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Abstract: Rhododendron species are typical calcifuges that do not grow well in calcareous soils char-
acterized by alkaline pH and high concentrations of Ca2+. In this study, we investigated the effects 
of three pH levels and a Ca2+ treatment on the in vitro germination and seedling growth of three 
Rhododendron species: R. chihsinianum, R. fortunei, and R. vernicosum. Alkaline pH had no significant 
effect on germination parameters (gMAX, mean germination time and germination uniformity) but 
significantly increased abnormal leaf development (AL) and mortality in all three species. Adding 
extra Ca2+ reduced the mean germination time for R. vernicosum. The negative influence of alkaline 
pH on seedlings was already visible on the second day of treatment as measured by chlorophyll 
fluorescence imaging parameters (Fv/Fm and ΦPSII) on R. fortunei. Extra Ca2+ alleviated the negative 
effect of alkaline pH and increased Fv/Fm 41 days after seed germination in R. fortunei and R. 
chihsinianum and reduced mortality for all three species. In conclusion, alkaline pH mainly influ-
enced seedling development and growth but not the germination process itself. Chlorophyll fluo-
rescence imaging can be an efficient way to perform high-throughput in vitro screening of Rhodo-
dendron seedlings for alkalinity tolerance. 

Keywords: Rhododendron; pH; calcium; germination; leaf chlorosis; mortality;  
chlorophyll fluorescence imaging 
 

1. Introduction 
Rhododendron is one of the largest plant genera with nearly 1000 species, of which 571 

occur in China [1]. Abundant genetic variation exists due to either introgression through nat-
ural hybridization [2,3] or controlled cross-breeding [4]. Rhododendrons are cultivated glob-
ally, but their garden applications are mainly restricted to native or amended acidic soils be-
cause of their low tolerance to calcareous soil conditions. They are typically calcifuges (lime 
intolerant) plants, which prefer soils between pH 4.5–6.0 and cannot grow well on lime/cal-
careous soils [5]. Bicarbonate ion toxicity and iron deficiency have both been described as det-
rimental to calcifuge plants. Soils with a high lime content may contain high bicarbonate 
(HCO3−) concentrations in their soil solution. This can inhibit cell elongation and thus root 
length in non-adapted calcifuges and disrupt the ion uptake [6]. A recent study reported that 
the high pH linked to the strong buffering capacity of HCO3- is the key factor that determines 
whether calcifuge Lupinus species can survive in calcareous soils [7]. 

The root–soil interface (root exudates, rhizosphere microorganisms, and mycorrhi-
zae) also plays an important role in the mineral nutrition of lime-intolerant plants [8–10]. 
The solubility of Fe oxides is exceedingly low above neutral pH; therefore alkaline soils 
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have low plant-available iron which will lead to iron deficiency chlorosis in Rhododendron 
and finally plant death [11]. Higher plants employ rhizosphere acidification as a strategy 
to reduce Fe(III) and subsequent uptake of Fe(II) [12,13]. Therefore lime intolerance has often 
been related to the inability of plants to solubilize adequate amounts of Fe from high pH soils 
or an inability to retain Fe as an active metabolite in plant tissues [14].  

High levels of calcium as such do not suppress Rhododendron growth [15]. The major 
factor limiting Rhododendron growth in calcareous soils is the increase in pH, rather than 
an increase in the concentration of calcium ions [16]. Ca2+ controls diverse intracellular 
processes and impacts nearly every aspect of cellular life [17]. Ca2+ is involved in the reg-
ulation of plant responses to both biotic and abiotic stress. Cytosolic free calcium is central 
to the response to these stresses although its role is hardly investigated concerning nutri-
ent deprivation or alkaline stress [18]. Kerchev et al. [19] reviewed priming agents that are 
used to trigger natural defense mechanisms in plants including pretreatment of crops with 
calcium. In addition in Rhododendron, an exogenous leaf application with calcium chloride 
effectively alleviates chlorophyll decline under heat stress [20].  

Contrary to most of the members of this genus, some rhododendrons can thrive in 
alkaline soils. Rhododendron species surviving in limestone habitats have recently been de-
scribed [21]. In addition, Wang et al. [22] proposed a list of lime-tolerant Rhododendron 
taxa based on geocoding of herbarium species in locations with the topsoil pH above 7.2 
and CaCO3 > 2%. Although it has been suggested that rhododendrons achieve this adap-
tation through high pH avoidance mechanisms, other research suggests that they are in 
fact lime-tolerant species with roots penetrating calcareous soils and growing in the same 
locations as other native calcicole taxa [5].  

