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American ginseng (Panax quinquefolius L.) has been cultivated in many locations in China, and we have noticed that its phenological performance and quality characteristics varied from location to location. However, the exogenous factors driving this process are still poorly understood, and this reduces the successful introduction of American ginseng for quality ensuring. Here, we conducted field and cabinet experiments to explore the relationship among environmental factors, phenological development, and ginsenoside accumulation in American ginseng. In the field experiments, we found that American ginseng from different original locations showed different phenological rhythms and different ginsenoside accumulation. Especially, those from higher latitude locations (e.g., Wuchang, 44.55°N) presented delayed spring phenology and advanced autumn phenology, but higher ginsenoside contents along with higher gene expression levels of ginsenoside biosynthesis than those from lower latitude locations (e.g., Wendeng, 37.23°N). Data analysis indicated that the phenological rhythm of American ginseng is closely related to the seasonal change in environmental factors, especially winter chilling duration, spring warming, and autumn day-length shortening. In the cabinet experiments, results further proved that temperature interaction with photoperiod plays a decisive role in the phenological development and ginsenoside accumulation of American ginseng in the absence of water and nutrient limitation. Both field and cabinet experiments indicated that sufficient winter cold exposure coupled with spring long day-length photoperiod is a beneficial environmental factor for normal spring phenology development, while shortening autumn day-length coupled with autumn cooling is a beneficial environmental factor for normal autumn phenology development of American ginseng. Results also indicated that insufficient cold exposure and unsuitable day-length photoperiod are detrimental factors to both spring and autumn phenology, and are not good for ginsenoside accumulation in American ginseng. An understanding of the environmental factors influencing phenological development along with ginsenoside accumulation can provide guidance for predicting suitable cultivation locations and improving planting techniques for high yield and good quality of American ginseng.
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INTRODUCTION
American ginseng (Panax quinquefolius L.), a relative species of Asian ginseng (Panax ginseng C. A. Meyer) in the family of Araliaceae, is widely used in Chinese traditional medicine for its precious roots which have been demonstrated to have beneficial effects on human health (Wei et al., 2019; Huang et al., 2021). American ginseng can improve immunity, slow the aging process, prevent certain cancers, and protect against cardiovascular disease because of the presence of numerous bioactive substances, especially ginsenosides (Qi et al., 2011; Bian et al., 2021). The ginsenoside content differs greatly depending on the environment of the growing region and also determines the quality and corresponding market price of American ginseng (Huang et al., 2013; Zhang et al., 2018; Liao et al., 2019; Sun et al., 2019; Hao et al., 2020).
Wild American ginseng with slow growing rates is mainly distributed in the United States and Canada, and is artificially cultivated over a hundred years ago in the United States due to the shortage of wild resources (Pritts, 1995). This species was introduced successfully into China during the 1970s (Li, 1995). Currently, in China, American ginseng is mainly cultivated in Beijing, Shandong Province, Jilin Province, and Heilongjiang Province (Liao et al., 2019). However, suitable regions for American ginseng are increasingly shrinking because of replant failure and soil degradation in China (Zhang et al., 2018). Therefore, it is vital to hunt new regions for American ginseng cultivation in order to meet the huge market demand. However, American ginseng introduction is very difficult, and some questions should be answered in order to produce high-yielding and good-quality ginseng roots in new locations: Can this species complete its life cycle in a new location? What are the variations in the quality and yield of this species’ products? The yield and quality of many medicinal plants are usually variable when it is introduced into a new area, which is caused by the specific local environments. Meanwhile, the plants usually presented changes in phenological stages due to local adaptation (Huang et al., 2012; Shen et al., 2017; Stucky et al., 2018; Sun et al., 2019; Sheban et al., 2021). Therefore, it is thought that the phenological performance of an introduced medicinal plant is closely related to the variation in the quality and yield of the medicinal plant, which are induced by local environmental factors.
As a high-latitude medicinal plant, American ginseng has adapted to the local climate and other conditions of original wild habitats involving a geographical location. American ginseng probably is a cold-dependent and long day-length plant species according to its original wild habitats (Hao et al., 2020; Sheban et al., 2021). When it is introduced into a new different area, the phenological rhythm of American ginseng often changes significantly (Li, 1995; Pritts, 1995; Huang et al., 2013; Zhang et al., 2018; Sun et al., 2019). The change in American ginseng phenological rhythm just reflects the difference in the environmental factors of its original habitats (Pritts, 1995). The phenological rhythms of American ginseng and Asian ginseng from some locations have been observed and recorded in detail (Proctor et al., 2003; Kim et al., 2020). Moreover, there are many reports about the differences in quality and yield of American ginseng from different cultivated locations (Huang et al., 2013; Zhang et al., 2018; Liao et al., 2019; Sun et al., 2019; Hao et al., 2020). However, few studies have established a relationship between the phenological performance and ginsenoside accumulation in American ginseng. Therefore, we think that connecting the phenological performance and ginsenoside accumulation in American ginseng will help us disclose the mechanism of quality formation in American ginseng.
Research on the phenological dynamics of secondary metabolite accumulation induced by environmental factors in medicinal plants is not rich. It is generally agreed that meteorological factors, among many environmental factors, change the phenological rhythm of plants significantly, and they can also cause variation in secondary metabolite accumulation in medicinal plants (Mishra, 2016; Li et al., 2020; Pant et al., 2021). Many exogenous factors can change the plant phenological performance, such as temperature, sunshine, precipitation, and soil nutrients (Andresen et al., 2018; Shen et al., 2018; Ren et al., 2022). Temperature and photoperiod are the two most important meteorological factors influencing the plant phenology, which modulate plant phenological development (especially the time rhythm of sprouting, flowering, and fruiting) cooperatively and interactively (Weikai and Wallace, 1998; Adams and Langton, 2005; Li et al., 2016; Wu et al., 2020). However, the developmental stages of medicinal plants have a significant influence on the content and composition of secondary metabolites (Li et al., 2020); this is because the developmental factors influence the initiation and subsequent differentiation of particular tissues involved in the biosynthesis of secondary metabolites. Furthermore, particular tissues and the developmental stages influence the expression pattern of genes related to secondary metabolite biosynthesis (Padilla-González et al., 2019; Li et al., 2020). For this reason, a large number of secondary metabolites often occur at a certain stage of plant growth and development (Padilla-González et al., 2019; Hao et al., 2020). We hypothesized that the changes in phenological development induced by temperature and photoperiod when American ginseng is introduced into a new location will finally affect the ginsenoside biosynthesis significantly.
