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Abstract

:

Ginger and turmeric are tropical plant species with medicinal, beverage, and edible uses. Both species are typically propagated using seed rhizomes that often lack uniformity when sprouting, ultimately affecting the transplant growth and quality. Our objectives were to (1) develop a model to predict the effect of temperature on rhizome sprouting and transplant growth and (2) characterize the morphological factors affecting the sprouting of ginger and turmeric rhizomes. Two experiments were conducted where the rhizomes were placed in plastic bags with a moist substrate inside dark incubator chambers. Five temperature treatments (21, 25, 27, 30, and 32 °C) were used for calibrating the model, and six temperature treatments (14, 20, 25, 30, 35, and 40 °C) were used in the validation phase. The number of days for rhizomes to develop 1- and 5-cm sprouts were counted; after which, the total number of sprouts, total leaf length, and root quality were measured. A nonlinear regression analysis was used to develop temperature–response curves. Ginger and turmeric had optimal sprouting temperatures of 27.5 and 30.1 °C, respectively. Temperatures close to the optimal reduced the time to sprout and to subsequently reach the transplant stage. No sprouting was observed at 14 °C, and the minimum temperature to develop 5-cm sprouts was estimated at slightly above 17 °C in both species. Temperatures above 32 °C resulted in tissue damage and rhizome loss. The results from this study show the potential to produce uniform ginger and turmeric transplants using temperature treatments that accelerate sprouting.
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1. Introduction


Ginger (Zingiber officinale Roscoe) and turmeric (Curcuma longa L.) consumption in the United States (U.S.) is rising partly due to an increased consumer interest in their medicinal properties [1,2,3]. Both crops are described as “superfoods” due to the high concentration of bioactive compounds and phytochemicals in their rhizomes. Ginger has more than 400 health-related compounds, including paradols, terpenoids, shogaols, and gingerols [4]. Over 230 compounds have been identified in turmeric, including various phenolics and terpenoids (curcuminoids) [5], with antiviral, antibacterial, antidiabetic, antioxidant, and anti-inflammatory properties [6,7,8]. The unique flavor, color, and preservative characteristics of these rhizomes also make them attractive supplements for food and beverage uses [9]. Currently, commercial production is primarily limited to Asian and South American countries, and a few small-scale farms in Hawaii and the southern U.S. [10]. Although interest in locally produced medicinal plant products is increasing, protocols for the propagation and production of these two crops in different U.S. climates are lacking [11,12].



Ginger and turmeric are typically propagated using tissue-cultured transplants that are low-yielding on the first cropping cycle [13] or from small pieces (10–100 g) of vegetative rhizomes, often referred to as “seed rhizomes” [14,15,16]. Seed rhizomes have certain disadvantages for commercial production, including nonuniform and slow sprouting, which affect the transplant growth and sometimes affect the final yield of plants in the field or containers [17]. The breaking of bud dormancy occurs in response to physiological and biochemical changes in the rhizome, including the reallocation of water, metabolites, and plant hormones and increases in the synthesis of sugars, all of which are heavily affected by various environmental factors [18].



Temperature and plant hormones such as cytokinins (benzyladenine, benzylaminopurine, and kinetin) and ethylene are common factors that regulate the sprouting of rhizomes, tubers, bulbs, and other storage organs in plants [14,15,19,20,21,22,23,24,25]. However, limited information is available on the effect of temperature on ginger and turmeric rhizome sprouting and the subsequent transplant growth. Kaushal et al. [26] reported that ginger rhizomes can be stored and kept dormant under temperature ranges between 12 and 14 °C, but sprouting occurs at temperatures above 16 °C. Paull and Cheng [27] reported that ginger rhizomes are affected by chilling injuries when kept at temperatures below 12 °C. The storage of turmeric rhizomes at 12–14 °C has been recommended to delay sprouting, whereas temperature ranges between 27 and 30 °C accelerate sprouting. Lee at al. [28] showed that, under 10–15 °C, turmeric rhizomes can be kept dormant, whereas 24 °C promotes sprouting. This information is helpful when developing temperature models, which are useful to predict developmental processes such as bud sprouting and the breaking of dormancy in a wide range of species [29,30]. These models could be used as a decision–support tool to inform growers about proper conditions to store ginger and turmeric rhizomes and to induce uniform rhizome sprouting [31,32,33].