Increased abiotic stress tolerance can be gained through natural or artificial selection 
[23]. Seed germination and early seedling growth are the most sensitive stages for abiotic 
stress conditions in the majority of plant species [24]. In vitro seed germination can be 
useful for speeding up the breeding cycle by improving germination percentage, shorten-
ing germination time, and enhancing seedling growth [25]. It is also helpful for setting up 
a standardized bio-assay where adding a stress factor to the germination medium could 
help to select more tolerant genotypes. Combining this approach with non-invasive 
screening methods could help to select the desired traits. Chlorophyll fluorescence imag-
ing (CFI) is a powerful and fast technique to detect stress at the plant level. It can also 
determine the intra-plant variation and can be used in high-throughput phenotyping sys-
tems [26,27]. CFI has been increasingly used for screening tolerant genotypes as well as 
sensing and early detection of biotic or abiotic stress [28–31]. 

The availability of more lime-tolerant Rhododendron genotypes would broaden the 
market due to a reduced need for soil amendment if they are used as rootstocks or as an 
interesting gene pool in breeding programs. In this respect, Rhododendron species surviv-
ing in habitats with lime soil are valuable genetic resources for breeding for lime tolerance 
[22]. 

The objectives of our study were (1) to investigate the effects of bicarbonate/high pH 
on germination and early seedling growth of three Rhododendron species R. fortunei, R. 
vernicosum, and R. chihsinianum in light of their different lime tolerances. In their natural 
habitats in China, the topsoil for both R. fortunei and R. vernicosum ranges from me-
dian/upper quartile values of 6.5/7.8 and 6.5/8, respectively, while lower pH ranges were 
found for R. chihsinianum (pH 5/6.5) [22]; (2) to investigate if exogenous calcium supply 
protects rhododendrons from the adverse effects of alkaline stress; and (3) to develop a 
high-throughput phenotyping method for screening of tolerant genotypes at seedling 
stage using chlorophyll fluorescence imaging.  
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2. Materials and Methods 
2.1. Plant Materials 

Seeds of R. fortunei, R. vernicosum, and R. chihsinianum were collected in November 
2016 from Lushan Botanical Garden (29° 51′ N，115° 59′ E), Chinese Academy of Sciences, 
Jiujiang, China, and stored at room temperature.  

2.2. Culture Media 
Two media based on the Anderson medium [32] were used, one for seed germination 

(Exp 1 and 3) and one for the seedling response (Exp 2). 
The seed germination medium: 2 g L−1 Anderson’s Rhododendron (Duchefa, The Neth-

erlands), 30 g L−1 sucrose, and 6 g L−1 agar (International Diagnostics Group plc, Lanca-
shire, UK) were dissolved in distilled water, and pH was adjusted to 5.4 before autoclav-
ing. The Anderson medium contains 2.99 mM CaCl2. After autoclaving, the pH of the me-
dium was adjusted to three different pH levels by adding NaHCO3 and to two calcium 
levels by adding CaCl2.2H2O using filter sterilization (Table 1). The medium was poured 
into Petri dishes (diameter 5 cm). After solidification, the pH of one randomly selected 
Petri dish per treatment was determined using a flat pH electrode (pH meter MU6100L, 
pH electrode SF113, VWR, Darmstadt, Germany). A second pH measurement was per-
formed at the end of the experiment, measuring all plates. 

After the preparation of the media, the germination tests were set up in six treatments 
with three initial pH levels measured on the solidified medium: acidic (5.6~5.7), neutral 
(6.72~6.74), alkaline (7.3~7.5), and two Ca levels (control and supplemental 3.4 mM Ca) 
(Table 1).  

Table 1. Experiment 1: Overview of the medium pH after autoclaving at the start of and after 90 days 
(end of the experiment). The pH of the media decreased by around 1 unit, but the pH gradient was main-
tained. Treatment 1 is the control medium for seed germination and seedling development. 

