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Abstract

:

Poor ratooning ability for sugarcane can limit crop productivity and profitability of sugarcane growers. The objective of this study was to determine the association of physiological responses and root distribution patterns on the yield of the second ratoon cane, and the relationships between these traits. Seventeen sugarcane genotypes were planted in a randomized complete block design with four replications. The second ratoon crop was evaluated for germination percentage, cane yield, Soil Plant Analysis Development (SPAD) chlorophyll meter reading (SCMR), chlorophyll fluorescence, relative water content (RWC), specific leaf area (SLA), and stomatal conductance. Root length density (RLD) was evaluated through the auger method. The root samples were divided into upper and lower soil layers in order to study root distribution patterns. Sugarcane genotypes were significantly different for RLD, germination percentage, and cane yield. Root distribution patterns were classified into three groups based on the RLD. High RLD between plants in the upper soil layers at 90 days after harvest (DAH) was positively correlated with high germination, whereas high RLD between rows in the lower soil layers at 90 and 270 DAH was associated with high cane yield. RWC at 90 DAH and stomatal conductance at 180 DAH were closely related to germination percentage, whereas chlorophyll fluorescence and stomatal conductance at 180 DAH were closely related to cane yield.
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1. Introduction


Sugarcane is an industrial crop used mainly as a raw material for sugar production. The by-products from sugar mills are also used for the production of other value-added products, such as electricity, veneer, monosodium glutamate, and ethanol. Sugarcane is largely grown under rain-fed conditions in arid and semi-arid tropical regions.



Drought stress is the most important factor reducing the ratooning ability and yield of sugarcane in the world. Reduction in cane yield has been estimated at up to 60% [1]. A low yield of a ratoon crop is mainly due to the low ratooning ability of sugarcane varieties and suboptimal crop management. Ratoon crops have a lower production cost than planted crops by 25–30% [2].



Sugarcane varieties respond differently to drought stress affecting sprouting, millable cane, commercial cane sugar, and ratooning ability [3]. Improvement of the ratooning ability in sugarcane will not be possible if the mechanism underlying the maintenance of the ratoon is not fully understood. Therefore, a better understanding of the association of the physiological traits of the shoot and root in maintaining higher ratooning ability should improve the efficiency of sugarcane production and benefit future breeding programs.



Roots function as an anchor to support plants in the soil and take up soil water and nutrients for plant growth and yield. After the canes are harvested, the ratoon crop can develop a new root system from old active roots within three days. New roots also emerge from the basal nodes of young shoots for several weeks after new shoots are developed, but at seven weeks after harvest, new roots rarely develop from old roots that have been active at the time of harvest [4]. Drought reduces root growth in upper soil layers, and root growth also shifts toward the lower soil layers to maintain water uptake [5].



In general, a plant’s root system and the physiological traits of the shoot may be inter-related, in which the developmental stage of the root strongly contributes to the plant’s total above-ground growth [6]. Physiological traits related to photosynthesis, such as Photosystem II (PSII) photochemical efficiency (Fv/Fm), stomatal conductance, transpiration, SPAD (Soil Plant Analysis Development) index, and water potential, were identified as the traits promoting photosynthesis in sugarcane [7,8,9]. Although the responses to drought for physiological traits, root traits, and germination have been studied in sugarcane, most studies were conducted in rhizoboxes or under field conditions with few genotypes, and the relationships of these characters and the cane yield of ratoon crops have not been sufficiently investigated.



To date, information on the responses to drought and its effects upon the physiological traits related to germination and yield of different sugarcane genotypes is still lacking. The hypothesis underlying our research project is that physiological traits and root traits are related to the ratooning ability of sugarcane, and that these traits might be useful for the selection of favorable ratooning genotypes. The objective of this study was to determine the association of the physiological responses and root distribution patterns on the yield of second ratoon cane, and the relationships between these traits. We hope that the information obtained in this study will be useful in explaining the association between ratooning ability and root distribution patterns for the recommendation of the surrogate traits needed to improve the sugarcane genotypes in breeding programs.




2. Materials and Methods


2.1. Experimental Design and Plant Materials


Seventeen sugarcane genotypes, consisting of 14 elite clones and three check genotypes (Table 1), were evaluated in a randomized complete block design with four replications at the Faculty of Agriculture, Khon Kean University, Khon Kaen, Thailand, for ratooning ability and yield of the second ratoon crop during the growing season of 2016. The soil type at the experimental site is classified as Yasothorn soil series, which is characterized by sandy soil (84.93% sand, 10.0% silt and 5.07% clay). The soil was slightly acidic (pH = 5.78), low in organic matter (0.54%), nitrogen deficient (0.03%), low in phosphorus (23.78 ppm), and sufficient in potassium (54.46 ppm).



