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Novelty statement 
Using plant stress memory to deal with environmental stress is an approach that can be implemented without spending high costs and relying on up-to-date knowledge. The use of this technique is especially important for plants that propagate by vegetative organs. Potato is one of these plants that usually suffer from yield loss due to low tolerance to drought stress and shallow roots. In the present study, cultivars under moisture stress were cultivated under field conditions (first year) in the second year under normal conditions and stress conditions to investigate the effect of stress memory on their yield.
Abstract

Long-term stress memory in plants is a concept that usability for manage environmental stresses. In this study, four potato genotypes evaluated during the two growing seasons (2018 and 2019). In the first year, the four potato cultivars Marfona, Agria, Atousa and Anousha tested as subplots in a split-plot experiment in a randomized complete block design with three replications and two irrigation treatments (Full season irrigation at ET=100 % and ET=70% ) as main plots. In the second year, the main plots were similar to the first year, but the sub-plots included eight treatments (four primed genotypes and four non-primed genotypes). In the second year of study in full irrigation conditions, the primed Agria genotype with a 20% increase in total tuber yield was the only genotype that showed a significant yield increase. By exposing primed genotypes to drought stress in the second year, Atousa and Anousha were superior to other genotypes with a total yield of 30.64 and 31.12 t ha-1, respectively. Stress tolerance index (STI) was significantly higher in primed genotypes such as Atousa (0.88) and Anousha (0.90). Our results provide evidence that long-term memory in some genotypes can use as a strategy to deal with drought stress conditions.
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Introduction
Drought stress is an abiotic stress that can greatly reduce crop yield. Potato is considered a drought-sensitive plant due to its superficial roots (Dahal et al. 2019). Potato is rich in dietary fiber, vitamins, protein and antioxidants and is cultivated in over 100 countries, feeding over a billion people worldwide (Bach et al. 2012). The predicted increases in atmospheric temperature and drought as a result of climate change threatens production in the world’s main potato growing areas, and a better understanding of the physiological mechanisms underlying drought tolerance is required (Ramirez et al. 2015).

In recent years “stress memory” has been studied as a mechanism to deal with drought stress in plants such as potatoes (Solanum tuberosum L.) (Ramirez et al. 2015), sweet potatoes (Ipomoea batatas L.) (Guerro-Zurita et al. 2020) and soybeans (Glycine max L.) (Kim et al. 2020). Stress memory is an evolving concept whereby changes in metabolism and gene expression in response to previous stresses protect the plant from future stress. Where this occurs in a single growing season we refer to the phenomenon as “short-term” stress memory. An example is the application of drought to wheat at the six-leaf and stem elongation stages helping counteract moisture stress at the grain filling stage (Wang et al. 2014). In plants such as potatoes where crops are propagated from the deformed stems, or tubers, of the previous crop, stress memory can carry over from one growing season to the next, which we refer to as “long-term” stress memory”. Ramírez et al. (2015) placed three potato cultivars (Unica, Désirée and Sarnav) at the beginning of tuber initiation in water-restricted conditions and irrigated when soil moisture reached 50% of the field capacity. The tubers produced in the water restriction treatment cultivated under conditions without moisture stress. Unica cultivar showed a minimal reduction in tuber yield in replanting. After a mild water stress event, potatoes can improve their response to future water constrictions in the same (short-term memory) or the following growing period (long-term memory) (Silva-Díaz et al. 2020). 
Potato is cultivated in 164.4 thousand hectares of agricultural lands in Iran with an average yield of 32.4 t ha-1 (FAOSTAT, 2018) and drought stress is a serious problem for potato farmers. Today, many studies are done on drought tolerance of potatoes, but less attention has been paid to the reaction of plants that have previously experienced drought stress. In this study, four potato genotypes were assessed under long term drought stress. The tubers produced the following year were cultured under conditions of water restriction in the tuberization stage and their response was evaluated.

