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Abstract

:

Knowledge of the influence of different drought durations during the terminal growth stages on net photosynthetic rate (Pn), transpiration rate (Tr), transpiration efficiency (TE), and tuber fresh weight (economic yield) is relatively limited in Jerusalem artichoke. Our aim was to examine the effect of different drought durations during the terminal growth stages on Pn, Tr, TE, and economic yield in Jerusalem artichoke genotypes with different ranges of drought tolerance. A two-year field experiment was established in the northeast of Thailand. A split-plot design replicated four times was used. Three water treatments, optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations during the terminal growth stages, were arranged as main plots. Six genotypes (HEL256, JA37, HEL253, JA4, JA60, and JA125) are subplots. Different durations of drought in SD1 and SD2 reduced Pn, Tr, and economic yield, while drought stress during the terminal growth stages increased TE in whole genotypes over SD0 treatments. Drought-tolerant genotypes JA125 and JA4 exhibited high Pn, medium TE, and low economic yield reduction under SD2. Utilization of these superior parents in breeding could lead to the generation of new progenies with high economic yield productivity and drought tolerance during the long drought duration during the terminal growth stage. In addition, high SPAD chlorophyll meter readings (SCMR) in SD1 and SD2 and low specific leaf area (SLA) in SD1 could be used as indirect selection traits to survey high Pn genotypes in Jerusalem artichoke. Consequently, these indirect selection traits may allow for speedy breeding programs in Jerusalem artichokes.
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1. Introduction


Jerusalem artichoke is a perennial tuberous crop and can be produced in a wide range of growing conditions in many countries (e.g., Serbia, the United States, France, Germany, and Canada) [1]. Its tubers are rich in inulin and are increasingly interested in producing bioethanol and replacing fat or low-calorie sweeteners [2,3]. Inulin is a polysaccharide comprised of D-fructose units linked by β (2 → 1) glycosidic bonds, and one molecule commonly ends with an α (1 ↔ 2) bonded D-glucose [4]. It is a functional food ingredient that can provide better health and reduce the risk of several diseases in humans, such as osteoporosis, colon cancer, and cardiovascular disease [5,6]. Although Jerusalem artichoke is native to temperate regions of North America, it can adapt in semiarid and sub-tropical regions with tuber yields ranging from 9.1 t ha−1 to 10.6 t ha−1 and 1.3 t ha−1 to 4.5 t ha−1, respectively [7,8].



In Northeastern Thailand, Jerusalem artichoke is planted in both the early rainy season (June to September) and the late rainy season (September to December) as an herbaceous crop for fresh tuber consumption and functional food production [9]. Nevertheless, seasonal variations result in different plant development and tuber yields [10]. Previous studies under irrigated conditions indicated that Jerusalem artichokes produced during a short photoperiod along with low temperatures (late rainy season) had a higher tuber yield (2.89 t ha−1) than those produced in an early rainy season with a long photoperiod and high temperatures [9,10]. Therefore, the late rainy season was crucial to the selection of high-yielding Jerusalem artichoke genotypes in tropical regions [10]. The majority of the Jerusalem artichoke growing areas in northeast Thailand are in rainfed environments that were planted after the first main crops were harvested. Therefore, residual soil moisture content in this area is important for vigorously establishing the first development of Jerusalem artichokes. Most Jerusalem artichokes experience different durations of drought, particularly in the terminal growth stages, which could be T3 or T4. The occurrence of different durations of terminal drought can cause decreased growth and tuber yield in Jerusalem artichokes. The report of Puangbut et al. (2015b) [11] mentioned that plants reach the T3 and T4 stages when 50% of the plants have a tuber diameter bigger than 1 cm and equal to 2.5 cm, respectively, and that these stages influence final yield.



In previous studies, the effect of drought conditions during the early and middle growth stages decreased tuber yield; in addition, drought stress can alter the physiological responses relevant to yield productivity in Jerusalem artichoke genotypes [12,13,14]. Plant physiological responses might explain how plants could retain high tuber yields under drought conditions. Regardless of the reasons for the level of water stress, the result of Puangbut et al. (2022) [12] implies that Pn declined by 10% under drought stress during the middle-growth stage in field culture, and drought-tolerant Jerusalem artichoke genotypes could retain high Pn, resulting in high tuber yield. Similar results under early drought stress stated that Pn and Tr showed lower reductions in drought-tolerant genotypes than susceptible genotypes after 30 days of drought stress [15]. Although drought-tolerant genotypes of the Jerusalem artichoke have been recognized by retaining high Pn under both drought stress and the early and middle growth stages, this has not been studied during the terminal growth stages for Jerusalem artichoke planting as the second crop in a double cropping system. Likewise, Pn of potato varieties tended to decrease under mild and medium drought stresses; moreover, higher Pn is an important physiological characteristic for drought-resistant genotypes [16]. However, the focus on the impact of different drought durations during the terminal growth stages on the physiological characteristics of Pn, Tr, and TE is rarely reported in Jerusalem artichoke genotypes. In addition, the severity of yield reduction and physiological alteration under drought stress depends on various factors such as growth stage, drought intensity, and drought tolerance mechanisms [12,17].