Conventional tillage was practiced for soil preparation. In November 2014, the cane stalks were cut into single node segments and planted directly on the flat soil (without ridges) in five-row plots, 8.0 m in length, 7.5 m in width, and spaced in 0.5 × 1.5 m plots, totaling 68 plots. Data were recorded from the three middle rows, discarding the plants at the ends of each row. The planted crop and the first ratoon crop were harvested in 2014 and 2015, respectively. A chemical fertilizer formula (15–15–15 of N–P2O5–KO2, Thai Central Chemical Public Company Limited, Phra Nakhon Si Ayutthaya, Thailand) was applied to the ratoon crop in two splits at a rate of 312.5 kg/ha. The first split was applied after the first ratoon crop was harvested, and the second split was applied at the tillering stage, about four months after harvest. Weed control was carried out manually at four months after the harvest of the first ratoon crop.




2.2. Data Collection


2.2.1. Meteorological and Soil Data


Meteorological data were recorded from January to December of 2016. Rainfall and the maximum and minimum temperatures were recorded by the weather station at the Agronomy Research Station, Faculty of Agriculture, Khon Kaen University. Soil moisture content data were recorded at 90, 180, and 270 days after harvest (DAH) at layers of 0–20, 20–40, 40–60, 60–80, and 80–100 cm within the soil profile. The soil samples were weighed and oven-dried at 105 °C for 72 h. Afterwards, the percentage of soil moisture was determined from the weights of both wet and dry soil.



The maximum and minimum temperatures from January to December 2016 were 34.0 and 22.6 °C, respectively. Total rainfall during the experimental period was 1119 mm (Figure S1). Soil moisture contents differed at 90 (drought period), 180 (recovery period), and 270 DAH (Figure 1). At 90 and 180 DAH, the soil moisture contents in the top soil were lower than that of the subsoil (Figure 1a,b), yet at 270 DAH, the soil moisture content in the top soil was higher than that of the subsoil (Figure 1c).




2.2.2. Germination Percentage


The number of plants was recorded at 60 days after harvest (DAH) of the first ratoon crop, and was calculated as follows:


Germination percentage =Number of stool germination of the second ratoon crop Number of stool harvested of the first ratoon crop  × 100 



(1)








2.2.3. Physiological Traits


Physiological traits consisting of specific leaf area (SLA), SPAD chlorophyll meter reading (SCMR), chlorophyll fluorescence, stomatal conductance, and relative water content (RWC) were measured at 90 (drought stress period), 180 (recovery period), and 270 (full growth) DAH from the second fully expanded leaf of the main stalk between 09:00 and 12:00.



Specific leaf area was measured using an LI-3100C Area Meter, LI-COR, Inc. Lincoln, Nebraska, USA. Six second leaves from six stalks in each plot were used for measuring specific leaf area. The leaf samples were first measured for leaf area and then oven-dried at 80 °C for 72 h, or until the weights were constant, and the dry weights were then measured. SLA was calculated as the ratio between leaf area (cm2) and leaf dry weight (g).



SPAD chlorophyll meter reading (SCMR) was measured using an SPAD chlorophyll meter (SPAD-501, Minolta, Tokyo, Japan), at the bottom, middle, and tip of the leaf. The measurements were undertaken from six leaves of six stems, and therefore there were 18 measurements for each plot. Chlorophyll fluorescence was measured on intact leaves using a Chlorophyll fluorescence (MINI PAM, Heinz Walz GmbH, Effeltrich, Germany) between 09:00 and 12:00. Stomatal conductance was measured via an SC-1 Leaf Porometer (Decagon Devices, Inc. Pullman, WA 99163, USA). Relative water content (RWC) was determined as the weight difference between a freshly harvested leaf and a water saturated leaf. Leaf samples were imbibed in distilled water for 24 h. The water saturated leaves were dried with blotting paper in order to eliminate excessive water. Leaf saturated weight was then determined. The leaf samples were then oven-dried at 80 °C for 72 h, and leaf dry weight was measured. The RWC was calculated as follows:


RWC =(Leaf fresh weight − Leaf dry weight)  (Leaf saturated weight − Leaf dry weight) × 100 



(2)








2.2.4. Root Traits


Root length density (RLD) was measured at 90 and 270 DAH using the auger method. The auger, consisting of a coring tube [10] with a diameter of 69 mm and a length of 1.15 m, was designed to reduce compaction in the inner tube by improving the cutting edge and reducing the tube’s thickness [10,11]. Root samples were collected from two positions including the position between plants at a distance of 25.0 cm, and the position between rows at a distance of 75.0 cm. Root samples were taken at a depth of 100 cm, and separated into five layers consisting of 0–20, 20–40, 40–60, 60–80, and 80–100 cm.