Material and Methods
Experimental location and treatments details

A field experiment at the Rozveh Agricultural Research Station of Chadegan, Iran (32.50 °N, 50.34 °E, 2230 m.a.s.l.) during the two growing seasons of years of 2018 and 2019 conducted. In the first year, the experimental design was a split-plot, randomized complete block with three replications. The main plot treatments consisted of two seasonal water allocation patterns, including 1- full season irrigation at 100 % evapotranspiration [ET], 2- Full season irrigation at 70 % ET. Subplots consisted of four cultivars (Agria, Marfona, Atousa and Anousha). Evapotranspiration estimated with a modified Penman method (Wright 1982). The tubers of genotypes harvested in the first year and stored in the sand to use as tuber seeds in the second years. The tubers produced in the water restriction treatment defined as primed tubers and the ones from the full irrigation treatment as non-primed tubers (Ramírez et al. 2015). In the second year, the main plots were similar to the first year, but the sub-plots included four primed tubers cultivars and four non-primed tubers cultivars.
The total amount of precipitation during the growing season in the first and second years of the experiment was 15.5 and 8.58 mm, respectively, which provided suitable conditions for imposing the different drought treatments (Table 1). Unusual temperatures (especially maximum temperatures) that cause heat stress not observed in the two years of the study however, the average temperature in 2018 was higher than in 2019 (Table 1).
Soil characteristics and irrigation method
Marfona, Atousa and Anousha cultivars are medium maturities, and Agria is a medium-late maturing cultivar. Seed tubers of all four cultivars obtained from the Seed and Plant Improvement Institute (SPII 2020). Farm soil silty clay in texture with 14.4% sand, 41.2% silt and 44.4% clay. Organic matter percentage, pH and electrical conductivity (0-30 cm soil layer) respectively were 0.55 %, 7.6 and 3.5 dSm-1. Potato seed tubers sown in sub-plots consisted of 6 lines (4.5 m) wide with × 8 m long, in which the distance between and on the row was 75 and 25 cm, respectively. Irrigation treatment for all plots was done by drip system with 16 mm diameter pipes with plate drippers at a distance of 25 cm with a flow rate of 1.5 liters per hour. To accurately determine the amount of water consumption at the beginning of each block, a gauge installed, and the amount of water consumption in each irrigation cycle recorded. To prevent water leakage, two rows planted between stress and control treatments. In both years, all cultivars planted using a planter on May 24 at a depth of 15–20 cm. Based on the soil test results, 250 kg of nitrogen fertilizer (urea type) used in three stages of stem growth, tuberization and tuber bulking. In two years of study, the harvest dates were September 24 and 27, respectively.
Growth, yield parameters and yields

To measure and grade the tuber, two 5-m sections of the row harvested from the middle two rows in each plot. Tubers with cracks, rotten tubers, disfiguring and secondary growth, with more than four scabies on the skin and less than 35 mm in diameter, considered non-marketable yield. The number of stolons and roots on stolons measured based on 10 plants per plot (Wishart et al. 2013). The stress tolerance index also calculated using the following formula (Fernandez 1992): 

p 2Ŷ STI= (Yp×Ys)/
 In this formula, STI, Yp, Ys and Ŷp are the stress tolerance index, yield under non-stress conditions, stress conditions yield and the average total yield of all cultivars under non-stress conditions, respectively. 
Statistical analysis

Experimental data were analyzed using the PROC MIXED procedure in SAS software Version 9.2. Duncan’s test at p = 0.05 were used to determine the significance of difference between treatment means. Interactions if found significant were discussed.
Results 
   Cultivation of four cultivars in the first year of the study resulted in the production of cultivars four primed cultivars and four non-primed cultivars. Table 2 shows the analysis of variance of the effects of irrigation treatment on total yield, marketable yield and non-marketable yield of these eight cultivars. In addition to the significant effects of irrigation, genotypes, and priming treatments on yield (total, marketable and non-marketable), the irrigation × genotype× priming interaction was significant for these traits (Table 2). Considering that in the second year of the experiment, cultivars obtained in the first year (four primed cultivars and four non-primed cultivars) was placed in two conditions of normal irrigation and drought stress. 
A comparison of the mean impact of (Irrigation × Genotypes× Priming) on total yield (p < 0.01), marketable yield and non-marketable yield (p< 0.05) was statistically significant (Table 3). Atousa and Anousha cultivars produced the highest tuber yield in both non-primed and primed conditions. Primed Agria potatoes were the only genotype that produced significantly higher tuber yields than non-primed cultivars under normal irrigation conditions. The total tuber yield of primed Agria cultivar was 39.76 t ha-1, which showed a 20% increase in compared to non-primed conditions (Table 3). Under these conditions, the tuber yield of Atousa and Anousha potato cultivars (in both primed and non-primed cases) were not significantly different from the Agria cultivar. A similar trend observed for marketable yield changes. Non-marketable tuber yield of Agria cultivar in priming conditions reduced by almost half (9.7 t ha-1 to 4 t ha-1). According to the results, the cultivation of potato cultivars that previously experienced drought stress conditions did not provide a yield advantage under normal irrigation conditions (except for the Agria cultivar). Among the cultivars used in this study, the Agria cultivar is medium-late maturing and more speed initial establishment due to priming makes its tuberization period not to face high ambient temperature conditions. This fact reflected in the decline of non-marketable yield (Table 3). In other cultivars, faster growth and establishment at the beginning of the season did not create such an advantage. 