Treatment NaHCO3 CaCl2·2H2O pH 
 (mM) (mM) Day 0 Day 90 (Mean ± SE, n = 4) 

1 Acidic 0 0 5.7 * 4.5 ± 0.06 
2 Neutral 2 0 6.7 5.5 ± 0.04 
3 Alkaline 10 0 7.5 7.0 ± 0.08 

4 Acidic + Ca2+ 0 3.4 5.6 4.4 ± 0.03 
5 Neutral + Ca2+ 2 3.4 6.7 5.3 ± 0.07 
6 Alkaline + Ca2+ 10 3.4 7.3 6.3 ± 0.18 

(*) pH before autoclaving was 5.4; autoclaving resulted in a small pH increase based on the pH 
measurement of the solidified medium. 

The medium for seedling response: 2 g L−1 Anderson’s Rhododendron, 30 g L−1 sucrose, 
1 mg L−1 IAA, 4 mg L−1 2-IP, and 7 g L−1 agar were dissolved in distilled water, with pH 
adjusted to 5.4. After autoclaving, the medium was added to sterile 24-well plates with 1 
mL medium per well. To determine the initial pH after solidification, the medium was 
also poured into Petri dishes (diameter 5 cm) to measure the pH, and at the end of the 
experiments, the pH of the media was measured in all the well plates using a pH meter 
MU6100L as mentioned above. 

2.3. In Vitro Growing Conditions 
For all three experiments, plants were kept in a growth chamber at 21 °C and were 

placed on a bottom cooling system set at 19.5 °C to avoid condensation in the plates. A 16 
h photoperiod with a photon flux density (PPFD) of 50 μmol·m−2·s−1 was provided by cool-
white fluorescent lamps. 
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2.4. Experimental Setup 
2.4.1. Experiment 1 

In March 2017, the 4-month-old stored seeds of R. fortunei were sown in vitro on the 
germination media (Table 1) with 25 seeds per dish and 4 repeats per treatment. Before 
sowing, seeds were surface sterilized for 1 min in 70% ethanol, 15 min in sodium hypo-
chlorite (1% bleach), then rinsed in sterile distilled water for 1, 5, and 10 min, respectively. 

2.4.2. Experiment 2 
In July 2017, seedlings in the first true leaf stage were selected for uniformity from 

the treatment: acidic + Ca2+ (the highest seedling quality of experiment 1) and transplanted 
into 24-well plates filled with the seedling response medium. After acclimation for 25 
days, 4 pH treatments were applied using NaHCO3 (see Table 2). For each treatment, 16 
repeats (4 wells × 4 plates) were performed. The pH of the medium in all wells was meas-
ured at the end of the experiments (21 DAS). 

Table 2. Overview of the bicarbonate treatments in experiment 2 and medium pH 21 days after the 
start of the treatment (21 DAS). (Mean ± SE, n = 16). 

pH Before  
Autoclaving 

Treatment 
(0.1 mL/well) 

Target HCO3− (mM) 
in the Medium pH at 21 DAS 

5.4 distilled H2O 0 6.2 ± 0.05 
5.4 50 mM NaHCO3 4.5 7.0 ± 0.02 
5.4 150 mM NaHCO3 13.6 8.2 ± 0.05 
5.4 250 mM NaHCO3 22.7 8.9 ± 0.02 

2.4.3. Experiment 3 
In August 2017, 9-month-old stored seeds of R. fortunei, R. vernicosum, and R. 

chihsinianum were sterilized as described in experiment 1 and sown on the 6 germination 
media (see experiment 1) with 25 seeds per dish and 5 dishes per treatment. The steriliza-
tion protocol was the same as in experiment 1. 

2.5. Measurements 
2.5.1. Germination and Seedling Growth (Experiments 1 and 3) 

Seeds with radicle emergence ≥ 1 mm were considered germinated, and the number 
of germinated seedlings was daily recorded. Maximum germination (gMAX), mean germi-
nation time (MGT), and the time between 25% and 75% germination (uniformity) were 
calculated using the curve fitting module of ‘Germinator’ [33].  

The number of seedlings with open cotyledons (CO) and abnormal cotyledon/leaf 
morphology (AL; yellow or discolored) were recorded daily up to two months after sow-
ing in experiment 1 and experiment 3. The number of seedlings with true leaves (TL) and 
mortality were recorded daily up to three months after sowing in experiment 1 and ex-
periment 3. 