In view of the aforementioned findings and hypothesis, the mechanism of ginsenoside accumulation related to phenological performance in American ginseng induced by temperature and photoperiod should be studied clearly for producing high-yielding and good-quality ginseng roots in a wider range of introduction locations.
MATERIALS AND METHODS
Plant Material and Experimental Design
Three-year-old seedlings of American ginseng grown in the fields of seven cultivated locations (Wendeng, Wuchang, Ningan, Tonghua, Changbai, Liuba, and Huairou) in China (Figure 1) were used to study the relationship among environmental factors, phenological rhythms, and ginsenoside accumulation. Three-year-old seedlings of American ginseng grown in the growth cabinets were used to study the co-effects of temperature and photoperiod on phenological rhythms and ginsenoside accumulation.
[image: Figure 1]FIGURE 1 | Geographical distribution map of seven American ginseng cultivated locations in China.
Field Experiments
Field experiments were conducted on 3-year-old American ginseng in seven cultivated locations during 2018 and 2019. Phenological observations of the American ginseng seedlings were performed synchronously in each location according to the method described by Wan and Liu (1979). The annual phenology of American ginseng was observed, including dormancy, initiation, vegetation, flowering, fruiting, and senescence. The seedlings were observed once every 2 days at about 2 p.m. and the date when American ginseng reaches the target phenology was recorded. To be able to compare the timing of phenological events, the dates were transformed into Julian date (1 corresponding to 1 January).
The meteorological data of the seven cultivated locations of American ginseng were collected from the National Meteorological Information Centre (http://data.cma.cn) (Table 1; Figure 1). The meteorological data were converted into raster data by ArcGIS software with spatial interpolation. The meteorological data of each sampling plot were obtained according to their longitude and latitude, which included Tmin Jan, minimum temperature in January; Tave Jan, average temperature in January; Tmax Jul, maximum temperature in July; Tave Jul, average temperature in July; Tcum Ann, annual cumulative temperature; Tave Ann, annual average temperature; Scum Ann, annual cumulative sunshine hours; DL sprouting, average day-length during sprouting; DL flowering, average day-length during flowering; DL Ann, annual average day-length; Scum pre-flowering, cumulative sunshine hours before flowering; RH Ann, annual average air relative humidity; and P Ann, annual average precipitation.
TABLE 1 | Overall comparison of environmental factors among seven cultivated locations of American ginseng from 2017 to 2019 in China.
[image: Table 1]Focusing on two cultivated locations (Wendeng and Wuchang), the seedlings were sampled in triplicate × 2 from fields at the onset dates of each phenological stage in 2018 and 2019. One triplicate of the samples was dried to a constant weight (50°C for 72 h) after washing and cutting them into different parts for determining the biomass and the ginsenoside contents. Another triplicate of samples was stored in a −70°C refrigerator quickly after washing and cutting them into different parts for determining the related gene expression levels of ginsenoside biosynthesis.
Growth Cabinet Experiments
Growth cabinet experiments were conducted in intelligent artificial climate growth cabinets (RXZ-type, Ningbo Jiangnan Instrument Factory, China). In early October 2018, the intact dormant roots of 2-year-old American ginseng of uniform size were collected from Wendeng, and each root was transported in a pot (8 cm × 20 cm) containing vermiculite and sand (1:1). The pots were equipped with an automatic infiltration irrigation system and Hoagland nutrient solution. The pots were arranged within the cabinets and rearranged weekly for minimizing edge effects.
In the growth cabinets, six treatment combinations of temperature and photoperiod were set up (Figure 2): 1) sufficient low temperature and long day-length; 2) sufficient low temperature and short day-length; 3) no low temperature and long day-length; 4) no low temperature and short day-length; 5) semi-low temperature duration and long day-length; and 6) semi-low temperature duration and short day-length. The temperature and photoperiod in control treatment CK1 were set according to the weather forecast from Wuchang and adjusted in time according to the daily changes; CK2 were set according to the weather forecast from Wendeng and adjusted in time according to the daily changes. The air relative humidity and plant root nutrients were consistent for each seedling of American ginseng under different treatments in the growth cabinets.
[image: Figure 2]FIGURE 2 | Schematic diagram of experimental schedule and treatment timing in cabinet experiments. Note: CK1, simulated the temperature and photoperiod in Wuchang; CK2, simulated the temperature and photoperiod in Wendeng; T5P+2, temperature during dormancy is 5°C, day-length during growth period is natural day-length in Wendeng +2 h; T5P-2, temperature during dormancy is 5°C, day-length during growth period is natural day-length in Wendeng − 2 h; T17P+2, temperature during dormancy is 17°C, day-length during growth period is natural day-length in Wendeng +2 h; T17P-2, temperature during dormancy is 17°C, day-length during growth period is natural day-length in Wendeng − 2 h; T5/17P+2, temperature during dormancy is 5/17°C, day-length during growth period is natural day-length in Wendeng +2 h; T5/17P-2, temperature during dormancy is 5/17°C, day-length during growth period is natural day-length in Wendeng − 2 h.
Phenological observations of seedlings in the growth cabinets were performed daily. The seedlings were sampled in triplicate × 2 at the onset and end dates of each phenological stage. The biomass, the ginsenoside contents in roots, and the related gene expression levels in leaves of ginsenoside biosynthesis were determined as aforementioned.
Ginsenoside Extraction and HPLC Analysis
The determination of ginsenosides was according to the method described by Hao et al. (2020) with some modifications. The samples from different parts of American ginseng plants collected during different phenological stages were ground into powder with a medicine grinder and filtered through a 355-mm sieve. Then, 1 g of the powder was accurately weighed and placed in a corked triangle flask. To the powder, 50 ml of 80% (V/V) methanol solution was added for ultrasonic extraction for 60 min. The flask was placed until it reached room temperature, and methanol was used to make up the reduced weight. The extract was filtered and then evaporated to remove the solvent. After the liquid evaporated, the residue was dissolved in distilled water and extracted three times with water-saturated n-butanol. The n-butanol layer was then evaporated to obtain ginsenosides. Each extracted sample was dissolved in HPLC-grade methanol (1.0 g/5 ml) and then filtered through a 0.45-μm microporous membrane for HPLC analysis.