Table 3 shows a comparison of the average tuber yield of potato genotypes that did not face water stress in the previous year (Non- primed) and exposed to long-term stress (primed) and in the second year were exposed to drought stress again. Atousa and Anousha were two genotypes that responded positively to long-term water stress in the previous year with a total tuber yield of 30.64 and 31.12​ t ha-1, respectively (Table 3). The increase in marketable tuber yield in these two genotypes one of the main reasons was the increase in total tuber yield. Primed tubers of these two cultivars showed a significant increase in water stress compared to other cultivars. In the two primed cultivars Atousa and Anousha cultivars, tuber weight per plant increased by 42 and 39.5% compared to the non-primed cultivar, respectively. In conditions of water stress, the correlation analysis between tuber yield and tuber number was relatively weak (Range from R2=0.38* to 0.56* for Atousa and Anousha primed and non-primed), indicating that tuber number was not the main reason for tuber yield increasing for these two genotypes (Fig. 1 A, B, C and D). On the contrary, the correlation analysis between total tuber yield and average tuber weight per plant showed a strong correlation (Range from R2=0.79** to 0.82** only for Atousa and Anousha primed), which indicates that the increase in tuber yield in these two genotypes was attributed mainly to tuber weight increase (Fig. 2 A, B, C and D). In re-cultivated genotypes that experienced drought stress in the previous year, Atousa and Anousha genotypes showed the lowest yield loss (Table 3). 
The range of stress tolerance index in genotypes changed from 0.55 to 0.90 (Fig. 3). The stress tolerance index was significantly higher in primed genotypes such as Atousa (0.88) and Anousha (0.90) than other genotypes. Of course, as can be seen in the Marfona genotype, priming a genotype does not necessarily mean having a higher tolerance index. Stress tolerance index in priming conditions compared to normal conditions in Agria, Atousa and Anousha cultivars increased by 23.6%, 22.2% and 34.3%, respectively. A positive and significant relationship between stress tolerance index and the number of roots on stolons seen only in Atousa (R2=0.604) and Anousha (R2=0.634) genotypes (Fig. 4). For Atousa and Anousha genotypes in primed mode, the stress tolerance index has a positive and significant relationship with the number of stolon roots. 
Discussion

According to the results, the cultivation of potato cultivars that previously experienced drought stress conditions did not provide a yield advantage under normal irrigation conditions (except for the Agria cultivar). Among the cultivars used in this study, the Agria cultivar is medium-late maturing and more speed initial establishment due to priming makes its tuberization period not to face high ambient temperature conditions. This fact reflected in the decline of non-marketable yield (Table 3). In other cultivars, faster growth and establishment at the beginning of the season did not create such an advantage. Some studies have emphasized that priming improved the stand establishment and yield of many field crops. Better and faster deployment improves farm productivity under optimal and sub-optimal environmental conditions (Basra et al. 2005). The positive effects of priming may be due to overcoming the sub-optimal soil situation (Finch-Savage et al 2004), better competition with weeds (Jalali and Salehi 2013) and simultaneous critical stages of growth with favorable environmental conditions (Carrillo-Reche et al. 2018). In the study of Ramirez et al (2015), three potato cultivars (Unica, Désirée and Sarnav) were placed under water stress conditions and replant in the next crop season without water stress, in this case, the Unica cultivar showed the lowest yield reduction.