Root samples of each layer were washed manually with tap water to remove soil from the roots. The root samples were then analyzed via the Winrhizo program (Winrhizo Pro (s) V. 2004a, Regent Instruments, Inc., Quebec, Canada) to determine root length. RLD was calculated as the ratio between root length (cm) and soil volume (cm3). RLD from the first (0–20 cm) and second (20–40 cm) layers were combined and defined as the upper soil layer (0–40 cm), while the RLD for the deeper layers (third to fifth) were combined to form the lower soil layer (40–100 cm).




2.2.5. Yield


Cane yield was calculated from the weight of all millable canes within the harvest area of each plot at 360 DAH. The crop was maintained according to Thailand’s conventional management practices for sugarcane production, and yield data were collected for the planted crop (PC), first ratoon crop (1R), and second ratoon crop (2R). The crops were harvested manually by cutting the stalks at ground level and discarding the tops.





2.3. Statistical Analysis


All statistical analyses were conducted using the software package Statistix 10 (Analytical Software, Tallahassee, FL, USA). Data were subjected to analysis of variance (ANOVA) in accordance with the randomized complete block design. Means were separated by least significant difference (LSD) at 0.05 probability level. Simple correlation was used to determine the relationships between physiological traits, ratooning ability, and cane yield.





3. Results


3.1. Germination and Yield


The overall means for cane yield of the planted crop, first ratoon crop, and second ratoon crop were 106.90, 83.10, and 67.63 tons/ha, respectively (Table 2 and Table S1). The results indicate that cane yield reduced over the years. Sugarcane genotypes were significantly different (p ≤ 0.01) for the cane yield of the planted crop, first ratoon crop, and second ratoon crop. Yield reductions in comparison to the planted crop were 22.26% and 36.73% for the first ratoon crop and second ratoon crop, respectively. Comparing yield reductions between varieties can help to identify varieties with high ratooning ability, based on their maintaining yield in second ratoon crops. Kps01-12, MPT05-187, and TBy28-0941 were the genotypes with low yield reductions in the second ratoon crop compared to the planted crop and the first ratoon crop (Table S1).



Germination percentages in the planted crop were 100%, as any dead plants were re-planted using sprouted sets. The germination percentages in the first and second ratoon crops were 76.14 and 67.00, respectively (Table S2). Similar to cane yield, germination percentages also reduced over the years, producing significant differences in germination percentages for both the first ratoon crop and second ratoon crop (compared to plant crop), at 24.26% and 46.83%, respectively.



The detailed data for cane yield and germination percentage are presented in Tables S1 and S2. Interestingly, the ranks of sugarcane genotypes for the planted crop, first ratoon crop, and second ratoon crop differed in both cane yield and germination percentage. The results indicate that the interaction of genotype by environment was also an important characteristic. Therefore, extensive evaluation of sugarcane genotypes under different environments is required in order to identify superior genotypes.



In this study, the germination of new plants from harvested plants of the planted and first ratoon crops was evaluated at 60 days after harvest, after the crop was subjected to the drought period, and cane yield was evaluated at 270 DAH, when the crop received sufficient water from the rainy season. In our study, we attempted to establish the variations in cane yield and germination percentages in the given sugarcane genotypes, and to determine whether germination percentage is related to yield. While the correlation between cane yield and germination percentage in the second ratoon crop was positive and low, (r = 0.19) (Figure 2a) the correlation between cane yield and the reduction in germination percentages was high and significant, especially for the correlations made within the same year (Figure 2b,c). The correlations between cane yields of different years were high and positive, especially between consecutive years (Figure 2d,e).




3.2. Root Length Density


In this study, root length density was studied at two positions between plants and between rows at 90 and 270 DAH. At the time of each sampling, the soil core from the auger was divided into five layers at 20 cm intervals, and later, the two upper layers were combined into a single layer. The three lower layers were also combined into one layer due to the low recovery of the root system. The authors raised two questions: whether there is variation in root length density among sugarcane genotypes, and whether there is a difference in root length density at different positions in relation to water uptake of sugarcane.



The data for root length density are presented in Table S3. The significant variations (p ≤ 0.05) in root length density were observed among sugarcane varieties at both soil depths, positions of sampling, and sampling times (Table 3).