Alternately, the physiological traits linked to drought tolerance and tuber yield could be useful for indirect selection of superior parents under drought conditions [13]. A previous study in drought-tolerance selection was primarily focused on tuber yields and total biomass, resulting in slow progress due to the relatively high interaction between genotype and environment (G × E) [8]. Consequently, the use of physiological traits that are effective to evaluate as selection criteria for drought tolerance through breeding programs is a long-term solution to ameliorate drought stress [12,15]. Pn is positively associated with yield for many crops like potatoes [18], sugar beet [19], and radish [20]. The previous studies led us to the hypothesis that genotypes with high Pn might contribute to higher economic yield and a low reduction in economic yield when encountering different drought durations during the terminal growth stages. Hence, physiological traits related to economic yield should be used as a surrogate trait for screening drought-tolerant genotypes and help to improve economic yield under drought conditions. The focus of this study was to determine the effect of different drought durations during the terminal growth stages of Jerusalem artichoke genotypes on Pn, Tr, and TE and to investigate the association between their physiological traits and economic yield and the reduction in economic yield under three water levels. This approach may assist plant breeders in speeding up the generation of progenies for drought tolerance in Jerusalem artichokes during the terminal growth stages.




2. Materials and Methods


2.1. Experimental Design and Plant Materials


The experiment was conducted under field conditions at the Field Crop Research Station, Khon Kaen University, Khon Kaen, Thailand, during the late rainy season (ranges from October to January) in 2017/18 and 2018/19. The experimental treatments were set up as a split-plot design in four replications. The main plots consisted of three water levels, including optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations. Within each water level, six Jerusalem artichoke genotypes (HEL256, JA37, HEL253, JA4, JA60, and JA125) were planted as subplot treatments, and they were selected based on results of a previous study [8].




2.2. Field Conditions, Irrigation System, and Crop Preparation


Standard tillage consisted of plowing twice, harrowing, and leveling. Afterward, an underground drip irrigation system (Super Typhoon®, Netafim Irrigation equipment & Drip systems, Israel) was installed in a subplot size of 6 × 5 m (72 subplots). Within each subplot, a plant spacing of 50 cm between rows and 30 cm between hills was established. Thirteen drip lines with an emitter distance of 30 cm were placed between the rows of plants and embedded 10 cm below the soil surface in each subplot. The water meters (Asahi Sanwa®, GMK 20, Bangkok Material Co., Ltd., Bangkok, Thailand) were connected at the head of each main plot. The pressure valve (Super Products®, OPG Oil Pressure Gauge, Bangkok Material Co., Ltd., Bangkok, Thailand) was also installed to ensure water application uniformity within the subplots.



The tubers of six Jerusalem artichoke genotypes were pre-sprouted for use in plant materials [12]. To prepare the pre-sprouted tubers before transplanting, as described by Ruttanaprasert et al. 2016b [14], the tubers were divided into small pieces (2 to 3 buds per piece) and soaked in a solution of carboxylic acid (10 g in 20 L of water) for 40 min. The tuber pieces were then pre-sprouted in plastic boxes containing a mixture of burnt rice husk and Trichoderma (3:1) under ambient conditions. After 7 days, these sprouted tubers with active buds and roots were moved to the germinating plug trays containing a mixture of soil, burnt rice husk, and Trichoderma (3:3:1). After 10 days, one healthy plant with two leaves was transplanted into each hole. Weeds were controlled manually beginning 20 days after transplantation (DAT). The fertilizer formula 15-15-15 of N-P2O5-K2O (Chia Tai Co., Ltd.) was applied at 30 DAT (156.25 kg ha−1). Pests and diseases were controlled by application of Sevin 85 (Carbaryl 85%WP) (Sotus International Co., Ltd., Nonthaburi, Thailand) and Mancozeb (20 g in 20 L of water) (Polycrop Industries Co., Ltd., Bangkok, Thailand), respectively, weekly.




2.3. Water Management


Prior to transplanting, water was given uniformly to all subplots to a depth of 10 cm below the soil surface. In all treatments, an underground drip irrigation system was used to supply the water to field capacity level (FC), which reached 60 cm from the soil surface after transplanting. The soil moisture levels in SD0 treatment were maintained within a 1% variance at FC until harvest. For the drought stress treatments at SD2 and SD1, water was withheld at 45 and 60 DAT until maturity, respectively. The quantity of water supplied to individual subplots was computed as the sum of crop water requirements (ETcrop) and soil evaporation (Es). The formula of ETcrop and Es was described by Puangbut et al. (2017) [15].



The ETcrop was computed using the formula below:


ETcrop = ETo × Kc



(1)




where ETcrop = crop water requirement (mm day−1), ETo = evapotranspiration of a reference plant under specified conditions calculated by a pan evaporation method (mm), and Kc = a coefficient of the crop at different growth stages of Jerusalem artichoke genotypes [8].



The Es was computed using the formula below:


Es = β × (Eo/t)



(2)




where Es = soil evaporation (mm), β = light transmission coefficient measured depending on crop cover, Eo = evaporation from class A pan (mm day−1), and t = days from the last irrigation.




2.4. Weather Parameters and Soil Conditions


Meteorological data were obtained by a weather station located on-site at the Field Crops Research Station at Khon Kaen University. The air temperatures, rainfall, solar radiation, evaporation, and relative humidity were recorded daily throughout the season.