The HPLC analysis was performed using an Agilent 1260 HPLC system (Agilent Technologies Co. Ltd., United States) equipped with a diode array detector and an OpenLAB services for data processing. The separation was performed on a Zorbax SB-C18 column (5 μm, 250 × 4.6 mm). Authentic standards of ginsenosides Rb1, Re, and Rg1 were obtained from Chengdu DeSiTe Phyto-chemicals Ltd (Chengdu, Sichuan, China). The standards and samples were separated using a gradient mobile phase consisting of acetonitrile (A) and 0.1% phosphoric acid in water (B). The gradient elution program is 0–10 min, 21% A; 10–16 min, 21–24% A; 16–17 min, 24–35% A; 17–20 min, 35% A; 20–25 min, 35–60% A; 25–30 min, 60–70% A, and finally, to recondition the column, 21% A at 33 min for 5 min.
The injection volume was 10 uL, the flow rate was set at 1.0 ml min-1, and the column temperature was 40°C. The detection wavelength was set at 203 nm. Standard curves were constructed by plotting the peak areas (mAU min−1) versus the amount (ug) of each analyte injected. The content in the samples was calculated by the following formula:
[image: image]
where C is the concentration of a ginsenoside (mg/ml) calculated through the standard curve; V is the sample extract volume (ml); and W is the sample dry weight (g).
Gene Expression Level Analysis of Ginsenoside Biosynthesis
Ginsenosides are mainly biosynthesized utilizing the precursor isopentenyl pyrophosphate (IPP) through the mevalonic acid (MVA) pathway and its condensation with dimethylallyl diphosphate (DMAPP) to produce the central intermediate farnesyl pyrophosphate (FPP). Then squalene is synthesized from two FPP catalyzed by squalene synthase (SS). Squalene is the precursor for both protopanaxadiol (PPD) and protopanaxatriol (PPT) types of ginsenosides. Two key reaction steps from squalene to dammarenediol-II are catalyzed by squalene epoxidase (SE) and dammarenediol synthase (DS), respectively. The next key reaction step from dammarenediol to protopanaxadiol (PPD) is catalyzed by dammarenediol-12-hydroxylase (D12H). So we selected the three key genes (PqSE: encoding squalene epoxidase in P. quinquefolius, PqDS: encoding dammarenediol synthase in P. quinquefolius, and PqD12H: encoding dammarenediol-12-hydroxylase in P. quinquefolius) that are involved in ginsenoside biosynthesis in American ginseng (P. quinquefolius) for validation using RT-qPCR. The gene expression level analysis was according to the method described in some literature (Wang et al., 2014; Yang et al., 2017; Wang et al., 2019; Hao et al., 2020) with some modifications. About 50–100 mg of American ginseng leaves samples was ground into powder in liquid nitrogen. Total RNA was extracted using the RNeasy Plant Mini Kit including DNase I digestion following the manufacturer’s instructions (QIAGEN, Hilden, Germany). RNA purity and concentration were measured using a NanoDrop ND-1000 UV–Vis spectrophotometer (Thermo Fisher Scientific, United States). RNA extracts were reverse-transcribed into cDNA with a ReverTra Ace® qPCR RT Master Mix with gDNA remover (Toyobo, Osaka, Japan). The qRT-PCR was performed using cDNA in a reaction volume of 25 μL using SYBR Premix Ex Taq (TaKaRa, Kyoto, Japan) in a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). The thermal cycler conditions recommended by the manufacturer were 95°C for 30 s, followed by 35 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s. The fluorescent product was detected during the final step of each cycle. Amplification, detection, and data analysis were carried out on a Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). The primers used were 5′-CGT GGC TAT CTA TGG CGT TG-3′ and 5′-GGG AGC TCT GTA GTA AGC AG-3′ for PqSE, 5′-TTT GGT AGT CAA CTA TGG GA-3′ and 5′-AAC CAC CTT CTT CAT TTT-3′ for PqDS, and 5′-TTT GGT TCC CGA GCA GTG-3′ and 5′-GAG TCC GGC CTC TAT GT-3′ for PqD12H. To determine the relative fold differences in template abundance for each sample, the Ct values for each of the gene-specific primers were normalized to the Ct value for β-actin (5′-AGA GAT TCC GCT GTC CAG AA-3′ and 5′-ATC AGC GAT ACC AGG GAA CA-3′).
Data Analysis
SPSS 20.0 (Chicago, IL., United States) and Microsoft Excel 2013 were used for statistical evaluations. The results are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to determine the differences between data, and the differences in the means were obtained using Duncan’s multiple comparison test at p < 0.05. Principal component analysis (PCA) was first performed to reduce the number of dimensions in the data set of environmental factors by extracting several factors associated with the phenological events. Pearson’s correlation coefficient (r) was performed to assess the association among the environmental factors, the phenological events, the contents of ginsenosides, and the gene expression levels of ginsenoside biosynthesis. Multiple linear stepwise regression analysis was used to obtain the regression equation of the contents of ginsenosides against the important environmental factor.
RESULTS
Principal Component Analysis
Principal component analysis (PCA) was performed to reduce the number of dimensions in the data set on 16 environmental factors (Table 1; Figure 1) from the seven cultivating locations of American ginseng. According to the PCA results (Table 2), the first four principal components (PC1–4), with eigenvalues >1, explained 93.056% of the total variability among the 16 variables in the original data, where PC1, PC2, PC3, and PC4 contributed 46.777, 30.269, 8.368, and 7.643% of the total variance, respectively. PC1, which described 46.777% of the total variance of the data, was positively correlated to Tmin in January, Tave in January, Tmax in July, Tave in July, Tcum Ann, and Tave Ann; these factors can be classified as temperature factors. PC2, which described 30.269% of the total variance of the data, was positively correlated to DL sprouting, DL flowering, DL Ann, Scum pre-flowering, and Scum Ann; most of these factors are sunshine factors. PC3, which described 8.368% of the total variance of the data, was positively correlated to RH Ann and P Ann, so this can be classified as water factors. PC4, which described 7.643% of the total variance of the data, was positively correlated to latitude, so it can be classified as a geographical factor. It can be inferred from these results that the effect of temperature and sunshine factors is greater than that of water and geographical factors on the phenological events of American ginseng.
TABLE 2 | Principal component analysis of environmental factors in different cultivated locations.
[image: Table 2]Different Climatic Characteristics Between the Two American Ginseng Cultivated Locations
The climatic characteristics of the two cultivated locations (Wendeng and Wuchang) are obviously different based on the climatic data during 2018 and 2019. In Wendeng, temperatures ranged from −11.2 to 35.1°C with an average of 12.2°C during 2018 and −7.2 to 35.8°C with an average of 13.6°C during 2019. In Wuchang, temperatures ranged from −25.3 to 37.2°C with an average of 5.2°C during 2018 and −27.3 to 30.9°C with an average of 5.4°C during 2019. In the two cultivated locations (Wendeng and Wuchang), temperature fluctuates similarly with high in June–August and low in December–February, but the winter temperature in Wuchang is much lower than that in Wendeng. In the two cultivated locations (Wendeng and Wuchang), both annual sunshine hours and monthly sunshine hours always present a constant difference due to the difference in the latitude of the earth, and the daily photoperiods also present a constant difference. The photoperiod in Wendeng varied from 9.35 to 14.86 h per day during a whole year, and maximum and minimum photoperiods were recorded on 21 June and 26 December, respectively. The photoperiod in Wuchang varied from 8.92 to 15.64 h per day during a whole year, and maximum and minimum photoperiods were recorded on 21 June and 21 December, respectively. In particular, we noticed that the day-length photoperiods in Wuchang are always longer than that in Wendeng during the American ginseng growing season (from March to September every year), while that in Wuchang is always shorter than that in Wendeng during the American ginseng dormant season (from September to March in the next year). In addition, annual or monthly precipitation also presented a difference between the two cultivated locations (Wendeng and Wuchang) (Figures 3A,B,C).