The morphological characteristics of seed rhizomes (e.g., weight, thickness, and length) have also been shown to affect the growth and yield of ginger and turmeric plants [34]. In general, larger rhizomes produce a higher yield than smaller rhizomes, most likely because of the larger accumulation of reserve compounds and a greater number of buds that grow on to become shoots [34,35,36,37]. However, information is not available correlating the rhizome morphology and subsequent sprouting, which could provide further insight to explain how the propagation stage affects the growth and yield of these crops.



The objectives of this study were to (1) develop a model to predict the effect of temperature on rhizome sprouting and (2) characterize the morphological factors affecting the sprouting of ginger and turmeric rhizomes. Two experiments were conducted over time. The calibration experiment included temperature treatments between 21 and 32 °C (a range expected to include rapid sprouting conditions) in order to precisely identify an optimum sprouting temperature. A separate validation experiment generated a dataset with a broader range of temperatures in order to confirm the repeatability of the temperature response equation generated from the calibration experiment. We hypothesized that rhizomes of both species would be induced to sprout faster and would produce more and larger shoots under warmer temperatures, but the optimum temperatures would be species-specific. Furthermore, we hypothesized that larger and heavier rhizomes would sprout faster than smaller and lighter rhizomes.




2. Materials and Methods


2.1. Plant Material


Seed rhizomes of “Bubba Blue” and “Madonna” ginger (Hawaii Clean Seed LLC., Pahoa, HI, USA) and “Indira Yellow” and “Hawaiian Red” turmeric (Hawaii Clean Seed LLC.), which are varieties commonly grown by commercial growers in the U.S., were harvested on 18 March 2020 and 16 June 2020 for the validation and calibration experiments, respectively. Mother plants from which the rhizomes were harvested had previously been grown for 28 weeks in a polycarbonate greenhouse in Gainesville, FL, USA. The rhizomes were placed in empty black plastic trays (21 cm (h) × 27.8 cm (w) × 6.2 cm (d); T.O. Plastics, Inc. Clearwater, MN, USA) and stored in a dark air-conditioned room for approx. 91 d. The daily ambient temperature and relative humidity (RH) in the room were set to 14 °C and 60%, respectively. The environmental conditions were monitored with a temperature/RH data logger (HOBO MX1101; Onset, Bourne, MA, USA). After storage, rhizomes ranging from 2.0 to 4.5 cm in length and 50 to 150 g were used in the experiments.




2.2. Treatments


In both experiments, individual rhizomes were placed inside 16.5 cm × 14.9 cm transparent plastic bags (Ziploc®; SC Johnson & Son, Racine, WI, USA) filled with 300 mL of a horticultural grade substrate composed of (v/v) 79–87% peat moss, 10–14% perlite, and 3–7% vermiculite (Pro-Mix BX general purpose; Premier Tech Horticulture, Quakertown, PA, USA) previously moistened with 80 mL of tap water with 0.4-dS·m−1 electrical conductivity, 8.3 pH, and 31.2-mg·L‒1 calcium carbonate. Twelve replicate bags were placed inside dark incubator chambers (74.5-cm (h) × 59.5 cm (w) × 55.5 cm (d); IB-15G; Jeiotech, Daejeon, Republic of Korea), which were used as treatment compartments. Five temperature treatments (21, 25, 27, 30, and 32 °C) were evaluated in the calibration experiment, which started on 16 September 2020. Six temperature treatments (14, 20, 25, 30, 35, and 40 °C) were used in the validation experiment, which started on 17 June 2020. Both experiments lasted 20 weeks, and throughout each experiment, the temperature was measured using a temperature datalogger (HOBO MX1101; Onset) placed in the center of each incubator. The ambient temperatures measured in the five incubators were (daily average ± standard deviation) 20.5 ± 0.4, 24.9 ± 0.2, 27.1 ± 0.5, 29.7 ± 0.4, and 32.4 ± 0.3 °C for the calibration experiment and 14.1 ± 0.4, 20.4 ± 0.3, 25.0 ± 0.3, 29.8 ± 0.4, 34.6 ± 0.5, and 40.2 ± 0.3 °C for the validation experiment. The experimental design was completely randomized, with one rhizome per replicate bag as the experimental unit. Each treatment consisted of 12 replicate bags. To maintain the substrate moisture, 15 mL of tap water were added weekly to each replicate bag.