Soil samples were randomly collected using the methods described by Carter and Gregorich (2006) [21], and samples were used for analyzing physical and chemical properties before field preparation. In 2017/18, the soil type was classified as sand (89% sand, 7% silt, and 4% clay) and was loamy sand (76% sand, 18% silt, and 6% clay) in 2018/19 (data not shown). The soils had a pH of 6.7, and organic matter content ranged from 0.3% to 0.4%. Total nitrogen contents were 0.02%; available phosphorus ranged from 35.0 mg kg−1 to 37.7 mg kg−1; exchangeable potassium and calcium ranged from 30.1 mg kg−1 to 48.7 mg kg−1 and 450.0 mg kg−1 to 754.9 mg kg−1, respectively. Electrical conductivity was 0.02 dS m−1, and the cation exchange capacity ranged from 3.2 c mol kg−1 to 5.3 c mol kg−1. In terms of soil moisture-holding capacity, in 2017/18, we had FC and permanent wilting points (PWP) values of 14.4% and 3.2%, respectively, and 14.2% and 2.6%, respectively, in 2018/19.




2.5. Soil Moisture Content and Relative Water Content


At 45, 60, and 75 DAT, soil moisture content was measured at a depth of 30 and 60 cm in all 72 subplots by a gravimetric method that was previously described by Puangbut et al. (2017) [15]. The soil samples were taken using a microauger, and soil fresh weights were weighed. Soil dry weights were obtained after oven-drying at 105 °C for 72 h or until weights were constant. Soil moisture content for each subplot was computed using the formula:


Soil moisture content = [(soil fresh weight − soil dry weight)/soil dry weight] × 100



(3)







Relative water content (RWC) was also measured at 45, 60, and 75 DAT. The estimation was conducted using the second and third fully expanded leaves from the top of the main stem between 10:00 and 12:00 A.M. on a clear day. Four plants per subplot were sampled, and two leaves were bored by a disc borer with 2.0 cm2 of leaf area. After recording the fresh weight, the leaf was immersed in water in the dark at a controlled temperature of 25 °C for 8 h, to determine the turgid weight. The leaf disks were then oven-dried at 70 °C for at least 72 h to reach a constant dry weight. The percentage (%) of RWC was then computed according to the method described by Puangbut et al. (2017) [15]:


RWC (%) = [(LFW − LDW)/(LTW − LDW)] × 100



(4)




where LFW = leaf fresh weight, LDW = leaf dry weight, and LTW = leaf turgid weight.




2.6. Net Photosynthetic Rate, Transpiration Rate, Transpiration Efficiency, SPAD Chlorophyll Meter Reading, and Specific Leaf Area


The physiological characteristics of Pn, Tr, and TE were determined using an LI-6400XT portable photosynthesis system (LICOR, Lincoln, NE, USA) equipped with a 6400-02B light-emitting diode source providing a photosynthetic photon flux density of 1500 µmol m−2 s−1. The temperature and CO2 concentration were set at 30 °C and 400 µmol m−2 s−1, respectively. The third fully expanded leaves were used for all physiological measurements collected from a sample size of four plants per subplot at 45, 60, and 75 DAT between 09:00 A.M. and 12:00 A.M. under cloudless conditions. The TE values were obtained as the ratio of Pn to Tr and expressed in mmol (CO2) and mol (H2O). The SCMR was measured with a Minolta SPAD-502 handheld portable meter (Tokyo, Japan) on the same leaf with physiological measurement by avoiding midrib area. The leaf area was measured randomly on 35 plants harvested from each sub-plot. The total leaf area was determined using a leaf area meter (LI-3100C Area meter, LI-COR, Inc., USA). Then the leaf samples were dried in an oven at 70 °C for 72 h or until reaching constant weight, and leaf dry weight could be determined. The SLA was calculated by dividing leaf area by leaf dry weight and expressed in cm2 g−1.




2.7. Tuber Fresh Weight (Economic Yield) and Reduction of Economic Yield


Thirty-five plants were harvested from each subplot, and border rows were excluded. The fresh weight of tuber was measured using a digital balance. The dry weight of tuber was obtained after oven-drying at 70 °C for 72 h and reaching a constant weight. The percentages of reduction in economic yield from different drought durations were used to evaluate the sensitivities of Jerusalem artichoke genotypes to different drought durations. Percentages of reduction were calculated for each Jerusalem artichoke genotype as described by Ruttanaprasert et al. (2016b) [14]:


Percent reduction = [1 − (weight under drought/weight under no drought)] × 100



(5)








2.8. Statistical Analysis


Analysis of variance for a split-plot design was performed for all parameters [22]. Combined analysis of variance for two-year data in all parameters was conducted when error variances for two years were homogeneous [23]. The significance of differences between means in all parameters was estimated by least significant difference (LSD) at p < 0.05. Pearson’s correlation was used to establish simple linear correlations between Pn, Tr, and TE with economic yield and reduction of economic yield under SD0, SD1, and SD2. The model is expressed as described by Zou et al. (2003) [24].