[image: Figure 3]FIGURE 3 | Comparison of temperature (A), sunshine (B), and precipitation (C) between Wendeng and Wuchang during 2018 and 2019.
Different Phenological Performance of American Ginseng From Two Cultivated Locations
We observed the phenological events of American ginseng in the field of two cultivated locations (Wendeng and Wuchang) and in the growth cabinets imitating the two locations’ climate to determine the difference in their phenological performance. The phenological performance of American ginseng growing both in the field and in the growth cabinets (CK1 and CK2) was very similar, no matter whether the provenance of American ginseng comes from Wengdeng or Wuchang. Six principal stages were used to describe the phenology of American ginseng (Figure 4).
[image: Figure 4]FIGURE 4 | Comparison of phenological stages of American ginseng in seven cultivated locations in China.
Initiation: This stage refers to the period that plants emerged from underground roots. At this stage, American ginseng (over 2 years old) stems and inflorescences arise from an apical perennating bud on the underground rhizome on top of the root after an obligatory cold period to satisfy dormancy. Once the soil temperature reaches about 8°C (mid-April in Wendeng; mid-May in Wuchang), the perennating bud swells and becomes active (Figure 4). The membranous bud scales enclosing the shoot primordium separate, exposing the hooked stem. This hooked stem emerges from the bud scales and grows toward the soil surface. Emergence is complete when the hooked stem breaks through the soil surface, exposing folded leaves.
Vegetative: This stage refers to the period when the folded leaves become fully unfolded and the aerial stem has reached maximum height, which usually takes about 4 weeks in Wendeng and 3 weeks in Wuchang. At this stage, the fresh weight of the root decreases slightly (from the late April sprouting period to late May in Wendeng, and from the late May sprouting period to late June in Wuchang) until the crop canopy is completed. Next, the root growth starts to increase linearly from mid-June in Wendeng and from late-June in Wuchang, and it is almost fully grown by mid-October in Wendeng and by late-September in Wuchang.
Flowering: The flowering period (including inflorescence development and flower opening) lasted for about 6 weeks in Wendeng and for about 4 weeks in Wuchang, and each plant usually flowered for 1–3 weeks. Inflorescence growth is rapid during June in Wendeng and during July in Wuchang. After inflorescence diameter is maximized, inflorescence growth is slow for the remainder of the growing season. Flower opening in Wendeng begins in late May and continues to late July, while flower opening in Wuchang begins in early July and continues to mid-August. Flowers continue to open until most petals have fallen. At the end of flowering, most of the fruits, which are green, will have set.
Fruiting: Once flowering had occurred, fruits were set rapidly, but fruit growth is slow. This stage is from early July to early October in Wendeng and from mid-late August to late September in Wuchang. Once the fruits have set, at 6–7 weeks after flowering starts, they are still green. Gradually the fruits start to change color from green to red. As the fruits turn red, they can be easily dislodged from the inflorescences. Seeds disperse when the fruits drop to the ground in September and early October in Wendeng and in mid-late August and September in Wuchang.
Senescence: Following fruit abscission, there is a 3- to 4-week period when the foliage remains green, and then the plants start to turn yellowing during this period. The yellowing of the leaves continues and they droop. Leaf abscission occurs and the stems turn yellow. In commercial practice, this stage is used as the time for root harvest. If the plant canopy is not removed, all leaves abscise and the stems turn brown, but remain erect and persist. The other part of the plant that remains is the root, the harvestable product.
Dormant: Aboveground plant parts died during the period in early November in Wendeng and in mid-October in Wuchang, leaving the rhizome to perennate. This period lasted about 170 days in Wendeng and about 220 days in Wuchang.
Phenological Stages and Temperature
In field experiments, we found that the fluctuation of temperature during the whole phenological stages of American ginseng has a significant impact on its growth and development. When the temperature is above 10°C and the soil temperature is above 7°C at 10 cm depth, the seedlings can sprout. The plant can grow normally only when the temperature is above 20°C and the soil temperature is about 15°C; only when the temperature is about 28°C and the soil temperature is about 20°C, flowers can bloom and then the fruit can be produced; when the temperature is below 12–14°C and the soil temperature is 10°C at a depth of 10 cm, it enters the withering period. Therefore, the suitable temperature for the whole growth period of American ginseng is 10–28°C. Too high and too low temperature has different effects on each growth stage of American ginseng. Pearson correlation analysis (Table 3) indicated that temperature factors are closely related to the 3 important phenological events (sprouting, flowering, and dormancy) of American ginseng. In particular, the cumulative temperature during winter was significantly negatively correlated with the initial time of sprouting and flowering, while the cumulative temperature in March and April before sprouting was negatively significantly correlated with the initial time of sprouting (p < 0.01).
TABLE 3 | Pearson correlation analysis between the key phenological stages and the key environmental factors.
[image: Table 3]In cabinet experiments (Table 4), we found that American ginseng had very little sprouting and no flowering during the whole growth period under two photoperiod treatments of no low temperature treatments (17°C during the whole winter). However, after enough low temperature treatments (5 months), both shortened and prolonged photoperiods could ensure the percentage of sprouting and flowering reached 50%, while only with semi-low temperature duration treatments (2.5 months), the percentage of sprouting and flowering decreased to less than 30%. Under both shortened and prolonged photoperiod treatments, the time of sprouting and flowering was delayed by 13–28 days and 21–23 days, respectively. Therefore, insufficient cold experiences (2.5 months) can shorten the growing season by 26–30 days.
TABLE 4 | Effects of temperature and photoperiod on phenology and biomass of American ginseng.
[image: Table 4]Phenological Stages and Photoperiod