2.5.2. Chlorophyll a Fluorescence Imaging (Experiments 2 and 3) 
Chlorophyll a fluorescence images were obtained using a FluorImager chlorophyll 

fluorescence imaging system (Technologica Ltd., Colchester, UK). Before the experiment, 
a preliminary study was performed to determine the optimal protocol for acquiring ki-
netic chlorophyll fluorescence images. The maximum quantum efficiency of the photosys-
tem II (Fv/Fm) was measured after 20 min of dark adaptation using a saturating light pulse 
with a photosynthetic photon flux density (PPFD) of 6000 μmol m−2 s−1 for 1 s. Plantlets 
were exposed to actinic light of 40 μmol m−2 s−1 from then on. Saturating flashes were ap-
plied every 30 s six times, and the effective quantum efficiency of PSII (ΦPSII) after 3 min 
of light adaption was used for data analysis. In experiment 2, chlorophyll fluorescence 
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images were analyzed from day 0 (the day before the treatment) to day 10 at daily inter-
vals and finally at day 21 through closed lids of the 24-well plates. In experiment 3, chlo-
rophyll fluorescence images were taken at 41 (seeds germinated and cotyledons visible) 
and 61 days after placing the seeds on the media through the closed lids of the Petri dishes. 
The same variables were evaluated in experiments 2 and 3. 

2.6. Statistical Analysis 
All statistical tests were performed in SPSS Statistics Software 25.0 (SPSS, Chicago, 

IL, USA). The homogeneity of variances was tested by Levene’s test (p = 0.05). Data were 
analyzed using one-way or two-way ANOVA, followed by Tukey’s HSD test (p = 0.05). 
The non-parametric Kruskal–Wallis analysis was used for the main effects (pH or Ca2+) 
when heteroscedasticity of variances was present, followed by the Mann–Whitney U test 
with Bonferroni correction (p = 0.05). 

3. Results 
3.1. Experiment 1 

The seeds of R. fortunei started to germinate 12 days after sowing, and germination 
continued until day 35 (Figure S1). The pH had no significant effect on the germination 
kinetics as assessed by gMAX, MGT, and uniformity (Table 3). The germination rate was 
high (>74%), and the mean germination time (MGT) varied between 17–19.5 days (Table 
3). Adding extra Ca2+ significantly increased MGT (p < 0.01). Only for germination uni-
formity, a significant interaction between pH and Ca2+ (p < 0.05) was present (Table 3).  

The cotyledons began to open around day 21 up to day 40. The true leaves emerged 
around day 38 in media with extra Ca2+ and day 41 without extra Ca2+ (Figure S1). The 
development of cotyledons (CO) and true leaves (TL) was not influenced by pH, but an 
alkaline pH had a highly significant effect on the occurrence of yellow cotyledons/leaves 
(AL) (p < 0.001) and seedling mortality (p < 0.01). Around 25 days after germination (day 
60 of the experiment), seedlings in the alkaline medium had a high rate of AL (43.6%) with 
no AL noted in acidic and neutral medium. One month later (day 90), a high percentage 
of these seedlings died leading to 39.5 % mortality for the alkaline medium, while hardly 
any seedling loss was noted for the acidic (0.6%) and neutral (1.1%) medium (Table 3).  

Extra Ca2+ did not significantly affect CO, AL, and mortality, although for CO and mor-
tality, a tendency to lower losses is present. In contrast, extra Ca2+ significantly (p < 0.05) re-
tarded the development of true leaves compared to media without extra Ca2+ (Table 3). No 
interaction between pH and Ca2+ was found for the seedling performance parameters. 
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Table 3. Effects of pH and additional 3.4 mM Ca2+ on maximum germination (gMAX), mean germi-
nation time (MGT), the time between 25% and 75% germination (uniformity), and on seedling de-
velopment and mortality expressed as a percentage of the number of germinated seeds (CO—open 
cotyledons, TL—true leaves, AL—abnormal cotyledons or leaves) in Rhododendron fortunei. All val-
ues are mean ± SE, n = 8 for pH, n = 12 for Ca2+. 

 Germination Parameters on Day 35 Seedling Performance on Day 60 
Seedling Performance on 

Day 90 

 gMAX (%) MGT (Day) 
Uniformity 

(Day) CO (%) TL (%) AL (%) TL (%) Mortality (%)  

pH         
Acidic 74.0 ± 5.8 17.7 ± 0.5 6.2 ± 0.4 96.5 ± 1.3 18.6 ± 5.0 0.0 ± 0.0 b 37.0 ± 5.2 0.6 ± 0.7 b  