In re-cultivated genotypes that experienced drought stress in the previous year, Atousa and Anousha genotypes showed the lowest yield loss (Table 3). Plants that can better respond to the subsequent stress have a genotype with better potential for deployment of “stress memory” (Choudhary et al. 2021). Accordingly, Ding et al. (2012) have classified the genes related to stress memory in two categories: trainable and non-trainable. In potato, drought stress acclimation showed to have a positive effect on yield and overall plant growth. The application of drought stress reduced leaf wilting induced a thicker cuticular layer and more open stomata under stress condition (Banik et al. 2016). However, water restriction can negatively affect tuber yield via tuber initiation or tuber bulking (Monneveux et al. 2013). Stress memory in potatoes seems to depend on the tuber weight more than the tubers number. Similarly, Banik et al. (2016) the effects of drought acclimation investigated in three contrasting potato genotypes ‘Fv12246-6’ drought stress-sensitive, ‘Vigor’ moderately drought resistant and ‘Russet Burbank’ drought resistant. This research proved that under drought acclimated and drought-stressed conditions, depending on the type of genotype, more tuber weight observed in the Russet Burbank cultivar and more tuber number recognized in the other cultivars.  

The number of roots on stolons of one genotype seems to be related to drought tolerance. Currently, different tolerance indices used to detect tolerance of different genotypes. One of these indicators, which correlate well with potato yield, is the stress tolerance index (Rodríguez et al. 2016).  High amounts of stress tolerance index for one genotype means higher drought tolerance and more drought potential yield for that genotype. For example, in a study, the effect of drought stress including 20 and 70% of available soil moisture assessed and the stress tolerance index of 10 potato cultivars including Agria, Arinda, Marfona, Banba, Born, Santé, Milva, Satina, Jelly and Spirit were 0.760, 0.207, 0.598, 0.277, 0.087, 0.303, 0.201, 0.217, 224 and 0.351, respectively (Alhoshan et al. 2019). Although this index used to differentiate high-yielding cultivars or newly introduced clones, under drought stress can also express the tolerance of primed genotypes be applications. Wishart et al. (2013) also reported similar results for some potato cultivars and suggested that the number of stolon roots used as a criterion for selecting drought- tolerant cultivars. Genotypes vary in primed acclimation responses to drought stress, and their screening accordingly helps to increase productivity (Vincent et al., 2020). Generally, longer durations of mild drought intensity evoked strong acclimation responses than shorter periods with greater severity (Talbi et al. 2015)

Conclusions

In the past, techniques such as seed priming used only for short periods within a growing season. The results of this study indicate that in some genotypes, long-term stress memory can be used to deal with deficit stress moisture conditions. In this study, drought stress resistance of cultivars such as Atousa and Anousha increased based on the concept of long-term stress memory. It is clear that using the concept of "long-term memory" as a management approach to drought stress requires understanding the mechanisms that create this concept. Sometimes these mechanisms may be simple (such as escaping droughts) and sometimes complex, with changes in plant growth physiology and perhaps a combination of the two.
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Table 1 Monthly means for daily minimum, maximum and mean temperatures, and total monthly precipitation (PPT) in 2018 and 2019
	Month
	Min temp °C
	Max temp °C
	Mean temp °C
	Rainfall mm

	
	2018
	2019
	2018
	2019
	2018
	2019
	2018
	2019

	May
	8.14
	9.10
	21.51
	20.09
	14.82
	12.83
	11.30
	5.4

	June
	12.88
	11.80
	30.21
	29.20
	21.55
	19.50
	0.00
	0.00

	July
	16.31
	16.00
	30.90
	28.92
	24.60
	22.87
	0.00
	0.00

	Aug
	15.84
	13.98
	30.08
	30.50
	24.46
	23.01
	0.00
	0.00

	Sept
	11.92
	11.02
	29.22
	29.00
	20.57
	19.90
	4.20
	3.18


Table 2- Analysis of variance for treatment effects on total yield, marketable yield and non-marketable yield