2.3. Data Collected


Before starting each experiment, the number of buds per rhizome were counted, and the rhizomes were weighed using a portable scale (PC 4400; Mettler-Toledo International, Greifensee, Switzerland). The length, width, and thickness of each rhizome were measured with a digital caliper (Ultra-Cal Mark III; Fred V. Fowler Co, Newton, MA, USA). All bags were checked every other day to record the number of days until the rhizomes developed 1- and 5-cm sprouts. To compare the growth and development in response to temperature, the number and height of the sprouts, root number, primary root length, and root quality were measured three weeks after the start of each experiment. In the subjective 0–5 scale used for root quality determination, 0 = no roots, 1 = ≤ three root, 2 = ≤ six roots, 3 = ≤ eight roots, 4 = ≤ 10 roots, and 5 = ≤ 15 roots.



Once the rhizomes developed a 5-cm sprout, they were moved out of the incubator chambers and immediately transplanted into 15-cm plastic containers (VTD 15 US; Poppelmann Plastics US, Claremont, NC, USA) filled with the same substrate previously described. The containers were randomly placed on benches (4.6 m × 1.8 m) inside a polycarbonate greenhouse compartment in Gainesville, FL, USA. The number of days until the transplants that reached a commercial transplant stage (20 and 30 cm heights for ginger and turmeric, respectively) were counted. The air temperature, RH, and daily light integral (DLI) were monitored with temperature and RH probes (HMP60-L; Campbell Scientific, Logan, UT, USA) and quantum sensors (SQ512; Apogee Instruments Inc., Logan, UT, USA) interfaced to a datalogger (CR1000; Campbell Scientific) and multiplexer (AM16/32B; Campbell Scientific), respectively. Each bench had one temperature/RH probe and one quantum sensor placed above the canopy height, and the measurements were made every 30 s and recorded at 60-min intervals. The day and night air temperatures and solar DLI measured in the greenhouse were 25.5 ± 2.6 °C, 22.6 ± 2.2 °C, and 11.4 ± 4.3 mol·m‒2·d‒1 in the calibration experiment and 24.7 ± 1.9 °C, 21.5 ± 1.6 °C, and 9.8 ± 3.6 mol·m‒2·d‒1 in the validation experiment, respectively. All the plants were grown under natural sunlight, and the night interruption lighting was delivered by red + white + far-red light-emitting diode lamps (Arize Greenhouse Pro; GE Lighting, Cleveland, OH, USA), providing a total photon flux density of 4.5 µmol·m‒2·s‒1 from 10 p.m. to 2 a.m. The transplants were irrigated with tap water as needed.




2.4. Temperature Modeling


Temperature–response curves were developed to model the effect of temperature on rhizome sprouting. The curves were fitted to the measured data in the calibration and validation experiments using the Landsberg function, which is an asymmetric, peak-shaped curve [38,39]:


R = A (T − Tₘᵢₙ)(Tₘₐₓ − T)ᴮ



(1)




where


A = Rₘₐₓ/(Tₒₚₜ − Tₘᵢₙ)(Tₘₐₓ − Tₒₚₜ)ᴮ



(2)




and


B = (Tₘₐₓ − Tₒₚₜ)/(Tₒₚₜ − Tₘᵢₙ)



(3)







All four parameters have biological meaning, where Tₘᵢₙ is the minimum temperature (°C) for sprouting, Tₘₐₓ is the maximum temperature (°C) for sprouting, Rₘₐₓ is the maximum rate (days) for sprouting, and Tₒₚₜ is the optimum sprouting temperature, where the developmental rate (R) equals Rₘₐₓ. Below Tmin and above Tₘₐₓ, R equals zero, and the calculated B value affects the skew.



The estimates for Tₘᵢₙ, Tₘₐₓ, Tₒₚₜ, and Rₘₐₓ based on the measured plant temperature were obtained using the nonlinear regression analysis procedure (PROC NLIN) of SAS (Version 9.2; SAS Institute, Cary, NC, USA) based on the inverse of days to 5-cm sprouting from the calibration dataset, including only the temperature treatments that induced 5-cm sprouting. The Tₘᵢₙ, Tₘₐₓ, Tₒₚₜ, and Rₘₐₓ parameters estimated from the calibration experiment were then used to validate the model with the validation dataset. The statistically fit curve was compared to the mean temperature and 95% confidence intervals for each temperature treatment, where overlapping 95% confidence intervals and mean estimates from the Landsberg function curve would indicate that the temperature model was valid for predicting rhizome sprouting.