Neutral 77.5 ± 5.7 18.2 ± 0.7 5.2 ± 0.7 98.1 ± 0.9 24.7 ± 5.4 0.0 ± 0.0 b 49.0 ± 6.6 1.1 ± 0.7 b  
Alkaline 77.5 ± 7.0 18.5 ± 0.6 5.6 ± 0.5 98.7 ± 0.8 34.0 ± 5.6 43.6 ±10.7a 47.6 ± 4.0 39.0 ± 9.4 a  

Ca2+         
0 78.7 ± 4.8 16.8 ± 0.4 5.5 ± 0.5 97.1 ± 0.9 31.7 ± 4.5 18.2 ± 7.8 51.7 ± 4.9 19.3 ± 8.2 

3.4 mM 74.0 ± 5.1 19.5 ± 0.3 5.9 ± 0.4 98.4 ± 0.6 19.8 ± 4.0 10.8 ± 7.8 37.4 ± 2.9 10.9 ± 6.9 
Anova         

pH ns ns ns ns ns *** ns ** 
Ca2+ ns ** ns ns * ns * ns  

Interaction ns ns * ns ns ns ns ns 
ns, *, **, or *** indicate non-significant or significant effects at p < 0.05, 0.01, or 0.001 according to a 2-way 
ANOVA or a non-parametric Kruskal–Wallis analysis (AL and mortality); a, b denote significant differ-
ences according to Tukey’s HSD test or the Mann–Whitney U test (AL and mortality) (p = 0.05). 

3.2. Experiment 2 
Chlorophyll a fluorescence images were measured for 21 days (Figure 1). Fv/Fm of the 

control R. fortunei seedlings was relatively steady and ranged from 0.519 ± 0.022 before 
the start of the treatment to 0.525 ± 0.015 on day 21 (Figure 2). However, alkaline pH neg-
atively influenced Fv/Fm soon after the start of the treatment, with values (mean ± SE) de-
creasing from 0.539 ± 0.025 to 0.294 ± 0.042 at pH 8.2 and from 0.470 ± 0.022 to 0.244 ± 0.045 
at pH 8.9 on day 1 and day 21, respectively (Figure 2). The negative effects of an alkaline 
pH were already present after two days for pH 8.9 and after three days for pH 8.2 (Figure 
2). Six days after the start of the treatments, Fv/Fm remained significantly low and stable 
in both pH 8.2 and 8.9. Fv/Fm of seedlings under neutral pH tended to a slight but non-
significant decrease compared to the control. Box plots (Figure 3) indicate that at day 21 
the median for Fv/Fm decreased, and as pH increased, higher variability in the seedling 
population was observed, including an increasing number of outliers. 

The ΦPSII of the seedlings decreased from 0.393 ± 0.012 to 0.339 ± 0.013 in the control 
and from 0.384 ± 0.008 to 0.306 ± 0.012 at pH 7.0 on day 1 and day 21, respectively. How-
ever, during this period the ΦPSII decreased rapidly from 0.390 ± 0.013 to 0.230 ± 0.023 at 
pH 8.2 and from 0.359 ± 0.009 to 0.212 ± 0.032 at pH 8.9 (Figure 4). Starting from day 2, the 
ΦPSII at pH 8.9 was significantly lower than the control (Figure 4). Four days after the start 
of the treatments, both alkaline pH treatments showed a significantly lower ΦPSII than the 
control and the neutral pH. The ΦPSII at pH 7.0 did not differ from the control at any of the 
recorded time points (Figure 4). 
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Figure 1. Dynamics of Fv/Fm over time for four R. fortunei seedlings subjected to increasing pH treat-
ments (control – pH 6.2, pH 7.0, pH 8.2, pH 8.9). For days 0 and 21, RGB images are shown. Values 
in the upper left corner of the chlorophyll fluorescence images are the projected area in pixels and 
the mean Fv/Fm of the seedling in the well. 
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Figure 2. Time series of Fv/Fm (mean ± SE) of R. fortunei seedlings in response to different pH treat-
ments. Different lower-case letters denote significant differences within a day according to Tukey’s 
HSD test (day 0–3) or the Mann–Whitney U test (day 4–day 21) at p = 0.05. 

 
Figure 3. Box plot showing Fv/Fm in response to different pH levels 21 days after the start of the 
treatment of R. fortunei seedlings (n = 16) (Exp 2). 
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Figure 4. Time series of ΦPSII (mean ± SE) of seedlings in the treatments of control (pH 6.2), pH 7.0, 
pH 8.2, and pH 8.9 from day 0 (before the treatment) until day 21. Different lower-case letters denote 
significant differences within a day according to Tukey’s HSD test (day 0–day 20) or the Mann–
Whitney U test (day 21) at p = 0.05. 