	Source
	Mean squares

	
	df
	Total yield
	Marketable

yield
	Non-marketable

yield
	Tuber number
	Tuber weight

	Replication
	2
	0.500 n.s
	0.090 n.s
	0.182 n.s
	0.002 n.s
	0.101 n.s

	Irrigation
	1
	14.930 **
	31.081**
	7.890 **
	0.840*
	0.730*

	Error (a)
	2
	1.940
	2.411
	0.341
	0.446
	0.446

	Genotypes (G)
	3
	7.240*
	37.081*
	9.942 *
	5.789*
	5.909*

	Priming (P)
	1     
	3.524*
	27.211*
	6.094*
	4.340*
	10.210**

	G× P
	          3      
	2.854*
	26.071*
	5.981*
	4.090*
	4.900*

	G × I
	3     
	17.350**
	45.870*
	8.641 *
	5.009*
	6.079*

	P × I
	1
	8.690**
	27.047*
	5.084*
	4.908*
	5.000*

	P × I × G
	3
	7.698**
	34.710*
	6.587*
	9.358**
	7.008**

	Error (b)
	28
	1.980
	25.380
	4.052
	3.897
	3.897

	CV (%)
	
	11.20
	13.25
	14.57
	10.65
	8.76


Table 3- The effects of irrigation, genotypes and priming interaction on total yield, marketable yield and non-marketable yield 

	Irrigation
	Priming
	Genotypes
	Total yield

(t ha-1)
	Marketable yield

(t ha-1)
	Non-marketable yield

(t ha-1)
	Tuber number plant-1
	Tuber weight plant -1         (gr)

	Normal 
	Non-Primed
	Agria
	32.78b
	24.65 b
	7.90 a
	4.1 a
	510.0 b

	
	
	Marfona
	30.45 b
	26.40 b
	4.35 b
	3.2 b
	500.0 b

	
	
	Atousa
	39.45 a
	34.20 a
	5.11 b
	4.6 a
	653.0 a

	
	
	Anousha
	37.34 a
	32.78 ab
	5.76 b
	4.4 a
	627.0 a 

	
	Primed
	Agria
	39.76 a
	35.50 a
	4.00 b
	4.2 a
	643.0 a

	
	
	Marfona
	31.30 b
	27.10 b
	4.10 b
	3.4 b
	494.0 b

	
	
	Atousa
	35.94 ab
	31.20 ab
	4.70 b
	4.8 a
	647.0 a

	
	
	Anousha
	36.00 ab
	32.00 ab
	4.15 b
	4.6 a
	620.0 a

	Water stress 
	Non-Primed
	Agria
	21.11 b
	17. 10 b
	3.90 a
	3.2 a
	340.0 b

	
	
	Marfona
	22.48 b
	19.20 b
	3.45 a
	2.6 b
	356.0 b

	
	
	Atousa
	22.75 b
	20.60 b
	2.11 a
	3.6 a
	350.0 b

	
	
	Anousha
	21.46 b
	20.00 b
	2.36 a
	3.5 a
	359.0 b 

	
	Primed
	Agria
	20.76 b
	18.10 b
	3.00 a
	3.3 a
	335.0 b

	
	
	Marfona
	21.90 b
	18.70 b
	3.21 a
	2.5 b
	347.0 b

	
	
	Atousa
	30.64 a
	28.53 a
	1.85 b
	3.6 a
	497.0 a

	
	
	Anousha
	31.12 a
	29.31 a
	1.93 b
	3.6 a
	501.0 a


Different letters indicate significant differences by using Duncan’s test at p＜0.05.
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Figure 1: Relationship between total tuber yield and tuber per plant in Atousa Non-primed (A), Atousa primed (B), Anousha non-primed (C), and Anousha primed (D) in water stress condition. p＜0.05
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Figure 2: Relationship between total tuber yield and tuber weight per plant in Atousa Non-primed (A), Atousa primed (B), Anousha non-primed (C), and Anousha primed (D) in water stress condition . p＜0.05
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Figure 3- Comparison of stress tolerance index in genotypes. Common letters in columns indicate no significant difference (Duncan’s test at p＜0.05)
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Figure 4- Relationship between stress tolerance indexes against the number of stolon roots. Atousa (A) and Anousha (B) p＜0.05
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