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Abstract: Apple proliferation (AP) is an economically important disease in many apple-growing
regions caused by ‘Candidatus Phytoplasma mali’ which is spread by migrating psyllid vectors on a
regional scale. As infected trees in orchards are the only inoculum source, the early eradication of
those trees is one of the most efficient strategies to prevent further spread of AP. Remote sensing is
a promising rapid and cost-effective tool to identify infected trees on a regional scale. AP-induced
premature leaf reddening was evaluated as a reliable symptom for remote sensing by monitoring more
than 20,000 trees in 68 different orchards with 20 representative cultivars from 2019 to 2022 in a highly
AP-affected region in Southwest Germany. Specific AP symptoms were almost 100% correlated with
molecular detection of ‘Ca. P. mali’ and these specific symptoms were almost 100% correlated with
leaf reddening. ‘Ca. P. mali’ was detected in 71–97% of trees which showed partial or entire reddening
without any other AP symptom. Experimental and field data showed that reddening was induced
by cold night and warm day temperatures (about 5 ◦C vs. 20 ◦C) in September. Quantification of
the phytoplasma by real-time PCR showed no correlation with the intensity of reddening in the
leaf. PCR-RFLP subtyping revealed no influence of different ‘Ca. P. mali’ strains on the symptom
expression. In conclusion, leaf reddening in late September/early October was a reliable symptom
useful for remote sensing of AP.

Keywords: apple; ‘Candidatus Phytoplasma mali’; disease monitoring; phytoplasma quantification;
phytoplasma subtyping

1. Introduction

Apple proliferation (AP) is one of the economically most important diseases of apple
which is widespread in the temperate climatic zones of Europe and neighboring regions. It
causes undersized fruits with poor fruit quality, rendering them unmarketable, which leads
to major economic losses, e.g., about EUR 100 million in 2001 in Italy [1,2]. The causative
agent of AP is the phloem-limited cell wall-less bacterium ‘Candidatus Phytoplasma mali’, a
member of the phytoplasma 16Sr group X [3]. It is naturally very efficiently transmitted on
a regional scale by two psyllid species: Cacopsylla picta (Förster) and Cacopsylla melanoneura
(Förster 1848) [4]. Long-distance spread can occur by planting latently infected material.

So far, there are no curative treatments against AP. Due to its economic importance,
AP is regarded as a quarantine pest in many countries, and recently ‘Ca. P. mali’ was
classified as a regulated non-quarantine pest (RNQP) in the European Union (EU Regulation
2016/2031). To limit the spread of AP, preventive measures such as insecticide treatments
against the vectors and the uprooting of infected trees are applied. In some heavily affected
apple-growing regions like in Italy, the uprooting of infected trees and chemical control
of insect vectors are mandatory [5]. Since the implementation of these measures in the
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Province of Trento in 2006, the AP infection rate decreased rapidly. However, monitoring
of AP on a regional scale as performed by the Phytosanitary Office of the Province of
Trento is laborious, time-consuming and expensive. It relies on the visual inspection of
typical symptoms of AP such as witches’ brooms and enlarged stipules [1]. Although the
expression of these symptoms varies from year to year influenced by climatic conditions,
they are on their own highly indicative for an AP infection. In a previous study in Germany,
we found an almost 100% correlation of one of these symptoms with the PCR detection
of ‘Ca. P. mali’ [6]. However, enlarged stipules are difficult to determine as they vary
from cultivar to cultivar and are, thus, often overlooked. In addition, there are some more
easily detectable secondary symptoms like stunted shoot branches, undersized fruits and
leaf reddening. In the past, these symptoms were regarded as less specific because they
might be caused also by mechanical tree damage, fungal infections or certain physiological
conditions [5]. However, the simultaneous occurrence of two or more of these symptoms is
considered a reliable indicator of AP infection [5,7]. A definitive diagnosis of an infection
can only be achieved by molecular means [8]. Various PCR detection protocols of the causal
pathogen ‘Ca. P. mali’ are well established [1]. However, molecular diagnosis is labor- and
cost-intensive and can hardly be applied on a large scale.