3.3. Experiment 3 
In all six treatments, acidification of the media occurred during the experiment of all 

three species (Table S1), but between treatments, pH differences were maintained. The 
acidification of the initial neutral pH of 6.8 resulted in a lower pH (5.3 to 5.8) at day 92, for 
the initial alkaline pH a change to neutral pH (6.8 to 7.3) was observed, and for the acidic 
pH of 5.6 a change to 4.3 to 4.5. 

The seeds of three Rhododendron species started to germinate around 14 days after 
sowing, and germination continued until day 41. Then gMAX, MGT, and uniformity were 
calculated. For all three species, pH did not significantly affect the germination parame-
ters (gMAX, MGT, and uniformity) and two seedling parameters (CO and TL) (Table S1). 
The germination of R. fortunei was high (gMAX 68–73%) and similar to experiment 1, but 
the 2 other species had a relatively low germination rate (gMAX 30–40%). Yet MGT did not 
differ between the species and averaged 21.3 days, nor did the uniformity of germination 
(6.7 days between 25–75% germination) differ. However, AL and mortality (p < 0.001) did 
significantly increase in the alkaline medium. 

Supplementing 3.4 mM extra Ca2+ resulted in a species-dependent effect (Table S2). 
The germination (gMAX) was not affected in R. chihsinianum and R. vernicosum, but extra 
Ca2+ increased gMAX by 10% for R. fortunei (p < 0.05). Mean germination time decreased 
significantly by 2.5 days (p < 0.001) for R. vernicosum but not for the other species. Alt-
hough MGT was not affected for R. fortunei, a significant (p < 0.01) higher uniformity of 
germination was noted with extra Ca2+; it took 5.6 days between 25% and 75% germination 
of seeds compared to 7 days if no extra Ca2+ was given. 

Cotyledon (CO) and leaf development (TL) was not influenced by extra Ca2+. Overall, 
extra calcium did reduce leaf yellowing (AL) and mortality significantly for R. fortunei but 
not for the other species. However, a significant interaction (p < 0.01) between pH x Ca 
was found for mortality for all three species. Adding calcium to the alkaline medium re-
duced the mortality for all species, but this decrease was strongly present for R. fortunei 
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(Table S2). The mortality in alkaline medium with extra Ca2+ ranged from 5.6% for R. for-
tunei to 26.7% for R. chihsinianum and 34.4% for R. vernicosum. If no extra calcium was 
given, the mortality in the alkaline medium ranged from 50.8% for R. fortunei to 52.8% for 
R. chihsinianum and 72.7% for R. vernicosum (Figure 5). 

 
Figure 5. Mortality of three Rhododendron sp. at different pH and with/without additional calcium. 
Mean ± SE, n = 5—a,b indicate significant differences according to Tukey’s HSD test for each pH 
level. 

The functioning of the photosynthetic apparatus was investigated by CFI (Table S2, 
Figures 6 and 7). An alkaline medium pH resulted for all three species on day 41 and day 
61 in a significant decrease of both Fv/Fm and ΦPSII (p < 0.001) (except for R. chihsinianum 
only a negative trend was observed for ΦPSII on day 61) (Table S2). Extra Ca2+ significantly 
enhanced Fv/Fm on day 41 in R. chihsinianum and R. fortunei, but this initial positive effect 
was gone on day 61. Extra Ca2+ did not affect ΦPSII. A significant interaction between pH 
and extra Ca2+ was observed for R. chihsinianum and R. vernicosum, whereby the effect of 
calcium is limited at pH 5.6 and 6.8 but significant (or strong tendency) at pH 8 (Figure 7). 
It is also clear that Fv/Fm does not differentiate between the species for a given pH and Ca2+ 
level (Figure 7). 
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Figure 6. RGB images and Fv/Fm images on day 41 of R. fortunei in 6 treatments (acidic, neutral, 
alkaline, acidic + Ca2+, neutral + Ca2+, alkaline + Ca2+). Values in the upper left corner of the chloro-
phyll fluorescence images are the projected area in pixels and mean values of Fv/Fm of all seedlings 
in one petri dish. 
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Figure 7. Fv/Fm of three Rhododendron sp. at different pH and additional calcium at day 41. Mean ± 
SE, n = 5—a,b indicate significant differences according to Tukey’s HSD test for each pH level. 

