading-Flowering 

 LI NI LI NI 

B1 46.67 bz 47.43 bc *55.33 bcdy 44.40 bc 

B2 53.37 a 50.33 ab *59.23 b 45.87 bc 

B3 46.40 b 38.87 c *52.43 d 37.32 d 

B4 52.87 a 49.30 ab 55.80 bcd 48.63 b 

B5 52.13 a 44.37 bc *54.53 cd 39.17 c 

B6 51.87 a 51.07 ab *58.43 bc 45.33 bc 

B7 55.00 a 51.87 ab *60.93 a 42.93 a 

B8 62.03 a 56.90 a 62.87 a 54.93 a 

s.e. 1.38 2.87 1.03 2.20 

zMeans for sorghum lines within an irrigation treatment and phenological phase. Within columns, 286 

means followed by a common letter are not significantly different (P=.05). Standard erro, s.e. 287 

yWithin rows, “*” denotes a significant difference for each line between irrigation treatments within 288 

a phenological phase. 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 
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Table 7: Effects of an interaction among phenological phase, irrigation treatment, and sorghum 300 

line on plant leaf area index 301 

 II-Booting-Heading III-Heading-Flowering 

 LI NI LI NI 

B1 1.70 bz 1.54 b 2.00 b 1.64 c 

B2 1.93 ab 1.54 b 2.09 b 1.82 b 

B3 *2.12 a 1.57 b *2.07 b 1.54 cd 

B4 1.99 ab 1.92 a 2.30 b 2.17 a 

B5 1.97 ab 1.80 a *2.41 a 1.50 d 

B6 1.58 b 1.34 c 1.60 c 1.31 e 

B7 *1.76 by 1.27 c *2.07 b 1.21 e 

B8 1.66 b 1.55 b *2.00 b 1.51 d 

s.e. 0.01 0.03 0.12 0.05 

zMeans for sorghum lines within an irrigation treatment and phenological phase. Within columns, 302 

means followed by a common letter are not significantly different (P=0.05). Standard error, s.e. 303 

yWithin rows, “*” denotes a significant difference for each line between irrigation treatments within 304 

a phenological phase. 305 

 306 

3.1.5 Single Plant Biomass 307 

Single plant biomass was affected by an interaction between irrigation treatment and sorghum 308 

line (Table 3). Under limited irrigation treatment, line B8 had the highest SPB and lines B1 and B7 309 

the lowest SPB, while the rest of the lines had intermediate SPB (Figure 2).  Under no irrigation 310 

treatment, line B2 had the highest SPB, followed by lines B4, B5, B6, and B8, while lines B1, B3, 311 

and B7 had the lowest SPB. Drought significantly reduced SPB in all lines but less so in line B2 312 

(17% reduction) compared to the other lines (33 to 71% reduction). 313 

 314 

 315 

 316 
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3.1.6 Single Plant grain yield 317 

Single plant yield was affected by an interaction between irrigation treatment and sorghum line 318 

(Table 3). Under limited irrigation treatment, line B4 had the highest SPY, followed by lines B2, 319 

B3, and B8, then lines B5 and B6, with lines B1 and B7 having the lowest SPY (Figure 3). Under 320 

no irrigation treatment, line B2 had the highest SPY followed by line B4, then lines B3, B5, B6, 321 

B7, and B8, with line B1 having zero SPY. Drought significantly reduced SPY in all lines but less 322 

so in line B2 (52% reduction) compared to the other lines (83 to 100% reduction). 323 

 324 

3.1.7 Harvest Index 325 

Harvest index was affected by an interaction between irrigation treatment and sorghum line 326 

(Table 3). Under limited irrigation treatment, lines B3 and B4 had the highest HI, followed by line 327 

B2, then lines B6 and B8, and lines B1 and B5, with line B7 having the lowest HI (Figure 4). 328 

Under no irrigation treatment, HI was highest for line B2, followed by lines B4 and B8, then lines 329 

B3, B5, B6, and B7, with line B1 having HI value of zero. Like single plant yield and single plant 330 

biomass, drought significantly reduced HI in all lines but less so in line B2 (43% reduction) 331 

compared to the other lines (68 to 100% reduction). 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 
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Figure 2: Effects of an interaction between irrigation treatment and sorghum line on single plant 345 

biomass (SPB). Within irrigation treatment, bars followed by a common letter are not significantly 346 

different (P=0.05). “*” denotes a significant difference for each line between irrigation treatments. 347 