In field experiments, we found that the gradual changing of sunshine duration (photoperiod) during the whole phenological stages of American ginseng also has a significant impact on its growth and development. The photoperiod sensitive stage included the sprout initial stage (plants change from dormant state to active growth state in the spring), the flower initial stage (gradually increasing day length promotes flowering initiation), and the plant senescence stage (gradually decreasing day length accelerates the “die-back” of plants in the fall). We observed that the duration of both the sprouting initial stage and the senescence stage has been greatly shortened in Wuchang than in Wendeng (Figure 4). We also observed that American ginseng flowered more uniformly, the flowering percent is higher, and the time from sprouting to flowering is greatly shortened in Wuchang than in Wendeng though the flowering initial date was delayed in Wuchang. We think that this is related to the faster temperature rise and the longer day-length in Wuchang than in Wendeng. The Pearson correlation analysis (Table 3) indicated that photoperiod factors are also closely related to the 3 important phenological events (sprouting, flowering, and dormancy) of American ginseng, of which the cumulative sunshine during 1 month before dormancy was significantly negatively correlated with the initial time of American ginseng dormancy (p < 0.01).
In cabinet experiments (Table 4), we found that after enough low temperature treatments (5 months), the prolonged photoperiod (natural + 2 h) could advance the time of sprouting and flowering by 4–9 days and increase the percentage of sprouting and flowering by 3–10%, and the growing season is extended by 9 days, while the shortened photoperiod (natural − 2 h) could delay the time of sprouting and flowering by 21–27 days, and reduce the percentage of sprouting and flowering by 26–28%. But under only semi-low temperature duration treatments (2.5 months), sprouting time under the prolonged photoperiod (natural + 2 h) was 40 days earlier than that under the shortened photoperiod (natural − 2 h), and the percentage of flowering increased by 13%. Specifically, we noticed that the shortened photoperiod treatments (natural − 2 h) could advance the time of senescence and dormancy by 46–57 days when compared with the prolonged photoperiod treatments (natural + 2 h). Furthermore, we found that the shortened photoperiod (natural − 2 h) interactive with the semi-low temperature duration (2.5 months) advanced the senescence and dormancy more significantly than the enough low temperature treatments (5 months). Thus, shortening the photoperiod (natural − 2 h) shortens the growing season by 82–86 days. These implied that the photoperiods interactive with temperature could affect the plant growth period significantly.
Changes in Biomass Over Different Phenological Development Stages
The biomass accumulation process of the whole plant, including roots, leaves, stems, flowers, and fruits, is very similar in American ginseng from the two cultivated locations (including the two imitating locations in the growth cabinets) although their growth duration is different due to different climates. As shown in Figure 5, the plant biomass accumulation process presents variable speed in different parts of American ginseng during different growth stages. For the whole plant, the growth was slower from the initiation stage to the vegetative stage (late May in Wendeng while mid-June in Wuchang), then accelerated from the vegetative stage to the full fruiting stage (late-September in Wendeng while mid-September in Wuchang), and finally slowed down to a halt from the fruiting stage to senescence (late October in Wendeng while mid-October in Wuchang). For the roots, the dry weight actually decreased a little from the initiation stage to the vegetative stage and then increased significantly till the senescence stage. For leaves and stems, both presented a continuous increase in dry weight from the initiation stage to the early fruiting stage and then tended to be stable and decreasing. For flowers and fruits, both presented an increase in dry weight only during the flowering and fruiting stages.
[image: Figure 5]FIGURE 5 | Biomass accumulation dynamics at different phenological stages of American ginseng harvested from Wendeng and Wuchang.
The biomass allocation between plants aboveground and underground is also very similar in American ginseng from the two cultivated locations (including the two imitating locations in the growth cabinets). Usually, the aboveground dry weight of American ginseng fluctuates in the range of 25–35%, while the underground dry weight fluctuates in the range of about 65–75%, and the allocation between aboveground and underground changes regularly with different growth stages. From the initiation stage to the vegetative stage, the aboveground dry weight might increase to about 35%, while the underground dry weight might decrease to about 65%, which is due to underground root nutrition supporting the aboveground growth. From the vegetative stage to the fruiting stage, weight gain occurred rapidly in both aboveground and underground parts; while the aboveground dry weight might decrease to about 25%, the underground dry weight might increase to about 75%, which is due to the transport of a large quantity of photosynthate underground. After that, from the late fruit stage to the senescence stage, the aboveground dry weight decreased significantly, while the underground dry weight still increased to a certain extent.
However, we found that the final root yields of American ginseng were significantly different between the two cultivated locations (including the two imitating locations in the growth cabinets): the root yield of American ginseng in Wendeng is almost always greater than that of Wuchang. This probably results from the different growth durations of American ginseng in the two cultivated locations: the growth duration of American ginseng in Wendeng is about 190 days, while that in Wuchang is about 140 days.
Changes in Ginsenosides Over Different Phenological Development Stages
The change patterns in the contents and yields of total ginsenosides (Rg1 + Re + Rb1) over the phenological development stage are very similar in American ginseng from the two cultivated locations (including the two imitating locations in the growth cabinets). As shown in Figure 6, results showed that the contents of ginsenosides in roots presented a trend of decreasing at first and then increasing in the phenological development stage, during which they reached at a minimum during the vegetative stage and a maximum during the fruiting stage (red fruits on the plants). However, when comparing the two cultivated locations (Wendeng and Wuchang), the contents of ginsenosides in Wuchang were found to be significantly higher than that of Wendeng.
[image: Figure 6]FIGURE 6 | Ginsenoside contents in roots at different phenological stages of American ginseng harvested from Wendeng and Wuchang. Note: The results are expressed as mean value ±SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
We used stepwise multiple linear regression (SMLR) analysis to establish a regression equation of the ginsenoside contents against the important environmental impact factor as follows:
[image: image]