At 90 days after harvest, root length densities between plants at a soil depth of 0–40 cm ranged from 0.24 cm/cm3 (KK06-419) to 1.73 cm/cm3 (UT13), whereas root length densities at a soil depth of 40–100 cm ranged from 0.10 cm/cm3 (UT13) to 0.40 cm/cm3 (KKU99-06). KK3, K88-92, UT13, KKU99-06, KKU99-03, Kps01-12, TBy28-1211, KK06-501, and TBy28-0941 were the genotypes with high root length density in top soil, and KKU99-06, Kps01-12, and UT12 were the genotypes with high root length density in sub soil. Notably, the KKU99-06 and Kps01-12 were common in both top soil and sub soil.



The range of root length densities between rows at the soil layer of 0–40 cm was from 0.01 cm/cm3 in CSB07-79 to 0.58 cm/cm3 in UT13, and the range at the soil layer of 40–100 cm was from 0.07 cm/cm3 in TBy28-0941 to 0.32 cm/cm3 in Kps01-12. UT13 showed high root length density in top soil, and MPT02-458, KKU99-03, and Kps01-12 represented the genotypes with high root length density in sub soil. The genotype with high root length density at both soil layers was not observed.



At 270 days after harvest, root length densities between plants at the soil layer of 0–40 cm ranged from 1.16 cm/cm3 in Kps01-12 to 3.49 cm/cm3 in KK06-419, whereas root length densities at the soil layer of 40–100 cm ranged from 0.15 cm/cm3 in KKU99-06 to 0.49 cm/cm3 in KKU99-02. KK06-419, KKU99-06, CSB07-219, MPT05-187, and TBy28-0941 had high root length density in top soil, whereas KK06-419 and MPT05-187 displayed high root length density in sub soil. MPT05-187 was common in both top soil and sub soil.



Root length densities between rows at the soil layer of 0–40 cm ranged from 0.10 cm/cm3 in TBy28-1211 to 4.10 cm/cm3 in UT12, whereas root length density at the soil layer of 40–100 cm ranged from 0.09 cm/cm3 to 0.42 cm/cm3 in UT12 and KK06-419, respectively. It is interesting to note here that root length density at the position between rows was much lower than the position between plants within rows, possibly due to the proximity of the plants in the rows, as the plants in the rows were much closer than those between rows. However, root length density at the position between rows might be useful in relation to water mining during the drought period.




3.3. Root Distribution Patterns


Drought modifies root growth for sugarcane, and the sugarcane genotypes may respond differently. The patterns of root length density were classified by overlaying the images of root distribution, which were evaluated at 90 DAH (Figure 3) and 270 DAH (Figure 4). At each evaluation, the root distribution patterns were classified into six groups (A–F).



At 90 DAH, the seventeen sugarcane genotypes were classified: Group A consisted of TBy28-1211, K88-92, KKU99-03, TBy28-0941, KK06-501, UT12, and KKU99-06 (Figure 3a), Group B had the KK3, Kps01-12, and UT13 genotypes (Figure 3b), Group C contained CSB07-79, CSB07-219, and MPT02-458 (Figure 3c), KKU99-01 was the only member of group D (Figure 3d), Group E consisted of KK06-419 and KKU99-02 (Figure 3e), and Group F had one genotype, MPT05-187 (Figure 3f).



Groups C, D, and E proved interesting, as they had high root length density in the lower soil layer at the positions between plants and between rows. We surmised that high root length density in the lower soil layer at 90 DAH is important for drought resistance, where roots in the lower soil layer are responsible for water uptake in moist soil.



The seventeen sugarcane genotypes were then classified at 270 DAH and divided into six different groups (A–F) (Figure 4). The TBy28-0941, KK06-501, MPT05-187, K88-92, CSB07-219, and KK3 sugarcane genotypes were classified into group A (Figure 4a), Group B consisted of KKU99-06 and KK06-419 (Figure 4b), Group C had three sugarcane genotypes, TBy28-1211, MPT02-458, and KKU99-01 (Figure 4c), Group D contained UT12, KKU99-02, and KKU99-03 (Figure 4d), Group E included UT13 and CSB07-79 (Figure 4e), and Group F consisted of only the Kps01-12 genotype (Figure 4f). Group B was the most interesting, in that it developed high root length density in the upper soil and lower soil layers at the positions between plants and between rows. Root systems at 270 DAH developed during the drought recovery period, in which moist soil was available in both the upper and lower soil layers.



In this study, a well-watered control was not available. Under well-watered conditions, root density is high in the upper soil layers. KKU99-06 had high root length densities at 0–40 and 40–100 cm under at 90 DAH, which persisted until harvest (270 DAH). The results demonstrated high root length density and good root distribution under drought supported germination.