2.5. Other Data Analyses


To identify the effects of temperature on the other aspects of rhizome growth and development, data from the calibration and validation experiments were tested for the assumptions of normality and homoscedasticity, and when they were not met, logarithmic transformation was used. The data were subjected to an analysis of variance (ANOVA) using R version 3.6.1 [40]. The least-square treatment means were compared using Tukey’s honestly significant difference (HSD) test (p = 0.05) in the Agricolae package of R [41]. The morphological data were also subjected to ANOVA and Tukey’s HSD tests (p = 0.05) using R. Pearson’s correlations among the morphological data were calculated, and an analysis of covariance (ANCOVA) was used to test if sprouting data from the calibration experiment were influenced by morphological parameters, where 5-cm sprouting was the dependent variable, temperature treatments were the independent variables, and the morphological parameters of the seed rhizomes were the covariates.





3. Results and Discussion


3.1. Model Calibration


The nonlinear regression of Equation (1) with calibration data for 1/day to a 5-cm sprout resulted in the parameter estimates described in Table 1. The 95% confidence intervals were less than 10% of the parameter estimates, indicating that the model was not overparameterized for the dataset. Comparing the observed and estimated data for the individual rhizomes resulted in an R2 of 0.728 for ginger and 0.703 for turmeric. The 95% confidence intervals around the mean estimates for each temperature overlapped with the Landsberg function curve, indicating that the function was an adequate empirical representation of the sprouting behavior of ginger and turmeric rhizomes as a function of the temperature (Figure 1).



Ginger and turmeric had similar estimates of the minimum temperature below which sprouting would not occur (Tₘᵢₙ), with corresponding temperatures of 17.1 or 17.2 °C, respectively (Table 1). These estimates are above the recommended storage temperature for ginger and turmeric rhizomes, which was described as 14 °C by Policegoudra et al. [42]. The Tₒₚₜ was higher for turmeric (30.1 °C) than ginger (27.5 °C), and the 95% confidence intervals did not overlap between species. However, the Tₘₐₓ estimates overlapped, with corresponding temperatures of 35.2 °C for ginger and 32.8 °C for turmeric rhizomes. The estimated Tₘₐₓ for turmeric was only slightly higher than the highest temperature used in this study at 32.3 °C. Therefore, Tₘₐₓ may have been underestimated by the Landsberg function for turmeric.



The Rₘₐₓ estimates, which represent the maximum developmental rate, were 0.0342 d–1 for ginger and 0.0318 d–1 for turmeric, and the 95% confidence intervals overlapped (Table 1). These parameters can be inverted to estimate a minimum time to sprout, which resulted in 29 and 31 d for ginger and turmeric rhizomes, respectively. These values corresponded with the observed sprouting durations reported in Table 1. The optimum sprouting temperatures increased the physiological activity, protein and enzyme synthesis, and accelerate rhizome metabolism [43]. In contrast, storing rhizomes at higher or lower temperatures than the Tₒₚₜ could lengthen the propagation cycle when using ginger and turmeric seed rhizomes.




3.2. Model Validation


Comparing the observed and estimated data for individual rhizomes resulted in an R2 of 0.774 for ginger and 0.795 for turmeric. When the parameter estimates for Tₘᵢₙ, Tₘₐₓ, Tₒₚₜ, and Rₘₐₓ from the calibration dataset were used to predict the temperature response with the broader temperature range in the validation experiment, the 95% confidence intervals around the mean estimates for each temperature overlapped with the Landsberg function curve (Figure 2). This overlap supports the validity of the temperature model, explaining the effect of temperature on ginger and turmeric rhizome sprouting.



According to our model, the optimum temperatures for sprouting for ginger and turmeric are 27.5 and 30.1 °C, respectively, indicating that the optimum sprouting of turmeric occurs at slightly warmer temperatures than ginger. No sprouting was observed under 14 or 40 °C. The rhizomes at both 35 and 40 °C showed signs of tissue damage. These findings suggest that temperatures ≤ 14 °C are not sufficient to break the dormancy of ginger and turmeric rhizomes, which are consistent with the previously recommended storage temperatures of 12–14 °C [44].