Bars indicate 1 standard error.e. 348 
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Figure 3: Effects of an interaction between irrigation treatment and sorghum line on single plant 357 

yield (SPY). Within irrigation treatment, bars followed by a common letter are not significantly 358 

different (P>0.05). “*” denotes a significant difference for each line between irrigation treatments. 359 

Bars indicate 1 standard error.e. 360 
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Figure 4: Effects of an interaction between irrigation treatment and sorghum line on harvest index 372 

(HI). Within irrigation treatment, bars followed by a common letter are not significantly different 373 

(P=0.05). “*” denotes a significant difference for each line between irrigation treatments. Bars 374 

indicate 1 standard error..e. 375 
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Phenotypic correlation matrix at the different phenological phases showed positive correlations 386 

between FGP-LAI, HGT-SPB, HGT-SPY, and HGT-HI under both irrigation treatments, and a 387 

positive correlation between LAI-SPY under no irrigation treatment for phenological phase III 388 

(Table 8b). HGT-LAI showed a stronger correlation at phase III (0.52**) compared with phase II 389 

(0.40*) under no irrigation treatment. Under limited irrigation treatment, correlations between 390 

FGP-LAI, HGT-SPY, CLC-LAI, and HGT-HI were stronger at phase III than phase II, and several 391 

of the correlations were absent in phase II. No significant correlations were found under no 392 

irrigation treatment in phenological phases I and IV. 393 

A regression analysis (Table 8c) to assess the contribution of each measured trait to grain yield 394 

(SPY), revealed HI (0.753), SPB (0.166), FGP (0.010), and HGT (0.006) as significant predictors 395 

for grain yield under limited irrigation treatment. Also, HI (0.910), FGP (0.050), and (HGT, 0.018) 396 

were significant predictors for grain yield under no irrigation treatment. 397 

 398 

Table 8a: Pearson phenotypic correlations of assessed parameters under limited (LI) and no 399 

irrigation (NI, numbers in italics) treatments 400 

 FGP CLC LAI HGT SPB SPY HI 

FGP - - 0.39** 0.24* - - 0.24* 

CLC - - - -0.25* - - - 

LAI 0.58** - - 0.41* - 0.33* 0.34* 

HGT - 0.30** - - 0.31* 0.39** 0.32** 

SPB - - - 0.24* - 0.83** 0.82** 

SPY - - - 0.25* 0.81** - 0.96** 

HI - -0.25* - - 0.30** 0.57** - 

* and ** indicates significant correlations at P=0.05 and P=0.01, respectively 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 
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Table 8b: Pearson phenotypic correlations among assessed morpho-physiological traits at 410 

various phenological phases, under limited and no irrigation treatments 411 

 I II III IV 

 LI NI LI NI LI NI LI NI 

FGP-LAI   0.40* 0.36* 079** 0.42*   

CLC-HGT 0.41*      -0.59**  

CLC-LAI     -0.42*    

HGT-LAI    0.40*  0.52**   

HGT-SPB   0.41* 0.46* 0.50* 0.49* 0.55*  

HGT-SPY    0.59** 0.54** 061** 0.69**  

HGT-HI   0.42* 0.49* 0.59** 0.48* 0.57**  

LAI-SPY      0.46*   

* and ** indicates significant correlations at P=0.05 and P=0.01, respectively 412 

 413 

Table 8c: Linear regression analysis of assessed morpho-physiological traits as predictors to 414 

grain yield under limited and no irrigation treatment  415 

  LAI CLC FGP HGT SPB HI 

        

 R Squared   0.011 0.008 0.164 0.758 

 Adj. R squared   0.010* 0.006* 0.166* 0.753* 

LI Standard error   4.182 4.499 4.674 8.163 

 # observations   43 44 45 46 

 Coefficients   0.112 -0.141 0.224 136.776 

Constant estimate = -29.473 

 

 R Squared   0.060 0.019  0.912 

 Adj. R squared   0.050* 0.018*  0.910* 

NI Standard error   1.692 1.759  1.961 

 # observations   44 45  46 

 Coefficients   -0.035 0.061  78.994 

Constant estimate = -3.874 

* indicates significant correlations at P=0.05. 416 

 417 

3.2 Discussion 418 

Numerous physiological and molecular changes occur during cold tolerance, revealing that cold 419 

tolerance like drought tolerance is complex, and involves more than just one pathway and cell 420 
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compartment. Also, like drought stress, there is a wide range of cold stress in temperate areas 421 

differing in timing, intensity, and duration [21]. Effects on grain yield are more severe when cold 422 

and drought stress occur during the reproductive growth stage. Cold and drought tolerance 423 

involves increased chlorophyll accumulation, reduced sensitivity to carbon exchange rates, 424 

improved germination, pollen fertility, and seed set under unfavorable growth condition. 425 