4. Discussion 
Rhododendron is generally known as a calcifuge that prefers moderate acidic soil. 

Nonetheless, intra-species variation in tolerance to alkaline soils exists in this genus as 
shown in the study of Wang et al. [22]. Although in many regions soil salinization and 
alkalinization co-occur, we focus here on the reaction of three Rhododendron species to high 
pH (alkaline stress) during their early stages of development. Two of the studied species, 
R. fortunei and R. vernicosum, were reported to be less sensitive to calcium carbonate [34] 
or high pH [22,35]. Furthermore, R. fortunei was considered to be a promising species in 
breeding for lime-tolerant rhododendrons [36] and is one of the parents of the lime-toler-
ant INKARHO® rootstocks developed in Germany [37].  

The seed germination of the three Rhododendron species was not affected by pH as 
shown by the in vitro germination experiments (Tables 3 and S2). The speed of seed ger-
mination depends on the speed of water uptake. The applied alkaline stress of 10 mM 
NaHCO3 (pH 7.3–7.5) did not inhibit water uptake. In addition, Yu et al. [38] found no 
negative effects of an alkaline stress concentration of 30 mM NaHCO3 on the germination 
rate of common bean, while 60 mM NaHCO3 delayed the germination. 

Once germination took place and the roots started to absorb nutrients, the first ad-
verse effects of high pH on seedling development appeared. The higher pH of the alkaline 
medium may have seriously reduced the availability of mineral nutrients (precipitation) 
or loss of root function (absorption), leading to a higher percentage of leaf yellowing (AL). 
These AL seedlings were not able to survive for a longer period in the alkaline medium 
as indicated by high mortality at day 90 (Tables 3 and S2). Yet, mortality differences be-
tween the species were not very pronounced (Figure 5, Table S2). This may be due to an 
acidification effect of the roots. Indeed, we found that a pH decrease in the root zone oc-
curred for all tree species towards pH neutral levels though R. fortunei roots tended to 
have a higher adjustment ability (Table S1) and also hardly any mortality if extra calcium 
was added (Figure 5).  

In beans, under alkaline stress of 30–60 mM NaHCO3, Ca2+ ions are closely related to 
alkaline salt tolerance [38], but this effect disappeared at higher concentrations NaHCO3. 
Guo et al. [39] found that wheat under alkali stress (80 mM NaHCO3/Na2CO3—pH 9) en-
hances the Ca2+ content in the roots, and this will trigger the SOS–Na excluding system 
leading to lower sodium accumulation in the shoots and thus leaf damage. In our research, 
an extra 3.6 mM Ca2+ (supplied as CaCl2) counteracted certain adverse effects of a higher 
pH, although differences between species were detected (Table S2). The calcifuge R. 
chihsinianum hardly responded to extra Ca2+ during seed germination and early seedling 
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growth. Extra Ca2+ significantly enhanced the final seed germination (gMAX) and germina-
tion uniformity but did not affect the germination speed (MGT) for R. fortunei. In contrast, 
for R. vernicosum, extra Ca2+ significantly accelerated the germination speed but had no 
obvious effects on the final performance and germination uniformity. Extra Ca2+ alleviated 
the negative influence of the alkaline pH on the young seedling performance of R. fortunei 
as shown by the reduced leaf yellowing and lower mortality in both experiments. Given 
these differential responses, the absorption mechanism of the cations in the three cultivars 
deserves further investigation. The exogenous application of CaCl2 also alleviated the 
heat-induced growth reduction of Rhododendron ‘Fen Zhen Zhu’ [20].  