Similar to our findings, Chen at al. [45] and Lee et al. [28] reported limited sprouting in ginger and turmeric rhizomes under 15 °C. Ishimine et al. [43] showed that the optimal temperature range for turmeric rhizome sprouting was between 25 and 35 °C and that temperatures below 10 °C or above 40 °C inhibit turmeric rhizome sprouting. Chen at al. [45] reported the highest rhizome sprouting under 25 °C. Our results also indicated that temperatures ≥35 °C are too high for sprouting, leading to tissue damage and rhizome loss.



Studies have shown that the maximum development rate (Rₘₐₓ in the Landsberg function) in modified stems or storage organs such as rhizomes can be affected by the temperature and RH, soil moisture content, plant genetics, various physiological and hormonal responses, rhizome morphology and age, and storage time, among other factors [45,46,47]. It is likely that, by evaluating several of these factors and their interactions, the optimum conditions for the parameters other than temperature could be identified for ginger or turmeric rhizome sprouting. Further optimizing Rₘₐₓ could result in lower values than the ones reported in our study. However, our findings provided a good starting point to better understand the temperature response for storage and sprouting ginger and turmeric seed rhizomes.



In terms of decision support to evaluate the effect of nonoptimum temperatures, the model can be generalized to other batches of rhizomes by dividing the Rmax by R in Equation (1) in order to standardize the curve to a minimum sprouting time of 100%. For example, ginger at the optimum temperature of 27.5 °C (Topt from Table 1) would require a standard 100% minimum time to sprout. At 25 °C, the value for ginger would be 107% of the minimum time (requiring only 7% more time to sprout compared with at 27.5 °C). However, ginger plants at 20 °C would require 216% of the minimum time (more than double the number of days to sprout at 20 °C compared with 27.5 °C).




3.3. Other Temperature Effects on Rhizome Growth and Development


For both species, the most extreme temperature treatments (21 and 32 °C in the calibration experiment and 14 and 40 °C in the validation experiment) generally resulted in a decrease in root and shoot growth compared with the intermediate temperatures (Table 2). In the calibration experiment, ginger rhizomes under 25, 27, and 30 °C had a higher rooting index (from 4.0 to 4.5), produced 261–464% more roots per plant, and took less time to produce a 1-cm sprout (from 5 to 12 fewer days), 5-cm sprout (from 10 to 19 fewer days), and to reach a transplant stage (from 5 to 7 fewer days), respectively, compared with rhizomes under 21 and 32 °C (Table 1). In addition, sprouts of ginger rhizomes under 27 and 30 °C were 96–120% taller than those under any other treatment.





[image: Table] 





Table 2. Seed rhizome growth parameters measured from “Bubba Blue” and “Madonna” ginger sprouted under different temperatures inside dark incubators and then grown in a greenhouse in two experimental phases.
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	Experiment
	Sprouts per Plant (No.)
	Average Sprout Height (mm)
	Roots per Plant (No.)
	Primary Root Length (mm)
	Rooting Index (1 to 5)
	Days to 1-cm Sprout
	Days to 5-cm Sprout
	Transplant Stage in Greenhouse (days)





	Calibration
	
	
	
	
	
	
	
	



	21 °C
	7.6
	    5.1 b z
	  2.8 b
	  7.6 c
	  0.8 b
	26.4 a
	51.8 a
	18.3 a



	25 °C
	7.9
	  8.2 b
	10.1 a
	67.7 b
	  4.5 a
	13.4 c
	32.5 c
	14.8 b



	27 °C
	7.7
	10.0 a
	12.5 a
	69.2 b
	  4.3 a
	13.6 c
	28.9 c
	12.9 b



	30 °C
	9.0
	11.2 a
	14.1 a
	88.4 a
	  4.0 a
	14.2 c
	31.7 c
	15.1 b



	32 °C
	8.0
	  6.6 b
	  2.5 b
	16.0 c
	  1.2 b
	19.6 b
	42.2 b
	19.6 a



	Treatment (T)
	NS
	**
	***
	***
	**
	***
	***
	**



	Variety (V)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	T × V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	Validation
	