Imbibition, germination, emergence, and seedling growth have been shown to be independent 426 

from each other in their sensitivities to cold temperatures [10]. The germination and seedling 427 

establishment phase of sorghum growth is especially sensitive to cold temperatures; with poor 428 

germination and seedling loss resulting to reduced plant population and grain yield. 429 

 430 

The results presented here suggest that cold tolerance involves improved germination under 431 

suboptimal temperatures in the early growing season. The sorghum lines differed in their 432 

germination under cold temperatures, with FGP ranging from 30 to 80%. Genetic variation in cold 433 

tolerance at germination and seedling stage in sorghum has been documented [22]. The mean 434 

cold germination of 71% in this study is similar to 73% reported by Burow et al. [23] for similar 435 

sorghum lines. FGP was a significant predictor for grain yield under both irrigation treatments, 436 

suggesting that grain sorghum lines with high early-season cold temperature germination will 437 

have better grain yield under pre-flowering drought stress, than those with low early-season cold 438 

temperature germination.  439 

Grain sorghum growth and development is divided into three main stages: 1) from planting to 440 

panicle initiation, 2) panicle initiation to flowering, and 3) flowering to physiological maturity. 441 

Studies have indicated that drought at any of these stages can result in a substantial yield loss 442 

[24, 25], affecting both morpho-physiological traits (earliness, leaf area, leaf rolling, wax content, 443 

root system, photosynthetic capacity, growth and development, and water use efficiency) and 444 

biochemical traits (proline, polyamine, and trehalose content, and nitrate reductase activity) [26]. 445 

Likewise, yield losses are most severe when cold stress occurs during the reproductive stage 446 

[27]. Lines B1 and B2 ceased growth following pre-flowering drought stress, a mechanism also 447 

observed when sorghum is subjected to cold stress at seedling and flowering stages [28] . 448 
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Results by Sankarapandian et al. [29] on 25 F4/F5 derivatives of elite and drought tolerant 449 

sorghum lines showed that average plant height was reduced by 11% when water stress was 450 

imposed at the panicle initiation to flowering stage. The current study showed average plant 451 

height reductions of 13 and 14% from booting to heading and heading to flowering respectively 452 

caused by pre-flowering drought stress. Tuinstra et al. [24] reported that drought at this growth 453 

stage delayed flowering, caused poor panicle emergence, floret abortion, and panicle blasting, 454 

resulting in poor yields. Similar responses were observed in our study for line B1 which did not 455 

produce grain as a result of pre-flowering drought stress. 456 

 457 

This study showed harvest index as the most predictive and constitutive trait for grain yield 458 

following pre-flowering drought stress in early-season cold tolerant sorghum breeding lines. 459 

Harvest index explained 75%, and 91% variability in grain yield for limited and no irrigation 460 

treatments respectively. Harvest index was positively correlated with early-season cold 461 

germination, leaf area index, plant height, and plant biomass, suggesting harvest index to be a 462 

reliable trait in selecting sorghum materials for early-season cold germination and pre-flowering 463 

drought tolerance in our study. In wheat (Triticum aestivum), most of the increase in grain yield 464 

has been achieved through increasing harvest index. Genetic improvement in harvest index is 465 

highly researched on although, in intensively bred crops, the upper limit has been approached 466 

[30]. The increase in harvest index may come from a reduction in the metabolic investment for 467 

production of leaves and other vegetative structures. This might compromise total biomass and 468 

thus require an increased rate or duration of photosynthesis to compensate for the reduced 469 

photosynthetic area. In maize, harvest index is considered to be already at its maximum and any 470 

further increase may be counter-productive as it may reduce plant biomass. Therefore other traits 471 

that will increase plant biomass and thereby crop photosynthesis such as chlorophyll content and 472 

leaf area index may be of interest to yield increase and sustainability under abiotic stress. 473 

 474 

Chlorophyll concentration, delayed leaf senescence, and the stay-green trait are all 475 

interconnected [18]. The stay-green trait has been related to maintenance of a more favorable 476 

Formatted: Font: Italic



 23

water status as related to deeper roots [31] and closely correlated with the rate of carbon 477 

exchange [32] and improved yields and transpiration under limited water availability in sorghum, 478 

maize, and wheat [33]. Borrell et al. [34] also showed that the rate of leaf senescence in sorghum 479 