High pH inhibits the uptake of iron and magnesium, both needed for the biosynthe-
sis of chlorophyll and thylakoid proteins, which will result in leaf chlorosis. A high pH in 
the root apoplast could also restrict Fe3+ reductase activity and affect its translocation to 
the leaves [40]. Demasi et al. [41] showed that in Rhododendron spp. Fe deficiency tolerant 
and sensitive genotypes were distinguishable based on their ferric chelate reductase ac-
tivity. Leaf chlorosis developed indeed in the alkaline treatments and for all three species 
(Tables 3 and S2). Furthermore, iron is directly involved in electron transport from PSII to 
PSI. Alkaline stress will not only affect chloroplast turnover but also induce ROS produc-
tion which will affect photosynthesis [42]. For the small plantlets in our experiment, chlo-
rophyll a fluorescence imaging was an effective tool to detect the negative effects of in-
creased pH on the photosynthetic machinery. When healthy seedlings in the first true leaf 
stage were transferred to media with increasing pH (Experiment 2), pH stress could al-
ready be detected on the second day in the form of a decrease in Fv/Fm and ΦPSII. In addi-
tion, in Lupinus species, Fv/Fm was lower at pH 8 than at pH 5 and 6.5 [43]. The possibility 
of high-throughput analysis is one of the essential advantages of CFI, which was created 
for automatic, faster, and more accurate measurements [26,29,44–46]. In addition, a quan-
titative image with spatial and temporal information across a sample area in leaves or on 
the whole plant derived from CFI measurement allows for a more accurate evaluation of 
the dynamics of (a)biotic stress propagation in an individual sample compared to previ-
ous methods [47]. CFI also makes it possible to determine fluorescence kinetics at an early 
stage at a time when leaves are too small to use portable fluorescence equipment. In this 
study, the Fv/Fm images and data from CFI show clear variations under high pH stress 
(Figures 2 and 4), which is useful for CFI-assisted selection of tolerant phenotypes. Addi-
tionally, our CFI measurements were conducted without opening the lids of the plantlets’ 
containers, thus maintaining their sterile environment. This allowed for subsequent in 
vitro manipulation and multiplication of selected individuals.  

An RGB image analysis system to phenotype the development of Rhododendron seed-
lings and to evaluate the effects of elevated pH on seedling growth was investigated by 
[48]. In their experiments, seedlings were grown in soilless media with pH levels of 5.7, 
7.0, and 7.5 obtained by adding different amounts of CaCO3. Seedlings were subsequently 
photographed to assess the effects of liming treatments on seedling leaf area and leaf hue 
values. Our CFI method is therefore a more efficient approach, as we were able to monitor 
the direct effect of the stress treatment on the photosynthetic capacity of the seedling.  

Demasi et al. [11] could differentiate 11 Rhododendron genotypes in a susceptible, tol-
erant, and intermediate group by scoring leaf damage, root length variation, and mortality 
rate of plants in a hydroponic experiment and addition of NaHCO3. Preil et al. [34] applied 
an in vitro screening method in a medium with a high concentration of Ca2+ and an opti-
mal pH of 5.7 to identify lime-tolerant seedlings in crossing populations of Rhododendron. 
In the current study, we demonstrate that the applications of an in vitro screening method 
in a medium with high pH combined with chlorophyll a fluorescence imaging 41 days 
after sowing allowed us to quickly identify potentially tolerant seedlings. In the seedling 
populations of the three tested Rhododendron species, variation in stress tolerance was ob-
served, and variation increased at higher pH (see Figure 3 for R. fortunei). This indicates 
that genetic variations are present among different species and within the population of 
specific species and that selection for pH tolerance might be possible using this high 



Horticulturae 2022, 8, 823 14 of 16 
 

 

throughput phenotyping method. Despite the potential to select tolerant individuals, our 
study could not discriminate between the three studied species based on CFI but was able 
to detect the positive effects of extra Ca2+ on Fv/Fm at high pH. Similarly, exogenous Ca2+ 
alleviates photo-inhibition of PSII in peanut leaves during heat stress under high irradi-
ance [49]. 

5. Conclusions 
Acidic and neutral pH do not affect germination kinetics, but alkaline pH results in 

higher mortality and abnormal leaves. Alkalinity also inhibits the seedling growth of Rho-
dodendron species. Exogenous Ca2+ can alleviate the negative effects of high pH on seedling 
mortality in the three studied species but was more effective in suppressing mortality for 
the alkaline tolerant R. fortunei.  

Chlorophyll fluorescence imaging is an effective probe for detecting the effects of 
alkaline stress and Ca on Rhododendron seedlings in vitro. High spatial heterogeneity of 
CFI for small seedlings allows high-throughput screening of tolerant genotypes at an early 
stage. As the CFI is measured while keeping the seedlings in a sterile environment during 
the screening process, individual plantlets tolerant to high pH can be easily selected for 
multiplication. Further studies are needed to understand the effects of exogenous Ca2+ on 
different Rhododendron species. 
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imum germination (gMAX), mean germination time (MGT), the time between 25% and 75% germina-
tion (uniformity) (day 41), percentage of seedlings with open cotyledons (CO) and abnormal coty-
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