	
	
	
	
	
	
	



	14 °C
	 -
	 -
	 -
	 -
	 -
	65.0 a
	 -
	 -



	20 °C
	    5.0 bc
	  3.2 b
	  1.7 c
	  3.2 b
	  0.3 b
	27.7 b
	54.2 a
	17.2



	25 °C
	  6.5 b
	  4.7 b
	  7.2 b
	58.3 a
	  3.5 a
	12.2 c
	33.8 b
	14.1



	30 °C
	  9.8 a
	  8.8 a
	10.5 a
	71.6 a
	  3.3 a
	16.1 c
	34.2 b
	16.7



	35 °C
	  3.9 c
	  1.9 c
	 -
	 -
	 -
	 -
	 -
	 -



	40 °C
	 -
	 -
	 -
	 -
	 -
	 -
	 -
	 -



	T
	***
	***
	***
	**
	***
	***
	***
	**



	V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	T × V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS







z Means within columns followed by the same letter are not different based on Tukey’s honestly significant different test at p ≤ 0.05 (n = 12). ***, **, and NS indicate statistical significance at the 0.001 and 0.01 p ≤ levels or not significant, respectively. - indicates no data.











Turmeric rhizomes under 25, 27, and 30 °C in the calibration experiment produced 11–70% more roots per plant and had a higher rooting index (from 2.1 to 3.2, respectively) than those under 21 and 32 °C (Table 3). Sprouts of turmeric rhizomes under 27, 30, and 32 °C were 18–116% taller than those under 21 and 25 °C, and the time to produce 1-cm sprouts was reduced with the temperature, ranging from 8 to 38 fewer days in the three warmer temperatures. Similarly, the days to produce 5-cm sprouts and to reach the transplant stage were 14–51, and 6–15, respectively, which were fewer in turmeric rhizomes under 25, 27, and 30 °C compared with those under 21 and 32 °C. In both species, there were no treatment differences in the number of sprouts produced per rhizome.



Rhizomes from both species under 14 and 40 °C did not produce roots or sprouts in the validation experiment (Table 2 and Table 3). Consistent with the results from the calibration experiment, ginger rhizomes under 25 and 30 °C had a higher rooting index (from 3.3 to 3.5), produced 323–517% more roots per plant, had 55.1–68.4-mm longer roots, and took less time to produce 1-cm and 5-cm sprouts (up to 53 and 20 fewer days, respectively) compared with rhizomes under 20 °C (Table 2). The number and height of ginger sprouts under 30 °C were 3.3–4.9 higher and 4.1–6.9 mm taller, respectively, than those under 20, 25, and 35 °C. In ginger, the time to reach the transplant stage was similar in rhizomes under 20, 25, and 30 °C. Similar to our findings, Chen at al. [44] showed that ginger transplants from rhizomes sprouted under 25 °C produced more shoots and leaves, taller stems, and were more vigorous than those under 15 and 30 °C.



In the validation experiment, turmeric rhizomes under 25 and 30 °C had a higher rooting index (from 2.3 to 2.8), produced 5.6–6.2 more roots, and had 23.3–26.5-mm longer roots compared with those under 35 °C (Table 3). Less time to produce 1-cm sprouts (23 fewer days), 5-cm sprouts (35 fewer days), and to reach the transplant stage (19 fewer days) was measured in turmeric rhizomes under 30 °C compared with those under 20 °C. Moreover, the number and length of turmeric sprouts under 25 and 30 °C were 1.7–5.2 higher and 1.1–3.7 mm taller, respectively, than those under 14, 20, and 35 °C.




3.4. Rhizome Morphology and Sprouting


For both species, there were no differences between the varieties in the morphological measurements of seed rhizomes, regardless of the experiment (Table 4). In the calibration experiment, most of the Pearson’s correlation coefficients (r) showed weak but significant positive correlations between the morphologic parameters from rhizomes in both species (Table 4). For example, the ginger weight and length (r = 0.44), weight and width (r = 0.65), and weight and thickness (r = 0.32) were positively correlated. In turmeric, the rhizome weight and width (r = 0.62) and length and width (r = 0.42) were also positively correlated. The highest correlation was observed for the turmeric rhizome weight and length (r = 0.76), which, as expected, indicates that the longer rhizomes were heavier. Considering the large variability in rhizome morphology, predicting one or more characteristics of rhizome morphology based on others is unlikely. Based on the above, an ANCOVA was performed including all the morphological parameters as covariates. Except for temperature, no other parameter had a significant effect on rhizome sprouting, regardless of species (Table 5).