(a measure of the stay-green trait) was negatively correlated with grain yield under conditions of 480 

late (pre-and post-flowering) water deficit. No such relationship was observed in our study, 481 

though chlorophyll content was the only trait impacted by an interaction between irrigation level 482 

and phenological phase (Table 3). The negative correlations between chlorophyll content and 483 

harvest index (Table 8a), and chlorophyll content and plant height at the flowering to anthesis 484 

phase (Table 8b) under limited irrigation treatment, suggest that chlorophyll content may be more 485 

useful in assessing post-flowering drought tolerance in cold tolerant sorghum lines. Numerous 486 

researches have accredited the stay-green trait (measured by chlorophyll content) as a beneficial 487 

trait for grain sorghum yields under post-flowering drought stress. Chlorophyll content in our study 488 

ranged from 37.32 to 56.90µmolm-2, similar to values (30.4 to 50.1µmolm-2) reported at 489 

comparable growth stages by Sankarapandian et al. [29]. Guo et al. [35] also concluded that 490 

chlorophyll content in drought tolerant barley genotypes was significantly higher than in drought 491 

sensitive genotypes under drought stress. 492 

 493 

Drought stress may reduce canopy apparent photosynthesis and thus yields by either reducing 494 

photosynthetic activity per unit leaf area or by reducing the amount of leaf area available for 495 

photosynthesis (i.e. reducing the leaf area index). Total photosynthesis has increases as a result 496 

of an increase in leaf area and daily duration of photosynthesis or leaf area duration [30]. Good 497 

correlations exist for crop yield and leaf area index particularly during the post-flowering stage 498 

(anthesis to grain filling) where higher photosynthetic capacity is needed to provide assimilates 499 

for the more demanding seed sinks. Due to low seeding rate (2-3 seeds/foot of row), and broader 500 

row spacing (1.0m) in this study, observed LAI (1.87-2.07) deviates from values (2-3.5) for 501 

seeding rates (3-4 seeds/foot of row) in sorghum planted under optimal irrigation. Leaf area index 502 

showed positive correlations to cold germination under both irrigation treatments (Table 8a and 503 

8b) and similar correlation to  single plant grain yield under no irrigation treatment  in the heading 504 
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to flowering phenological phase (Tables 8a and 8b respectively). Thus, high leaf area index can 505 

be used as a constitutive trait to predict early-season cold tolerance, and as an adaptive trait to 506 

predict pre-flowering drought stress tolerance in cold tolerant grain sorghum lines. This prediction 507 

agrees with results by Gupta et al. [36] who showed 2 out of 22 triticale (Triticosecale) x bread 508 

wheat derivatives to be both drought-and cold- tolerant, with high leaf area index, grain yield, 509 

spike per plants and spikelet per spike. 510 

The ability of grain sorghum lines to cease growth (lines B1 and B2), maintain LAI (lines B1, B2, 511 

B4 and B6), and retain high CLC (lines B4 and B8) and high HI (line B2), will be important 512 

selection traits to develop sorghum cultivars for temperate and highland regions, with possibility 513 

of pre-flowering drought occurrence.  514 

 515 

4. CONCLUSION 516 

A successful selection of sorghum germplasm for early-season cold tolerance may be imparted 517 

by the occurrence of pre-flowering drought stress later in the growth cycle. Identifying morpho-518 

physiological traits that can relate tolerance to early-season cold temperature stress and 519 

subsequent tolerance to pre-flowering drought stress, will facilitate development of sorghum 520 

cultivars for temperate and highland regions with mid-seasonal occurrence of drought. This study 521 

identified harvest index as being the most significant amongst the assessed traits in relating 522 

early-season cold germination to pre-flowering drought tolerance. Harvest index was also the 523 

most significant predictor of grain yield for sorghum lines subjected to pre-flowering drought 524 

stress preceding early-season cold temperature germination. High leaf area index can be used to 525 

select for pre-flowering drought tolerance in early-season cold tolerant sorghum lines. Chlorophyll 526 

content and plant height are also plausible traits to select for early-season cold germination and 527 

pre-flowering drought tolerance in sorghum inbred line. This study identified the heading to 528 

flowering phenological phase as the best pre-flowering phenological phase of the reproductive 529 

growth stage, to relate early-season cold tolerance to pre-flowering drought tolerance. There is an 530 

array of morpho-physiological traits that could be selected for both early-season cold germination 531 

and pre-flowering drought tolerance in grain sorghum. It is worth mentioning that such morpho-532 
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physiological traits should be constitutive (i.e. also expressed under optimum condition) and 533 

stress-responsive (i.e. expressed only under pronounced stress situations). In this respect, 534 

emphasis should be given to traits that constitutively enhanced yield per se and also enhanced 535 

plant survival under cold or drought conditions. 536 

 537 
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