3.4. Physiological Traits Related to Drought Resistance


SPAD chlorophyll meter reading (SCMR), chlorophyll fluorescence, and relative water content were evaluated at 90, 180, and 270 DAH, whereas specific leaf area and stomatal conductance were evaluated at 180 and 270 DAH (Tables S4 and S5). Sugarcane genotypes were significantly different (p ≤ 0.05) for SCMR at 180 and 270 DAH, chlorophyll fluorescence at 90 and 180 DAH, and relative water content at 90 DAH (Table 4). KKU99-02, CSB07-79, TBy28-1211, and MPT05-187 had the highest SCMR at 180 DAH, whereas TBy28-1211 had the highest SCMR at 270 DAH. TBy28-1211 and UT12 had the highest chlorophyll fluorescence at 90 DAH, whereas KK06-419, MPT02-458, K88-92, UT13, KKU99-01, KKU99-06, TBy28-1211, Kps01-12, TBy28-1211, and MPT05-187 had the highest chlorophyll fluorescence at 270 DAH.



Relative water content at 90 DAH (96.20%) was lower than that at 180 and 270 DAH (98.26 and 96.61, respectively). Although the sugarcane genotypes were significantly different for relative water content at 90 DAH, the differences were rather small. Most sugarcane genotypes produced similar values, with the exception of the MPT02-458, Kps01-12, and KK06-501 genotypes, which had the lowest relative water contents.



Sugarcane genotypes were significantly different (p ≤ 0.05) for specific leaf area at 180 and 270 DAH, and stomatal conductance at 180 and 270 DAH (Table 5). Specific leaf area was higher at 180 DAH (82.99 cm2/g) than at 270 DAH (66.4 cm2/g), whereas stomatal conductance was lower at 180 DAH (304.32 µm2/s) than at 270 DAT (338.20 µm2/s). Genotypes with lower specific leaf areas are preferable, as they show thicker leaves. KK3, K88-92, CSB07-219, CSB07-219, KK06-501, MPT05-187, and UT12 had the lowest specific leaf areas at 180 DAH, whereas KK3, KK06-419, MPT02-458, K88-92, Kps01-12, UT12, and TBy28-0941 had the lowest specific leaf areas at 270 DAH. Conversely, the KK3, K88-92, and K88-92 genotypes had consistently high specific leaf areas across all sampling periods.



Sugarcane genotypes with high values are also preferred. The highest stomatal conductance was found in KK3, KK06-419, MPT02-458, UT13, KKU99-01, KKU99-06, KKU99-03, Kps01-12, and TBy28-1211 at 180 DAH, the KK06-419, Kps01-12, TBy28-1211, and MPT05-187 genotypes had the highest specific leaf area at 270 DAH, and KK06-419, Kps01-12, and TBy28-1211 showed a high stomatal conductance at both 180 and 270 DAH.




3.5. Correlations Between Traits


The correlation coefficients of root length density with cane yield and germination percentage are presented in Table 6. Most correlation coefficients were not statistically significant, however significant correlation coefficients were observed for root length density between plants in the upper soil layers at 90 DAH with germination percentage (0.36**), root length density between plants in the lower soil layers at 270 DAH with germination percentage (−0.32*), root length density between rows in the lower soil layers at 90 DAH and cane yield (0.35*), and root length density between rows in the lower soil layers at 270 DAH and cane yield (0.51**).



Root length density between plants at early growth phases (90 DAH) in the upper soil layers might be beneficial to the correlating germination percentage, whereas germinated plants may reduce the root length density between plants at 270 DAH in the lower soil layers. In contrast, germinated plants increased root length density between rows at 90 and 270 DAH in the lower soil layers. The negative correlation of root length density between plants in the lower soil layers at 270 DAH with germination percentage might be due to the competition for assimilation between shoots and roots.



Physiological traits that had significant correlations with germination percentage were relative water content at 90 DAH (0.27*) and stomatal conductance at 180 DAH. The physiological traits that demonstrated a significant correlation with cane yield were chlorophyll fluorescence at 180 DAH (0.44**) and stomatal conductance at 180 DAH (0.36**) (Table 7). Physiological traits at 270 DAH were not correlated with cane yield or germination percentage.





4. Discussion


4.1. Germination and Yield


Germination of new plants from old plants is a critical event in sugarcane production, which assures good crop establishment and cane yield [12]. This study specifies the importance of germination reduction on sugarcane yield loss, which proved to be more severe in successive years.



Environmental factors greatly affect the ratooning ability and yield of the ratoon crop [13,14]. The germinating bud is initially dependent on the nutrients and water in the set, developing its own root system after about three weeks under proper conditions [15].