Sprouting was not affected by the morphological characteristics of the rhizomes used in our experiments (Table 5). We attribute this result to the limited number and variability of the rhizomes in our sample population. Although sprouting and transplant growth may not depend on rhizome morphology, large rhizomes have been shown to increase the final yield of ginger and turmeric [34,36]. Beale et al. [48] showed that ginger rhizomes of 86–114 g produced a larger yield compared with smaller rhizomes of 14–43 g. Similarly, Padmadevi et al. [17] reported a higher shoot biomass and yield in the field using turmeric rhizomes ranging from 45 to 50 g compared with smaller rhizomes (10–15 g). Hossain et al. [49] also showed higher yield of turmeric plants grown from seed rhizomes that weighed 30–40 g compared with those weighing 10 and 20 g. Based on this, rhizome morphology should be considered when growing these crops for commercial production, as they are likely to affect the yield.





4. Conclusions


Temperature is a key factor in the sprouting of ginger and turmeric rhizomes. Based on our model, the optimum temperatures to induce sprouting are 27.5 °C in ginger and 30.1 °C in turmeric. The Tₘᵢₙ and Tₘₐₓ to obtain 5-cm sprouts were 17.1 and 35.2 °C in ginger and 17.2 and 32.8 °C in turmeric, respectively. The shortest times to sprout were 29 and 31 d in ginger and turmeric, respectively. Temperatures below 14 °C or above 40 °C are likely to inhibit sprouting or lead to rhizome loss.



The results from this study showed the potential to produce uniform ginger and turmeric transplants using temperature treatments that accelerate sprouting. By pre-sprouting seed rhizomes, growers could extend the production cycle of these crops, as the time in the field from seed placement to the start of sprouting would be eliminated. This is advantageous, particularly in cold regions that would benefit from early spring planting. Similarly, pre-sprouting in hot regions could prove to be advantageous, as it would enable better crop establishment before high summer temperatures begin to negatively affect plant growth in the field.
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Figure 1. Calibration of ginger and turmeric data to the Landsberg function used in Equation (1) based on the parameters from Table 1. Symbols represent the mean ± 95% confidence intervals. Data were pooled across two cultivars and include 12 rhizomes per species per temperature treatment. 
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Figure 2. Validation of ginger and turmeric data to the Landsberg function used in Equation (1) based on the parameters from Table 2. Symbols represent the mean ± 95% confidence intervals. Data were pooled across two cultivars and include 12 rhizomes per species per temperature treatment. 
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Table 1. Nonlinear regression results from fitting the Landsberg function (Equation (1)) to the inverse of days to 5-cm sprouting for the calibration dataset.
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Asymptotic 95%

Confidence Interval




	

	

	

	




	
Species

	
Parameter z

	
Estimate

	
SE

	
Lower

	
Upper




	
Ginger

	
Tₘᵢₙ

	
17.1

	
0.535

	
16.0

	
18.1




	

	
Tₒₚₜ

	
27.5

	
0.385

	
26.7

	
28.3




	

	
Tₘₐₓ

	
35.2

	
1.387

	
32.5

	
38.0




	

	
Rₘₐₓ

	
        0.0342

	
      0.000535

	
        0.0331

	
        0.0353




	
Turmeric

	
Tₘᵢₙ

	
17.2

	
0.826

	
15.5

	
18.8




	

	
Tₒₚₜ

	
30.1

	
0.636

	
28.8

	
31.4




	

	
Tₘₐₓ

	
32.8

	
0.676

	
31.5

	
34.2




	

	
Rₘₐₓ

	
        0.0318

	
    0.00134

	
        0.0291

	
        0.0344








z Tₘᵢₙ = Minimum temperature (°C) for sprouting, Topt = Optimum temperature (°C) for sprouting, and Tₘₐₓ = Maximum temperature (°C) for sprouting.
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Table 3. Seed rhizome growth parameters measured from “Indira Yellow” and “Hawaiian Red” turmeric kept under different temperatures inside incubators and then grown in a greenhouse in two experimental phases.
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	Experiment
	Sprouts per Plant (No.)
	Average Sprout Height (mm)
	Roots per Plant (No.)
	Primary Root Length (mm)
	Rooting Index (1 to 5)
	Days to 1-cm Sprout
	Days to 5-cm Sprout
	Transplant Stage in Greenhouse (days)