Yi = a + bXi



(6)




where the regression parameter Yi is economic yield and reduction in economic yield of genotype i, a is the y intercept, b is the slope of the regression line, and Xi is Pn, Tr, and TE of genotype i.



All calculations were established by STATISTIX 8 software program (Analytical Software, Tallahassee, FL, USA) [25].





3. Results


3.1. Weather, Soil Moisture, and Relative Water Content


In 2017/18, the maximum and minimum air temperatures ranged from 22.5 °C to 36.5 °C and 12.5 °C to 25.0 °C, respectively; in 2018/19, the ranges were 28.0 °C to 37.0 °C and 15.0 °C to 24.0 °C, respectively (Figure 1a). A total rainfall of 6.3 mm (2017/18) and 18.5 mm (2018/19) was received during the crop season. Movable rainout shelters were used for cover in drought experimental plots; thus, rainfall did not interfere with drought treatments. The average solar was 9.6 MJ m−2 day−1 and 17.5 MJ m−2 day−1 (2017/18), and 10.8 MJ m−2 day−1 and 19.9 MJ m−2 day−1 (2018/19) (Figure 1b). The relative humidity values were similar for both years, ranging from 80% to 97%. The evaporation values range from 2.1 mm to 7.0 mm in 2017/18 and from 3.2 mm to 6.7 mm in 2018/19.



There was no significant difference (LSD; p > 0.05) in soil moisture content among the three water levels at 45 DAT (30 and 60 cm) in both years because the water had not been withheld (Table 1). At 60 DAT, the soil moisture content in SD0 and SD1 did not show a significant difference (LSD; p > 0.05) between the two depths in two years, and both water levels were higher than those for SD2. At 75 DAT, the soil water contents of two depths were significantly different (LSD; p ≤ 0.05) in three water levels for two years. This indicated that the withholding of irrigation for both SD1 and SD2 was effective in imposing drought stress.



At 45 DAT, RWC values showed no significant differences (LSD; p > 0.05) among the three water levels, and similar trends were observed for soil moisture content in both years (Table 1). At 60 DAT, RWC values at SD0 and SD1 were higher than in SD2. Clear significant differences (LSD; p ≤ 0.01) in RWC values under SD0 and different drought durations (SD1 and SD2) were observed at 75 DAT. The values of RWC in SD0 were higher than those in SD1, and values in SD1 were higher than those in SD2, indicating that plant response to soil moisture content was as expected.




3.2. Effect of Different Drought Durations on Net Photosynthetic Rate, Transpiration Rate, and Transpiration Efficiency


A combined analysis of variance showed that water level had the highest contribution to total variation for Pn (79.1%), Tr (73.3%), and economic yield (78.1%) (Supplementary Table S1). Likewise, genotype had the highest contribution to total variation for TE (42.2%). Meanwhile, interactions between year and water level (Y × W), year and variety (Y × V), water level and variety (W × V), and year, water level, and variety (Y × W × V) had the lowest portions of total variations for all traits. In addition, there were highly significant differences (p ≤ 0.01) in the interactions between Y × V and W × V for all traits. Thus, all parameters studied were reported for individual years and water levels.



The results clearly showed that Pn and Tr in each Jerusalem artichoke genotype are negatively affected under different drought durations in SD1 and SD2 in both years (Table 2). Meanwhile, different drought durations in SD1 and SD2 seem to affect TE increases in most genotypes but not for genotypes JA37 and HEL253, which showed the highest TE under SD0 in both years. Moreover, genotype JA125 showed no difference for TE under SD0 and SD2 in 2018/19. Pn and Tr exhibited larger decreases at SD2 than at SD1, except for Tr of genotypes HEL256 and HEL253, which showed no difference in 2017/18.



Genotypes were significantly different (p ≤ 0.01) for Pn, Tr, and TE in both years and at each water level (Table 2). In both years, genotypes JA125 and JA37 exhibited high Pn in SD0. Under SD1 and SD2, JA4 and JA125 exhibited higher Pn than other genotypes. In the case of Tr, HEL256 and JA125, JA60 and JA37, and HEL253 and JA4 displayed high, medium, and low values, respectively, in SD0 in both years. Under drought stress in SD1, high Tr was observed in JA37 and JA4, medium Tr in JA60 and JA125, and low Tr in HEL256 and HEL253. High, medium, and low values of Tr were found in JA4 and JA125, HEL253 and JA60, and JA37 and HEL256, respectively, under SD2.



HEL253 and JA125 exhibited high TE in SD0 for both years (Table 2). HEL256 and HEL253 exhibited higher TE in SD1 than other genotypes. Furthermore, HEL256, HEL253, and JA60 exhibited higher TE in SD2 compared with other genotypes.




3.3. Effect of Different Drought Durations on Tuber Fresh Weight (Economic Yield)


Different drought durations in SD1 and SD2 also decreased economic yield (tuber fresh weight) in each Jerusalem artichoke genotype compared with SD0 for both years (Table 3). Genotypes were significantly different (p ≤ 0.05 and p ≤ 0.01) in economic yield and reduction of economic yield for both years and each water level. JA37 and JA125 had high tuber fresh weights in SD0. Likewise, JA125, JA37, and JA4 had high economic yields in SD1, and HEL256, HEL253, and JA125 had high economic yields in SD2.