The 6 main climatic factors included (x1, AATgrowth) active accumulated temperature during plant growth season, (x2, AATdormancy) active accumulated temperature during plant dormancy season, (x3, ASDgrowth) accumulated sunshine duration during plant growth season, (x4, ASDdormancy) accumulated sunshine duration during plant dormancy season, (x5, Pgrowth) precipitation during plant growth season, and (x6, Pdormancy) precipitation during plant dormancy season. Climate factors were averaged over 2 years from 2018 to 2019. The standardized regression coefficient reveals the significance of an individual factor in the regression equation. A high absolute value of this coefficient corresponds to a high weight of variables in the equation. The ginsenoside contents showed a negative linear correlation with AATdormancy, AATgrowth, Pdormancy, Pgrowth, and ASDdormancy, but only exhibited a positive linear correlation with ASDgrowth. The absolute values of the standardized regression coefficients were ranked as follows: AATdormancy > ASDgrowth > Pgrowth > AATgrowth > ASDdormancy > Pdormancy. AATdormancy had the strongest negative influence, while ASDgrowth had the strongest positive influence, followed by Pgrowth which had a significant negative influence on the ginsenoside contents. The influence of AATgrowth, ASDdormancy, and Pdormancy was weaker than the influence of AATdormancy, ASDgrowth, and Pgrowth. Therefore, ginsenoside contents can be considered to be mainly influenced by AATdormancy, ASDgrowth , and Pgrowth.
Expression of Key Enzyme Genes at Different Phenological Development Stages of American Ginseng
The expression levels of PqSE, PqDS, and PqD12H genes in American ginseng leaves at different phenological development stages were detected by RT-PCR. As shown in Figures 7A,B,C, the expression levels of PqSE, PqDS, and PqD12H genes had a consistent trend in the leaves of American ginseng from the two cultivated locations (including the two imitating locations in the growth cabinets). The expression levels of all three genes changed significantly with the change in phenological development stages. All the three genes are highly expressed during the fruiting stage, which is an important period of ginsenoside accumulation. However, when comparing the two cultivated locations, the expression levels of PqSE, PqDS, and PqD12H genes in American ginseng leaves also were found to present significant differences. The expression levels of PqSE, PqDS, and PqD12H genes during the fruiting stage from Wuchang were about 1.1, 1.2, and 1.2 folds higher than those from Wendeng. This indicated that the gene expression levels of ginsenoside biosynthesis in leaves of American ginseng during the same phenological stage were significantly higher in Wuchang than Wendeng.
[image: Figure 7]FIGURE 7 | Genes expression dynamics of ginsenoside biosynthesis at different phenological stages of American ginseng harvested from Wendeng and Wuchang. Note: PqSE, the gene of squalene epoxidase in P. quinquefolium (A); PqDS, the gene of dammarenediol synthase in P. quinquefolium (B); PqD12H, the gene of protopanaxadiol synthase in P. quinquefolium (C). The results are expressed as mean value ±SD (n = 3) (*p < 0.05, ** p < 0.01).
The Pearson correlation analysis (Table 6) showed that 1) the expression level of PqSE, PqDS and PqD12H genes during fruiting stage correlated positively and significantly with the ginsenosides contents in finally harvested roots (p < 0.01); and 3) the ginsenoside contents in finally harvested roots also correlated positively significantly with ASDgrowth and negatively significantly with AATdormancy and Pgrowth (p < 0.05).
Effects of Photoperiod and Temperature on Biomass, Ginsenoside Accumulation, and Gene Expression
In the cabinet experiments (Tables 4, 5), we found that, under the same photoperiod conditions, American ginseng after enough low-temperature treatments (5 months) presented larger dry weights of the stem, leaf, and root at the harvest stage, higher ginsenoside contents in roots, and higher expression level of PqSE, PqDS, and PqD12H in leaves, when compared with the semi-low temperature duration treatments (2.5 months). Furthermore, without experiencing low-temperature treatment in winter, American ginseng only sprouted sporadically and could not blossom, and the plants were stunted and died early regardless of the photoperiod conditions. Obviously, the low-temperature experience of American ginseng in winter is a necessary condition for its growth and development and ginsenoside accumulation. Results also showed that after enough low-temperature treatments (5 months), the prolonged photoperiod (natural + 2 h) treatments could further increase the dry weights of the stem, leaf, and root at the harvest stage; the ginsenoside contents in roots; and the gene expression level of PqSE, PqDS, and PqD12H in leaves, when compared with the shortened photoperiod (natural − 2 h) treatments. These implied that interactive effects of temperature and photoperiod play an important role in regulating the plant development and ginsenoside accumulation of American ginseng.
TABLE 5 | Effects of temperature and photoperiod on ginsenoside contents and related gene expression level of American ginseng.
[image: Table 5]DISCUSSION
Different Phenological Performance due to Different Environmental Factors
Plant phenology is the study of the timing of annually recurring plant growth and reproductive phenomena, and the drivers of these events associated with endogenous and exogenous factors (Yang et al., 2016; Chen et al., 2019; Stucky et al., 2018; Liu et al., 2021). Perennial plants can best reflect the fluctuation rhythm of phenology as they transition between growth and dormancy in response to seasonal changes, of which initiation from dormant state, initial flowering dates, and re-entering dormant state are the most critical stages. In this study, American ginseng, as a perennial plant that originated in the cold regions of North America, presented significantly different phenological performance when growing in different cultivated locations in China. Comparing two cultivated locations in China (Wendeng and Wuchang), American ginseng in Wendeng showed early initiation, early flowering, and late dormancy and thus can grow for a longer period, while American ginseng in Wuchang showed late initiation, late flowering, and early dormancy and thus can grow for a shorter period (Figures 4A,B).
Many exogenous factors can change the plant phenological performance, such as temperature, sunshine, precipitation, and soil nutrients (Andresen et al., 2018; Shen et al., 2018; Ren et al., 2022). In the field experiments, the exogenous factors influencing American ginseng phenology can be clustered into four principal components (PC1–4) by PCA, of which two environmental factors (temperature and photoperiod) were clearly distinguished (Table 2). Furthermore, Pearson correlation analysis indicated that the plant phenological performance (especially the initial date of sprouting, flowering, and dormancy) of American ginseng is closely related to the change in temperature and photoperiod (Table 3), In the cabinet experiments, results further proved that temperature along with photoperiod plays a decisive role in the phenological development of American ginseng in the absence of water and nutrient limitation (Table 4). Both field and cabinet experiments confirmed that temperature is more related to the initial date of sprouting in spring, while photoperiod is more related to the initial date of dormancy in American ginseng (Tables 3, 4). Some studies have shown that temperature is a main trigger for initiation, while photoperiod is a main trigger for dormancy in some plants (Wang et al., 2015; Way and Montgomery, 2015; Kiss et al., 2017; Fu et al., 2020). Multiple studies have shown that many dormant plants do require a period of cold temperature before active growth is resumed in response to warming spring temperatures (Hao et al., 2020; Im et al., 2020; Wang et al., 2020). Other studies have shown that plant growth cessation is generally induced by changes in photoperiod or associated changes in the light spectrum (Ford et al., 2017). Both photoperiod and temperature are two pivotal regulatory factors of plant flowering (Yang et al., 2016; Fu et al., 2019; Im et al., 2020; Wang et al., 2020). In the present study, they are closely related to the initial flowering period of American ginseng. Therefore, we believe that temperature and photoperiod play an important role in the phenological performance of American ginseng.