	Calibration
	
	
	
	
	
	
	
	



	21 °C
	5.1
	    3.1 c z
	-
	-
	-
	57.9 a
	81.9 a
	29.2 a



	25 °C
	6.0
	  4.4 b
	    3.0 ab
	19.8 c
	  2.1 a
	32.7 b
	51.6 c
	23.4 b



	27 °C
	5.3
	  5.8 a
	  4.5 a
	28.1 b
	  3.2 a
	20.3 c
	31.2 c
	18.2 b



	30 °C
	4.8
	  6.7 a
	  4.6 a
	37.9 a
	  2.9 a
	21.0 c
	32.3 c
	20.5 b



	32 °C
	5.5
	  5.2 a
	  2.7 b
	31.3 a
	  1.4 b
	24.3 c
	38.1 b
	32.7 a



	Treatment (T)
	NS
	***
	***
	***
	**
	***
	***
	**



	Variety (V)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	T × V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	Validation
	
	
	
	
	
	
	
	



	14 °C
	  0.3 c
	  0.1 c
	-
	-
	-
	-
	-
	-



	20 °C
	  4.6 a
	  2.2 b
	-
	-
	-
	62.2 a
	87.0 a
	24.6 a



	25 °C
	  5.5 a
	  3.8 a
	  6.5 a
	27.7 a
	  2.3 a
	35.3 b
	52.0 b
	22.7 a



	30 °C
	  4.0 a
	  3.7 a
	  5.9 a
	30.9 a
	  2.8 a
	22.6 c
	34.5 c
	19.2 b



	35 °C
	  3.3 b
	  2.6 b
	  0.3 b
	  4.4 b
	  0.5 b
	30.1 b
	55.4 b
	-



	40 °C
	-
	-
	-
	-
	-
	-
	-
	-



	T
	**
	***
	***
	**
	***
	***
	***
	**



	V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



	T × V
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS







z Means within columns followed by the same letter are not different based on Tukey’s honestly significant different test at p ≤ 0.05 (n = 12). ***, **, and NS indicate statistical significance at the 0.001 and 0.01 p ≤ levels or not significant, respectively. - indicates no data.
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Table 4. Pearson correlation of the morphological parameters of ginger and turmeric seed rhizomes.
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	Parameter
	Weight
	Length
	Width
	Thickness





	Ginger
	
	
	
	



	   Weight
	  1
	
	
	



	   Length
	      0.44 ***
	    1
	
	



	   Width
	      0.65 ***
	   0.19 *
	     1
	



	   Thickness
	     0.32 **
	0.04
	   0.19 *
	1



	Turmeric
	
	
	
	



	   Weight
	  1
	
	
	



	   Length
	      0.76 ***
	    1
	
	



	   Width
	      0.62 ***
	      0.42 ***
	     1
	



	   Thickness
	0.08
	0.04
	0.07
	1







***, **, *, and NS indicate statistical significance at the 0.001, 0.01, and 0.05 p ≤ levels or not significant, respectively.
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Table 5. Analysis of covariance on the effect of the temperature and morphological parameters on the sprouting of ginger and turmeric seed rhizomes from the calibration experiment.
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	p-Value
	Reg. Coef.





	Ginger
	
	



	Model
	 <0.0001
	



	Treatment
	
	



	   Temperature
	 <0.0001
	



	Covariates
	
	



	   Weight
	    0.5018
	−0.09



	   Length
	    0.2410
	  0.08



	   Width
	    0.6085
	−0.04



	   Thickness
	    0.2029
	  −0.003



	Turmeric
	
	



	Model
	 <0.0001
	



	Treatment
	
	



	   Temperature
	 <0.0001
	



	Covariates
	
	



	   Weight
	    0.4151
	−0.1



	   Length
	    0.2744
	    0.09



	   Width
	    0.6642
	  −0.02



	   Thickness
	    0.4427
	    −0.004
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