The decrease in economic yield was more severe in SD2 than SD1 in all genotypes except for JA4, which exhibited no difference in the decrease in economic yield in 2017/18 and 2018/19 (Table 3). Economic yield was reduced by an average of 47.2% and 68.6% in SD1 and SD2, respectively, for both years in comparison to SD0. HEL256 and JA37 had higher reductions in SD1 and SD2, respectively, than other genotypes. Whereas low reductions of economic yield in SD1 were exhibited by JA125, JA4, and JA37, and in SD2 for JA125 and HEL256 in both years.




3.4. Relationships between Net Photosynthetic Rate, Transpiration Rate, and Transpiration Efficiency with Economic Yield and Reduction of Economic Yield


The result clearly showed that a high positive correlation was found between Pn and economic yield (r = 0.76; p ≤ 0.05 in 2017/18 and r = 0.85; p ≤ 0.05 in 2018/19) in SD1 and the highest positive correlation (r = 0.93; p ≤ 0.01 in 2017/18 and r = 0.94; p ≤ 0.01 in 2018/19) in SD2, but not in SD0 (Figure 2a,b). The correlation coefficient between Pn and the reduction of economic yield in SD2 was highly significant (r = −0.76; p ≤ 0.05 in 2017/18 and r = −0.86; p ≤ 0.05 in 2018/19) and negative in SD1 in 2018/19 (Figure 2d) but not in SD1 in 2017/18 (Figure 2c). This indicates that selection of genotypes for high Pn might help to improve economic yield productivity and retain low economic yield reduction under different drought durations in SD2.



Similarly, a high positive correlation was found between TE and economic yield in SD2 (r = 0.80; p ≤ 0.05 in 2017/18 and r = 0.86; p ≤ 0.05 in 2018/19) and between TE and reduction in economic yield (r = 0.88; p ≤ 0.05 in 2017/18 and r = 0.79; p ≤ 0.05 in 2018/19) (Figure 3). The correlation between TE and economic yield was not significant in SD0 and SD1 in both years (Figure 3a,b). The correlation between TE and reduction of economic yield was also not significant in SD1 for both years (Figure 3c,d). Selection of genotypes for medium TE might contribute to improving economic yield and maintaining a low reduction in economic yield in SD2.



In addition, the correlation between Tr and economic yield and between Tr and reduction of economic yield was not significant under three water levels for both years (data not shown).




3.5. Relationships between Net Photosynthetic Rate, SPAD Chlorophyll Meter Reading, and Specific Leaf Area


The result demonstrated that Pn was positively associated with SCMR under different drought durations in SD1 (r = 0.81; p ≤ 0.05 in 2017/18 and r = 0.79; p ≤ 0.05 in 2018/19) and SD2 (r = 0.82; p ≤ 0.05 in 2017/18 and r = 0.83; p ≤ 0.05 in 2018/19) (Figure 4). In this case, the association between Pn and SCMR was not significant in SD0 for both years. It appears that improvements in Pn could be accomplished by selecting high SCMR under different drought durations. Furthermore, there was a high negative association (r = −0.85; p ≤ 0.05 in 2017/18 and r = −0.82; p ≤ 0.05 in 2018/19) between Pn and SLA in SD1 in both years but not in SD0 and SD2 for both years (Figure 5). This indicates that the selection of high Pn genotypes in SD1 could be achieved by screening for low SLA.





4. Discussion


Although the interactions for Y × W, Y × V, W × V, and Y × W × V affect variation on Pn, Tr, TE, and economic yield, the effect of water levels and genotypes accounted for the biggest proportions of total variance on all traits investigated (Supplementary Table S1). This implied that Jerusalem artichoke genotypes and irrigation management are important for gaining higher yields. A previous study stated that the genotypic rankings of Jerusalem artichokes for Pn were stable across years and water regimes [15]. Similar to the evidence reported by Puangbut et al. (2022) [12], the genotype ranking for Pn was more stable across two years. These results demonstrated the possibility of using these traits as indirect selection criteria for high yield in Jerusalem artichoke breeding programs.



Our study discovered that different drought durations during the terminal growth stages decreased Pn (33.9% to 50.9%), Tr (41.2% to 54.7%), and economic yield (47.2% to 68.6%) compared with SD0 (Table 2 and Table 3). The largest decrease in Pn and Tr was found in SD2 with a long drought compared with those in SD1 with a short drought. On the other hand, TE values were increased by drought in SD1 and SD2 over SD0 for most genotypes. A similar result has been reported in the same crop: drought stress during the early growth stage (30 days after imposing drought) reduced Pn and Tr by an overage of 62% and 46%, respectively, but increased SCMR over the irrigated control under rhizobox cultures [15]. In temperate regions, water deficit had negative effects on Pn, as the lowest dry weight of tubers was shown in water deficit treatment [26]. Drought stress during the whole growth period of sweet potatoes also reduced Tr, Pn (56.7%), and biomass (31.3%) [27]. In a case study in potatoes, higher Pn was an important physiological mechanism for drought-resistant genotypes [16]. Pn and TE have been identified as drought tolerance traits in several crops, such as sunflower [28], radish [29], sweet potato [30,31], and turnip [32]. Heerden and Laurie (2008) [31] reported that decreased Pn is a significant factor affecting biomass production during drought stress. Therefore, understanding drought stress-related physiological responses is crucial to developing screening procedures for selecting superior genotypes that can better tolerate drought conditions [33].