Soil water is also an important factor affecting the germination of sugarcane. In a related study, the date of first irrigation after planting significantly affected sprouting percentages, in which the best sprouting was obtained when the sets were irrigated at planting [16]. The application of a superabsorbent polymer into the sandy soil improved soil moisture content, and increased germination and early growth of sugarcane genotypes [17].



In this study irrigation was not available, and therefore the germination of the crop was solely dependent on stored soil water. We therefore evaluated the responses of sugarcane genotypes in the drought period at the early growth phases of the second ratoon crop.



Some physiological traits were directly or indirectly associated with crop growth and yield [7,18]. Root traits may prove useful as a selection tool in sugarcane breeding. Drought stress reduced root growth in the upper soil layers, shifting root growth to the lower soil layers to maintain water uptake [5]. Crop species and genotypes within a species responded differently to drought stress, in which the responses were dependent on the occurrence of drought events at different growth stages of sugarcane including germination, tillering, grand growth, and maturity [19].



Sugarcane genotypes responded differently to soil moisture deficit regarding their ratooning ability during the drought period. UT13, KK3, KKU99-03, CSB07-79, KKU99-06, KKU99-01, KKU99-02, K88-92, TBy28-1211, and UT12 had high ratooning ability, indicated by a high germination percentage in the second ratoon crop, whereas KKU99-02, KK3, K88-92, UT13, and KKU99-01 had high ratooning ability based on higher germination percentages and cane yield. Cane yield is a complex trait and is generally selected on the basis of yield components such as stalk number, stalk diameter, stalk length, and single stalk weight. Effects of these traits on cane yield have been previously studied in spring crops [20,21,22].




4.2. Root Length Density


The study of whole root systems under field conditions is difficult and may only be possible in a greenhouse. The study of root length density using the soil core method has been applied to several crops under field conditions [23]. Roots provide anchorage and facilitate the acquisition of water and nutrients from soil [24]. Sugarcane is a deep-rooted crop, owing to its long growth cycle and longevity of the root system through multiple rotations compared to other crops. Root systems reach depths from 1.5 meters to even 6 meters [4]. However, drought conditions had been reported to increase root systems, seeking water from soil inadequate moisture environments [25].



In this study, sugarcane genotypes under drought stress conditions had high root length density in lower soil layers at the position between plants, and at the position between rows. KK3, K88-92, and UT13 showed high root length density in upper soil layers at the position between plants. UT13 displayed high RLD in the upper soil layer at the position between rows, whereas K88-92 and KKU99-01 showed high RLD in the lower soil layers.



Deep rooting is a complex trait consisting of root growth angle and maximum root length [26,27]. Phenotypic variation in the root growth angle and root length density at the position between plants has been found to develop a steep and near-vertical root angle [28]. Moreover, root length density at the position between rows has been found to develop a near-horizontal root angle. Root growth angle determines whether a plant develops a shallow or deep root system.




4.3. Root Distribution Patterns


In this study, a well-watered control was not available. Under well-watered conditions, root density is high in the upper soil layers. However, under drought conditions, plants increase root system lengths in order to take up more water from the inadequate soil moisture environments [25]. Plants are believed to be capable of modifying root growth to meet water demands during droughts [29]. We found that sugarcane genotypes differed significantly in germination percentage and sugarcane development, which were closely related to soil moisture [30]. KKU99-06 showed high root length densities at both soil layers (0–40 and 40–100 cm) under drought conditions (at 90 DAH). The results demonstrated high root length density and good root distribution under drought supported germination.



Roots play an important role in plant development, delivering water and nutrients to the shoot, and are directly related to yield. Sugarcane genotypes might have the drought tolerant mechanisms needed to cope with water-limited environments by maintaining high water status and investing in more assimilate proportions for supplying root systems during drought stress. The maintenance of high water uptake under drought stress might be assisted by an improvement in the root/shoot ratio, in which drought resistant cultivars are able to maintain a high root/shoot ratio under drought conditions [31].




4.4. Physiological Traits Related to Drought Resistance


In this study, sugarcane genotypes were not significantly different in SCMR at 90 DAH. In a previous study, an early season drought significantly reduced SCMR in sugarcane [32]. SCMR is an indicator of the photo-synthetically active light-transmittance characteristics of a leaf, which is dependent on the unit number of chlorophyll per unit leaf area (chlorophyll density) [33]. SCMR was also closely related to chlorophyll content [34] and chlorophyll density [35]. The differences in results between different studies might be due to the differences in plant age, plant genotype, and drought duration and severity.



Drought limits growth (plant height) [36] as well as the physiological processes in sugarcane, and therefore reduces yield [7,18] by as much as 60% [1]. In general, drought reduces soil water potential, leaf water potential [37,38], and the photosynthetic efficiency of photosystem II [7]. Drought also reduces relative water content [7,39], stomata conductance [40], photosynthetic rate [41,42,43], and PSII photochemical efficiency [40].