Fu et al. (2020) proposed a theoretical framework for the co-regulation of plant phenology by thermoperiod–photoperiod interactions. Temperature is widely accepted as the dominant controlling factor of plant phenology. Temperature affects the timing of plant phenology in temperate and boreal zones involving two main aspects: winter chilling and spring warming. Spring warming accelerates the spring onset, while insufficient chilling in mild winters delays the spring onset. Therefore, the response of phenological events to temperature changes is nonlinear, and the interaction effect between chilling and warming should be considered. Photoperiod, as another important cue that controls plant phenology, indirectly affects the plant phenology by altering temperature sensitivity. Studies have shown that cold in winter also influenced the photoperiod sensitivity, but the cold treatment did not completely replace long-day photoperiod (Im et al., 2020). In addition, the mechanism of photoperiod primary control of autumn phenology is widely accepted (Way and Montgomery, 2015; Fu et al., 2020). A continually declining day-length during autumn is an essential environmental cue inducing growth cessation and dormancy. Our experiments indicated that temperature was more related to spring phenology while photoperiod was more related to autumn phenology in American ginseng in both field and cabinet experiments (Tables 3, 4). This is consistent with Fu’s viewpoints.
Changes in Biomass and Ginsenoside Accumulation Along With Different Phenological Performance
There were clear differences in the growing dynamics (Figure 5) and the ginsenoside accumulation dynamics (Figure 6) related to the phenological stages of American ginseng from different cultivated locations. Although there is great similarity in the plant biomass accumulation process of the whole plant and in the plant biomass allocation between the plant aboveground and underground, we found that the final harvested root dry weight of American ginseng was significantly different between the different cultivated locations, which is probably due to the different growth durations or growth speeds of American ginseng in different cultivated locations. Meanwhile, the ginsenoside accumulation dynamics and the phenological development stage are very similar in American ginseng from different cultivated locations (Wendeng and Wuchang), but the final ginsenoside contents of whole American ginseng roots collected from Wuchang were significantly higher than those from Wendeng. Our results suggested that different phenological performance must be accompanied by differences in the ginsenoside accumulation in American ginseng.
Key Environmental Factors Influencing Ginsenoside Accumulation of American Ginseng
In our study, ginsenoside accumulation varied between the different cultivated locations (Wendeng and Wuchang) during the 2 years of study. This variation must be caused by the difference in environmental factors in different cultivated locations. Results of the multiple regression analysis showed that the ginsenoside contents negatively significantly correlated with AATdormancy and positively significantly correlated with ASDgrowth, and Pgrowth had a negative weak influence on the ginsenoside contents. Therefore, we believe that temperature and photoperiod, which play a decisive role in the phenological stages, also play a very important role in ginsenoside accumulation.
This study further confirmed that the key genes in ginsenoside biosynthesis (PqSE, PqDS, and PqD12H) are expressed in high levels during the fruiting stage of American ginseng from all cultivated locations (Figures 7A,B,C). In field experiments, Pearson correlation analysis indicated the higher expression levels of key genes during the fruit stage, the higher ginsenoside contents of American ginseng, and that the expression levels of key genes are also negatively correlated with AATdormancy, positively correlated with ASDgrowth, and weakly negatively correlated with Pgrowth (Table 6). In the cabinet experiments, results further proved that temperature along with photoperiod plays a decisive role in the ginsenoside accumulation of American ginseng in the absence of water and nutrient limitation (Table 5). We thus deduced that the interactive effects of temperature and photoperiod play decisive roles in ginsenoside accumulation, as they determined the level of ginsenoside gene expression of American ginseng during the key stage of ginsenoside biosynthesis. Although other factors, especially water and soil nutrients, might influence the ginsenoside accumulation significantly, we think they are not the decisive factors, as they do not play a key role in the plant phenological development of American ginseng.
TABLE 6 | Pearson correlation analysis of the gene expression level, the key phenological factors, and the ginsenoside contents.
[image: Table 6]The environmental factors influencing plant phenology are diversity and complexity. In this study, we focused on the effects of temperature and photoperiod on the phenology of American ginseng. However, the interactive effect of temperature and photoperiod on the phenology is a nonlinear relationship, and this limits our interpretation of the phenological change mechanism of American ginseng. In addition, the effects of other environmental factors (such as rainfall and soil nutrients) on the phenology of American ginseng need to be further studied. In future, the research focus on plant phenology should gradually transition from field observation and statistical analysis to revealing the molecular regulation mechanism of environment-induced phenological change, and the research methods should shift from the phenological phenomenon description responding to environmental changes to the comprehensive analysis of multi-scale and multi-factor coupling relationship.
CONCLUSION
Plants adapt to climate change through various mechanisms, including phenological changes. The challenge for introduction of medicinal plants is to understand how plants respond and adapt to the different environmental factors in a new cultivated location through modulation of the plant phenological stages. We conducted field and cabinet experiments to provide a demonstration that the phenological development rhythm in American ginseng is primarily driven by temperature and photoperiod or their interactions, followed by other factors such as soil moisture and soil nutrient availability. This study is an attempt to disclose the decisive exogenous factors that can affect plant phenological development with the aim of elucidating the underlying mechanisms of quality formation in American ginseng. Our results provide unique evidence supporting the regulation of quality formation by exogenous factors through a phenological development process that can be used to improve the predictions of new cultivated locations for American ginseng. Future studies that determine the molecular mechanism of how external environmental factors regulate phenological development may generate a deeper understanding of quality mechanisms in American ginseng.
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Ginsenoside contents in final harvested roots (mg/g)