Any increase or decrease in physiological traits caused by drought stress conditions could lead to variable responses in yield productivity [19]. The current study showed that Pn was positively correlated with economic yield in SD1 and SD2 and reduced economic yield in SD2 (Figure 2). These findings indicated that the genotypes with high Pn could promote high economic yield production under both SD1 and SD2 and maintain a lower reduction of economic yield under drought stress in SD2. JA125 and JA4 were highly tolerant to drought, especially in SD2, owing to their high Pn, resulting in a low reduction of economic yield. This was a new finding in Jerusalem artichokes. The use of physiological criteria as surrogate traits for drought tolerance screening could accelerate the pace of plant breeding for drought tolerance. In contrast, Puangbut et al. (2022) [12] reported that Pn had a smaller contribution (3.7%) to tuber yield under drought conditions at 50% ETcrop during the middle growth stage, while leaf area had a high contribution under fully irrigated conditions at 100% ETcrop (80.1%) and drought (85.5%) conditions. The differences in the investigations could be due to differences in the duration and severity of drought and the period of the growing season during which drought occurred. It is generally believed that increased Pn leads to improvements in plant growth and yield [27]. Mthembu et al. (2022) [18] stated that tuber yield correlated with Pn (r = 0.94; p = 0.01) under deficit irrigation conditions. As a result, improved Pn could contribute to higher tuber yield production in Jerusalem artichoke genotypes under drought conditions [15]. Drought stress during the early, middle, and late growth stages decreased Pn and resulted in a significant reduction in sweet potato yield [27]. Selection of Jerusalem artichoke genotypes for high Pn could improve tuber yield under drought conditions.



Our study demonstrated that TE was associated with both economic yield and a reduction of economic yield in SD2 (Figure 3). This clearly showed that genotypes that maintain medium TE under drought in SD2 could contribute to developing economic yield and low reduction. Hence, we concluded that genotypes with high economic yield production under drought conditions resulted from high Pn and medium TE. Based on the correlation between Pn and economic yield and the reduction of economic yield, it was concluded that JA125 and JA4 could be high-potential parental sources for drought tolerance. These findings are similar to previous studies that found that drought-tolerant genotypes of Jerusalem artichoke have been identified to possess a low reduction of tuber yield, Pn, and TE to drought stress during the early [15] and middle [12] growth stages. Retaining a high Pn and TE leads to higher yields during water deficit conditions in potato [27], sugar beet [19], and Jerusalem artichoke [15]. Additionally, the Jerusalem artichoke with a low reduction in Pn and high potential for Pn under drought at 50% ETcrop during the middle growth stage was JA125 [12], and the results were similar to our study. Drought-tolerant genotypes with a high ability to maintain high Pn may contribute to high tuber yields under drought conditions. Consequently, JA125 could be used as a parental source for developing high-yield productivity and a high tolerance to drought stress during the early [15], middle [12], and terminal (present study) growth stages.



Surrogate traits that can be used as an indirect selection criterion and are rapid, easy, low-cost, and accurate tools to identify promising genotypes with high Pn are required for accelerating routine plant breeding programs [12,14,20,34]. Our study revealed that an increased Pn under drought conditions in SD1 and SD2 was correlated with a higher SCMR (Figure 4). Furthermore, greater Pn under drought conditions in SD1 was also related to low SLA (Figure 5). Thus, the present study highlighted that SCMR and SLA could be used as surrogate tools for rapid screening of high Pn genotypes in Jerusalem artichokes under drought stress. These two parameters, SCMR and SLA, have been demonstrated to be the best representative with regard to clarifying high Pn and drought-tolerant genotypes in radish [20], potato [34,35], and Jerusalem artichoke [12,14]. The increase in SCMR was associated with high chlorophyll density under drought conditions, and it was strongly correlated to Pn in Jerusalem artichokes [15,26,36]. Maintenance of leaf greenness under drought stress is generally considered a positive contribution to higher yield and tolerance to drought in potatoes [35]. Nasir and Toth (2021) [37] showed that tuber yield was positively correlated with chlorophyll concentration, and drought-tolerant genotypes produce higher chlorophyll and maintain their chlorophyll concentration under drought stress. These pieces of evidence [12,14,15] indicate that Jerusalem artichoke genotypes with high Pn could result in high SCMR and lead to greater tuber yield productivity under drought conditions. SLA is an indicator of leaf thickness in Jerusalem artichoke, which is negatively related to SCMR and Pn under drought conditions [13]. It is well known that thicker leaves usually have a higher density of chlorophyll than thinner leaves, and decreases in SLA occur in response to drought, allowing increased tolerance to drought conditions [26,38]. This result suggested that SCMR and SLA could be used as physiological traits for indirect selection for high Pn under terminal drought stress in future Jerusalem artichoke breeding efforts.