In this study, KK3, KK06-419, and KKU99-01 increased chlorophyll fluorescence and relative water content under the drought stress period. This suggests that they might have drought tolerance mechanisms to maintain high water status under drought conditions. Maintaining a high water status was possibly due to the ability of the root system to mine more water under drought [44].



KK3 and K88-92 had low specific leaf areas at 180 DAH, which was the period of drought recovery, indicating that these genotypes had thicker leaves. Thicker leaves usually have greater chlorophyll per unit of leaf area, and hence had greater photosynthetic capacity. KK06-419 showed high stomatal conductance after the recovery period. Stomatal conductance of sugarcane is controlled by the root system, and may perhaps also involve a chemical signal [45]. In sugarcane, drought-tolerant genotypes are capable of maintaining a high relative water content under drought [46]. KKU99-02, KK3, KK06-419, K88-92, UT13, and KKU99-01 each demonstrated high relative water content under drought. In sugarcane, the cultivars with drought tolerance had a higher relative water content and stomatal conductance than the susceptible cultivars [47].



Enhanced root length in the lower soil layers enables plants to better extract available soil moisture from the soil profile [25,48]. Plant root systems respond to the available soil water in both water limited soil and water abundant soil conditions. Root growth deep into the lower soil results in an increase in relative water content of about 40–51% [49]. The roots’ physiological responses, such as root length, chlorophyll fluorescence, and stomatal conductance in stress periods, are important factors contributing to sugarcane biomass yield [50].




4.5. Correlations among Traits


The negative correlation of root length density between plants in the lower soil layers at 270 DAH with germination percentage might be due to the competition for assimilation between shoots and roots. Where water is available in the surface layers of the soil following harvest, new shoots are sustained by new superficial roots, however the persistence of the old root system is critical to the survival of the stool and subsequent growth of the ratoon crop during the dry periods after harvest [51].



It is interesting to note that root length density between rows in the lower soil layers at 90 and 270 DAH supported increased yields of sugarcane. These root distributions might be due to the adaptation to drought, allowing the sugarcane to take up more water in the lower soil layers. Row distance is an important factor affecting the root distribution patterns of sugarcane [52], where a wide distance between rows may provide more soil moisture to the crop during water-limited conditions.



In this study, K88-92 was an interesting genotype for high RLD in lower soil layers at positions between plants, whereas KK06-419 proved interesting due to a high RLD in lower soil layers at positions between rows. The responses for these root traits might be beneficial to sugar yield under drought conditions. In wheat, better partitioning of the root mass in deep soil (60–120 cm) [53], and the subsequent increase in the crop’s ability to extract water [54] contributed to yield maintenance under drought stress. Genotypes with larger canopies and root systems could have a greater rate of water use and growth, which may persist for some time, even as stress develops because larger canopies and above-ground growth may continue to support greater root growth, and vice versa [55].



Soil moisture is an important factor in the germination of sugarcane, as indicated by the high correlation of germination and relative water content at 90 DAH. Germinated plants might then increase stomatal conductance and ultimately increase cane yield. Stomatal and root hydraulic conductances are correlated in sugarcane, for both pot- and field-grown crops, resulting in the approximate homeostatic regulation of leaf water potential [4].



Chlorophyll fluorescence at 90 DAH was another significant trait related to harvest yield, whereas each physiological trait at 270 DAH showed no relation to the germination percentage and cane yield. The significant correlation between chlorophyll fluorescence and cane yield is not surprising, as this trait is related to photosynthesis [56]. Chlorophyll fluorescence may be useful as a surrogate trait for cane yield. At 270 DAH, an evaluation of physiological traits may prove to be too late to generate any significant relationships with cane yield.



It is important to note here that sugarcane in the drought recovery phase had higher photosynthetic efficiency and higher stomatal conductance than the sugarcane in the drought stress phase. The high photosynthetic rate during the drought recovery phase clearly contributed to the sugarcane’s higher yield.





5. Conclusions


The sugarcane genotypes differed significantly in germination percentage and cane yield. However, while the correlations between these traits were relatively low, they remained positive. The results indicated that a reduction in germination percentage could lead to lower cane yield. Selection of sugarcane genotypes with medium to high germination percentages should improve ratooning ability in sugarcane population. The correlation between root length density and germination percentage indicated that root length density between plants at 90 DAH in the upper soil layers might contribute to a high germination percentage, and root length density between rows at 90 and 270 DAH in the lower soil layer might contribute to a higher cane yield. Relative water content at 90 DAH was significantly correlated with the germination percentage, indicating that high water uptake of plants is important for high germination. Chlorophyll fluorescence and stomatal conductance were positively associated with germination percentage and cane yield, indicating that these traits contribute to higher cane yield.