Gene expression level in leaves at onset of fruiting

stage
Rg1 Re Rb1 Total PGSE PqDS PqD12H
1.72.£0.08 1283 +0.21 19.92 +0.42 3447 £123 291011 0724002 053 + 0.02
1.50 £ 0.06 1132 £0.29 18.26 £ 0.43 31.08 £ 1.21 243 +008 061 £ 001 0.42 + 0.01
1.86 + 0.08 13.27 + 0.31 2061 = 061 3574135 298012 0.86 +0.03 059 + 0.02
113007 632035 1252 +0.32 1997 +1.12 192 £ 0.06 0.50 + 0,01 0.38 + 0.01
Sprouted sporadically No flower Dead rapidly
1.32 £ 0.06 7.94 £ 031 1383 +0.35 2309 £ 126 203 +0.08 0.55 + 001 0.42 + 0,01
082 +0.03 526 +0.19 1021 +0.41 1629 + 0.62 146 0.08 0.42 £ 001 031+ 001

Note: CK1, simulated the temperature and photoperiod in Wuchang; CK2, simulated the temperature and photoperiod in Wendeng; TsP, », temperature during dormancy is 5°C, day-
length cluring growth period s natural dey-length in Wendeng +2 h; TsP.., temperature during dormancy is 5°C, day-length cluring growth period is natural day-length in Wendeng - 2 h;
T, 7P 2, temperature during dormancy is 17°C, day-length during growth period is natural day-length in Wendeng +2 h; TP, temperature during dormancy is 17°C, day-length during
growth period is natural day-lengthin wendeng - 2 h; Ts/;+P, », temperature during dormancy is 5/17°C, day-length during growth period is natural day-length in Wendeng +2 h; Tay7P.o,
temperature during dormancy is 17°C, day-length during growth period is natural day-length in Wendeng - 2 h. The results are expressed as mean n value SD (n = 3). The differences
between a¥ data were siatistically significant at p < 0.05.
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Initiation date  Percentage (%) Dry weight (g) ~Flowering date ~ Percentage (%) Dormant date  Growth days  Dry weight (g)
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Note: CK1, simulated the temperature and photoperiod in Wuchang; CK2, simulated the temperature and photoperiod in Wendeng; TsP.., temperature during dormancy is 5°C, day-
length dluring growth period s natural day-length in Wendeng +2 h; TsP.o, temperature during dormancy is 5°C, day-length curing growth period is natural day-length in Wendeng - 2 h;
TyP. temperature cluring dormancy is 17°C, day-length during growth period is natural day-length in Wendeng +2 h; TP, temperature during dormancy is 17°C, day-length during
growth period's natural day-length in Wendeng 2 h; Ts/17P.., temperature during dormancy is 5/17°C, day-length during growth period is natural day-length in Wendeng +2 h; Ts/izP.2,
temperature during dommancy is 17°C, day-length during growth periodiis natural dey-length in Wendeng - 2 h. The results are expressed as mean n value + SD (n =3). The differences
between a¥ data were siatistically sigrificant at p < 0.05.
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Principal component PC1 (temperature) heat factor  PC2 (sunshine) light factor  PC3 (water) water factor  PC4 (geography) geographical

factor
Trin Jan (C) 0.853 -0.440 -0.177 0063
Tave Jan (C) 0.827 -0.323 -0.052 0.064
Trvax Jul (C) 0.567 -0.257 -0.168 0221
Tavo Jul (C) 0.636 -0.222 -0.126 0173
Toum AN (C) 0.805 -0.308 -0.275 -0.036
Tave AN (C) 0.856 -0.389 -0311 -0.036
DL Sprouting (h) -0327 0664 -0.057 -0.193
DL Flowering (n) -0227 0.564 -0.039 -0.282
DL Ann () -0289 0553 0.147 0031
Soum Pre-flowering (h) -0.336 0.703 -0.044 -0.079
Seum AN () -0350 0818 0.231 -0.236
RH Ann (%) -0331 -0213 0.667 0021
P Ann (mm) -0.129 -0.168 0.646 0243
Longitude (E) -0272 0.185 0.231 0352
Latitude (N) -0379 0.298 0.067 0649
Alttude (m) -0022 -0.205 0.239 0315
Variance contribution (%) 46.777 77.046 85414 93.056

Note: T,pip Jan, minimurm temperature in January; T Jan, average temperature in January; TrnaxJul, maximum temperature inJuly; Ty, average temperature in July; Toum Ann, annual
cumulative temperature; Ta,e Ann, annual average temperature; DL Sprouting, average day-length during sprouting DL Flowering, average day-length during flowering; DL Ann, annual
average day-length; Scum Pre-flowering, cumulative sunshine hours before flowering; Soum Anin, annual cumulative sunshine hours; RH Ann, annual average air relative humidity; P Ann,
annual average precipitation.
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Environmental factors Wendeng

Temperature Tiia Jan (C) -852
Tave Jan (C) -2.00
Tonax Jul (C) 3120
Tave Jul (C) 2350
Teun AN (C) 400260
Tave Ann ('C) 1220
Sunshine DL Sprouting (n) 1331
DL Flowering (h) 14.056
DL Am (h) 1285
Seum Pre-flowering (h) 195.60
Seum AN (h) 228930
Water RH Ann (%) 7498
P Ann (mm) 602.10
Geography Longitude () 12213
Latitude (N) 37.23
Alitude (m) 45.00

Wuchang

-26.00
-19.50
29.00
21.80
2523.10
5.20
1454
1543
1497
237.50
2491.30
61.86
589.20
127.11
4455
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Ningan

-23.00
-18.20
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306.20

Tonghua

-21.90
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22,60
2617.20
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14.76
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219.80
2369.60
65.03
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125.88
41.20
172.10

Changbai
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22.80
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5.80
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2342.50
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41.43
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Liuba

-4.20
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Huairou
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2838.10
1050
13.12
14.82
12.14

191.20

2421.1
51.32

698.70

116.42
40.19

263.60

Note: s Jan, minimurm temperature in January; Tave Jan, average temperature in January; TrmaxJul, maximum temperature in July; Tave Jul, average temperature inJuly; Teum Ann, annual
cumulative temperature; T Ann, annual average temperature; So,m Ann, annual cumulative sunshine hours; DL, sprouting, average day-length during sprouting; DL Flowering, average
dlay-length dluring flowering; DL Ann, annual average ay-length; Seum Pre-flowering, cumulative sunshine hours before flowering; RH Ann, annual average air reative humicity; P Ann,

annual average precipitation.
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