5. Conclusions


Different drought durations in SD1 and SD2 significantly reduced Pn, Tr, and economic yield in all Jerusalem artichoke genotypes. All traits studied declined more at SD2 compared with SD1. By contrast, the values of TE increased in SD1 and SD2. Significant differences in each Jerusalem artichoke genotype for all traits were observed under both optimal conditions (SD0) and different drought durations (SD1 and SD2). In our study, JA125 and JA4 exhibited high Pn and economic yield under different drought durations in SD1 and SD2. High correlations between Pn, economic yield, and the reduction of economic yield were obtained under different drought durations. The result concluded that drought-tolerant genotypes JA125 and JA4 could be promoted as good parental sources for generating new progenies with high tuber yield productivity under drought stress. Importantly, SCMR and SLA could be used as physiological traits for indirect selection to improve Pn and drought tolerance in breeding programs for Jerusalem artichokes.
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Figure 1. (a) Daily air temperatures (maximum, Tmax, and minimum, Tmin) and total precipitation. (b) Mean daytime solar radiation, daily evaporation, and relative humidity during the crop growth period in 2017/18 and 2018/19. 
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Figure 2. Relationship between net photosynthetic rate with tuber fresh weight (a,b) and reduction of tuber fresh weight (c,d) of six Jerusalem artichoke genotypes under optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations in 2017/18 and 2018/19. *, ** Represent significant and highly significant with t-test p ≤ 0.05 and p ≤ 0.01, respectively. 
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Figure 3. Relationship between transpiration efficiency with tuber fresh weight (a,b) and reduction in tuber fresh weight (c,d) of six Jerusalem artichoke genotypes under optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations in 2017/18 and 2018/19. * Represent significance with t-test p ≤ 0.05. 
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Figure 4. Relationship between SPAD chlorophyll meter reading and net photosynthetic rate of six Jerusalem artichoke genotypes under optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations in 2017/18 (a) and 2018/19 (b). * Represent significance with t-test p ≤ 0.05. 
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Figure 5. Relationship between specific leaf area and net photosynthetic rate of six Jerusalem artichoke genotypes under optimal conditions (SD0), short-drought (SD1), and long-drought (SD2) durations in 2017/18 (a) and 2018/19 (b). * Represent significance with t-test p ≤ 0.05. 
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Table 1. Comparison of soil moisture content at 30- and 60-cm and relative water content under three water levels measured at 45, 60, and 75 days after transplanting in 2017/18 and 2018/19.
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Parameters

	
45 DAT

	

	
60 DAT

	

	
75 DAT

	




	
SD0

	
SD1

	
SD2

	
F-Test

	
SD0

	
SD1

	
SD2

	
F-Test

	
SD0

	
SD1

	
SD2

	
F-Test






	
Soil moisture content (%)

	
2017/18




	
−30 cm

	
13.7a

	
13.6a

	
13.6a

	
ns

	
13.7a

	
13.6a

	
10.6b

	
**

	
13.68a

	
10.80b

	
8.80c

	
**




	
−60 cm

	
12.7a

	
12.6a

	
12.7a

	
ns

	
12.5a

	
12.5a

	
11.4b

	
**

	
12.49a

	
11.14b

	
10.20c

	
**




	
RWC (%)

	
90.4a

	
90.4a

	
89.6a

	
ns

	
90.3a

	
89.3a

	
76.4b

	
**

	
91.20a

	
75.19b

	
64.08c

	
**




	
Soil moisture content (%)

	
2018/19




	
−30 cm

	
13.6a

	
13.6a

	
13.5a

	
ns

	
13.5a

	
13.6a

	
10.8b

	
**

	
13.54a

	
10.66b

	
8.69c

	
**




	
−60 cm

	
12.4a

	
12.4a

	
12.5a

	
ns

	
12.3a

	
12.3a

	
10.2b

	
**

	
12.49a

	
11.14b

	
9.33c

	
**




	
RWC (%)

	
86.9a

	
87.2a

	
87.1a

	
ns

	
87.4a

	
87.8a

	
73.1b

	
**

	
88.46a

	
72.88b

	
62.91c

	
**








Abbreviation: DAT, days after transplanting; RWC, relative water content; SD0, optimal condition; SD1, short-drought duration (imposing drought from 60 DAT to harvest); SD2, long-drought duration (imposing drought from 45 DAT to harvest). The means within a row and having different letters are different (LSD; p < 0.05). ns, ** Represent non-significant and highly significant with F-test p ≤ 0.01, respectively.
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Table 2. Net photosynthetic rate, transpiration rate, and transpiration efficiency of six Jerusalem artichoke genotypes at 75 days after transplanting under three water levels in 2017/18 and 2018/19.
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Genotypes

	
Net Photosynthetic Rate

[µmol m−2 s−1]

	
Transpiration Rate

[mmol (H2O) m−2 s−1]

	
Transpiration Efficiency

[mmol (CO2) mol (H2O)]