Consequently, the selection of sugarcane traits provides a greater ability to produce and maintain high yields. These root characteristics, together with the stomatal characteristics, improve water absorption, which affects the plant’s rate of photosynthesis, which may be one of the underlying factors contributing to greater yield ability.
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Figure 1. Soil moisture content (%) at 90 days after harvest (a), 180 days after harvest (b), and 270 days after harvest (c) within the drought and recovery periods in 2016. 
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Figure 2. Correlations coefficients between: (a) cane yield and germination percentage of the 2nd ratoon crop in 2016; (b) cane yield of the 2nd ratoon crop and reduction percentage of the 1st ratoon crop in 2015; (c) cane yield of the 2nd ratoon crop and reduction percentage of the 2nd ratoon crop; (d) cane yield of the 2nd ratoon crop and cane yield of the plant crop in 2014; and (e) cane yield of the 2nd ratoon crop and cane yield of the 1st ratoon crop of the 17 sugarcane genotypes. 
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Figure 3. Distribution patterns for the root length density of 17 sugarcane genotypes in five soil layers at 20 cm intervals, resulting in an upper soil layer (0–40 cm) and a lower soil layer (40–100 cm), evaluated at two positions—between plants (BP, ●) and between rows (BR, o)—at 90 days after harvest in 2016. Genotype groups were comprised of: (a) TBy28-1211, K88-92, KKU99-03, TBy28-0941, KK06-501, UT12, and KKU99-06; (b) KK3, Kps01-12, and UT13; (c) CSB07-79, CSB07-219, and MPT02-458; (d) KKU99-01; (e) KK06-419 and KKU99-02; and (f) MPT05-187. 
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Figure 4. Distribution patterns for root length density of 17 sugarcane genotypes in five soil layers at 20 cm intervals, resulting in an upper soil layer (0–40 cm) and a lower soil layer (40–100 cm), evaluated at two positions—between plants (BP, ●) and between rows (BR, o)—at 270 days after harvest in 2016. Genotype groups were comprised of (a) TBy28-0941, KK06-501, MPT05-187, K88-92, CSB07-219, and KK3; (b) KKU99-06 and KK06-419; (c) TBy28-1211, MPT02-458, and KKU99-01; (d) UT12, KKU99-02, and KKU99-03; (e) UT13 and CSB07-79; and (f) Kps01-12. 
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Table 1. Sugarcane genotypes used within this experiment.
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	Genotype
	Source





	1.) TBy28-1211
	Kasetsart University, Kamphaeng Saen Campus



	2.) TBy28-0941
	Kasetsart University, Kamphaeng Saen Campus



	3.) MPT02-458
	Mitr Phol Innovation & Research Center



	4.) MPT05-187
	Mitr Phol Innovation & Research Center



	5.) UT12
	Suphan Buri Field Crops Research Center



	6.) UT13
	Suphan Buri Field Crops Research Center



	7.) CSB07-79
	Office of the Cane and Sugar Board



	8.) CSB07-219
	Office of the Cane and Sugar Board



	9.) KK06-419
	Khon Kaen Field Crops Research Center



	10.) KK06-501
	Khon Kaen Field Crops Research Center



	11.) KKU99-01
	Khon Kaen University



	12.) KKU99-02
	Khon Kaen University



	13.) KKU99-03
	Khon Kaen University



	14.) KKU99-06
	Khon Kaen University



	15.) Kps01-12
	Kasetsart University



	16.) KK3
	Khon Kaen Field Crops Research Center



	17.) K88-92
	Office of the Cane and Sugar Board
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Table 2. Mean squares for cane yield (planted crop (PC) in 2014, the 1st ratoon crop (1R) in 2015, and the 2nd ratoon crop (2R) in 2016) and germination percentage of the second ratoon crop of 17 sugarcane genotypes.
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Source

	
Cane Yield

	
Germination Percentage




	
PC

	
1R

	
2R






	
Replication

	
9.81

	
27.44

	
0.88

	
351.07




	
Genotypes

	
293.42 **

	
579.35 **

	
593.02 **

	
718.86 **




	
Error

	
16.74

	
22.83

	
68.43

	
191.79




	
CV. (%)

	
3.83

	
5.27

	
12.23

	
21.27




	
Overall mean

	
106.98

	
90.72

	
67.63

	
65.12








** significant at p ≤ 0.01.; CV. = coefficient of variation. 
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