	
SD0

	
SD1

	
SD2

	
SD0

	
SD1

	
SD2

	
SD0

	
SD1

	
SD2






	
2017/18




	
HEL256

	
27.4dA

	
16.8eB

	
11.9eC

	
6.9aA

	
2.2eB

	
2.1eB

	
4.0dC

	
7.6aA

	
5.7aB




	
JA37

	
30.6bA

	
19.8cB

	
7.1fC

	
6.6cA

	
4.7aB

	
1.6fC

	
4.6cA

	
4.2eC

	
4.4bB




	
HEL253

	
26.8eA

	
15.5fB

	
13.6dC

	
4.3fA

	
2.6dB

	
2.5dB

	
6.2aA

	
6.0bB

	
5.4aC




	
JA4

	
25.0fA

	
22.8aB

	
19.3aC

	
6.3eA

	
4.6bB

	
4.3aC

	
4.0dC

	
4.9dA

	
4.5bB




	
JA60

	
29.9cA

	
18.4dB

	
14.9cC

	
6.5dA

	
3.7cB

	
2.8cC

	
4.6cC

	
5.0dB

	
5.3aA




	
JA125

	
33.1aA

	
20.3bB

	
18.6bC

	
6.7bA

	
3.7cB

	
3.5bC

	
4.9bB

	
5.5cA

	
5.3aA




	
Mean

	
28.8

	
18.9

	
14.2

	
6.2

	
3.6

	
2.8

	
4.7

	
5.5

	
5.1




	
F-test

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
2018/19




	
HEL256

	
27.0dA

	
16.5eB

	
11.7eC

	
7.1aA

	
2.5eB

	
2.2eC

	
3.8eC

	
6.6aA

	
5.3aB




	
JA37

	
29.9bA

	
19.5cB

	
7.1fC

	
6.7cA

	
4.9aB

	
1.7fC

	
4.5cA

	
4.0eB

	
4.2eB




	
HEL253

	
26.6eA

	
15.4fB

	
13.3dC

	
4.5fA

	
2.9dB

	
2.6dC

	
5.9aA

	
5.3bB

	
5.1bC




	
JA4

	
24.5fA

	
22.6aB

	
19.1aC

	
6.5eA

	
4.8aB

	
4.3aC

	
3.8eC

	
4.7dA

	
4.4dB




	
JA60

	
29.0cA

	
18.3dB

	
14.7cC

	
6.6dA

	
3.8cB

	
2.9cC

	
4.4dB

	
4.8cA

	
5.1bA




	
JA125

	
32.9aA

	
20.3bB

	
17.1bC

	
6.9bA

	
3.8bB

	
3.6bC

	
4.8bB

	
5.3bA

	
4.7cB




	
Mean

	
28.3

	
18.8

	
13.8

	
6.4

	
3.8

	
2.9

	
4.5

	
5.1

	
4.8




	
F-test

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Abbreviations: SD0; SD1; SD2 were described in Table 1. The means within a vertical and horizontal column with different small and capital letters are different (LSD; p < 0.05), respectively. ** Represent highly significant with F-test p ≤ 0.01, testing the effect of water levels and genotypes.
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Table 3. Economic yield (tuber fresh weight) of six Jerusalem artichoke genotypes at harvest under three water levels in 2017/18 and 2018/19.
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Genotypes

	
Economic Yield

(g Plant−1)

	
Reduction of Economic Yield (%)




	
SD0

	
SD1

	
SD2

	
SD1

	
SD2






	
2017/18




	
HEL256

	
279.4aA

	
119.7abB

	
97.5aC

	
57.1ab

	
65.1b




	
JA37

	
272.9aA

	
126.0abB

	
46.9cC

	
53.8bc

	
82.8a




	
HEL253

	
253.9aA

	
105.9bB

	
75.8abC

	
58.3a

	
70.1ab




	
JA4

	
283.8aA

	
126.0abB

	
71.1bB

	
55.6abc

	
74.9a




	
JA60

	
247.4bA

	
111.7bB

	
66.9bcC

	
54.8abc

	
72.9ab




	
JA125

	
256.0aA

	
132.2aB

	
86.3abC

	
48.3c

	
66.3b




	
Mean

	
265.6

	
120.2

	
74.1

	
54.6

	
72.0




	
F-test

	
**

	
*

	
**

	
*

	
*




	
2018/19




	
HEL256

	
198.6bcA

	
104.3cB

	
78.6aC

	
47.5ab

	
60.4b




	
JA37

	
224.9aA

	
140.0aB

	
51.4cC

	
37.7bc

	
77.1a




	
HEL253

	
191.4cdA

	
109.0bB

	
74.3abC

	
43.0bc

	
61.2b




	
JA4

	
182.9dA

	
142.9aB

	
65.7bB

	
21.9c

	
64.1ab




	
JA60

	
212.1bA

	
105.7bcB

	
75.7abC

	
50.2a

	
64.3ab




	
JA125

	
217.1abA

	
132.9aB

	
77.1aC

	
38.8bc

	
64.5ab




	
Mean

	
204.5

	
122.5

	
70.5

	
39.8

	
65.3




	
F-test

	
**

	
**

	
**

	
**

	
*








Abbreviations: SD0; SD1; SD2 were described in Table 1. The means within a vertical and horizontal column having different small and capital letters are different (LSD; p < 0.05), respectively. *, ** Represent significant and highly significant with F-test p ≤ 0.05 and p ≤ 0.01, respectively, testing the effect of water levels and genotypes. Percentages of reduction in economic yield were calculated as follows: [1 − (weight under drought/weight under no drought)] × 100 [14].
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