The use of new technologies in the context of precision agriculture paves the way
for novel approaches for disease mapping of AP. Both satellite- and UAV-based imaging
can be used for monitoring orchards [9,10]. Vegetation indices (VI) are commonly used to
measure plant vitality [11], nutrition [12] and biotic and abiotic stresses [13,14], e.g., the
well-established normalized difference vegetation index (NDVI) uses the reflectance of
red light and near-infrared light and is correlated to biomass [15], leaf area index [16] and
chlorophyll content [17]. Satellite imaging provides high coverage of a growing region
at canopy level with a single image [18], while UAV-based imaging is more flexible and
provides measurements with a significantly higher spatial resolution [19]. AP-induced
reflectance changes due to leaf reddening can be detected using RGB cameras, as they are
visible to the human eye. Multispectral and hyperspectral imaging may yield potentials for
early detection as well as improved discrimination from other stresses [20–22]. However,
focusing on a single symptom requires prior investigation of its significance. In this regard,
we analyzed in the present study whether phytoplasma-induced leaf reddening might be a
suitable symptom for remote sensing of AP. Premature foliar reddening in AP-infected trees
is the consequence of phytoplasma-induced chlorophyll breakdown [23]. The results of
Mittelberger et al. [24] indicate that chlorophyll breakdown in senescent and phytoplasma-
infected leaves proceeds via a common pathway. Zorer et al. [25] identified the anthocyane
cianidin-3-glucoside as the pigment responsible for the AP-induced leaf reddening.

Recently, two different approaches to the use of spectral analyses for the diagnosis of
AP have been reported. Near-infrared (NIR) spectroscopy has been successfully applied
to distinguish AP-infected and healthy apple leaves [8]. However, this is a destructive
approach as it uses dried and ground leaves. It is still lab-based and labor-intensive. Barthel
et al. [26] developed a sensor-based method to distinguish AP-infected from healthy leaves
in the field with a portable spectroradiometer. By analyzing leaf hyperspectral signatures
between 350 and 2500 nm, they were able to identify relevant wavelengths for AP infection.
Zorer et al. [25] made the first attempts to use the specific spectra of leaf reddening for
remote sensing of AP. Progress in customized low-cost UAVs has now made it feasible
to pursue this approach. This strategy has already been successfully applied for airborne
detection of grapevine yellows-infected vine [27,28].

Remote sensing of AP by UAVs has great potential for monitoring larger apple or-
chards or entire apple-growing regions and thus in limiting the spread of AP by early
detection of infected trees. Therefore, remote sensing of AP with drones and satellite
images using hyperspectral data was investigated in parallel to this study [29]. AP-infected
trees could be identified in high-resolution satellite images.

However, as only a symptom but not the pathogen was detected by remote sensing,
the objective of our study was to evaluate the reliability of the premature foliar reddening
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as a marker for AP infection. For this, we investigated different orchards in the highly
AP-infected fruit-growing region of Palatinate in Southwest Germany in four consecutive
years for the occurrence of reddening and its correlation with specific AP symptoms, as well
as with the PCR detection of ‘Ca. P. mali’. The differences between the cultivars in terms
of AP-induced reddening were considered. Since the timing of remote sensing of foliar
reddening is important for specificity, we conducted experiments to induce reddening in
infected plants under controlled conditions.

Numerous studies have addressed the question of how an infection with ‘Ca. P. mali’
alters the phloem physiology and leads to tissue occlusion and callose deposition in the
sieve tubes [30]. It is still poorly understood whether these are direct localized effects due
to the presence of the phytoplasma or more unspecific downstream metabolic changes
in the plant. Therefore, quantitative real-time PCR was applied to test whether the foliar
reddening is directly linked to the phytoplasma concentration in the leaf. Finally, as
different strains of ‘Ca. P. mali’ might induce foliar reddening with different intensities, we
analyzed the genetic phytoplasma variability with PCR-RFLP subtyping [31].

2. Materials and Methods
2.1. Plant Samples

Monitoring of AP was performed in four apple-growing regions of Palatinate in
Southwest Germany in three consecutive years from 2019 to 2022. A total of 68 commercial
apple orchards were monitored with varying intensity, and a total of 5549, 7813, 6377
and 1185 trees were monitored in 2019, 2020, 2021 and 2022, respectively. In order to
find a large number of infected trees, monitoring was focused on older orchards with an
age of 10–50 years. Selected orchards were monitored every year and some several times
within a year from the beginning of September until the end of October. However, most
orchards were observed in the first half of October, when symptoms were most pronounced.
Typical AP symptoms such as witches’ broom and enlarged stipules as well as secondary
symptoms like stunted branches and undersized fruits were recorded. With regard to
reddening symptoms, a distinction was made between leaf reddening of only part of a
tree (partial reddening) and reddening of the entire tree crown. Examples are shown in
Figure 1. A subset of the samples with typical or secondary symptoms was tested by PCR
for infection with ‘Ca. P. mali’. However, the focus of PCR analyses was on trees showing
partial or entire reddening as the only symptom. Table 1 gives a summary of the number of
orchards and trees monitored in each year.
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Figure 1. AP-induced partial reddening (left) or entire reddening of the tree (right).

Table 1. Apple orchards with partial and complete reddening monitored between 2019 and 2022.

Year Local Fruit-Growing
Region

No. Orchards
Monitored

No. Trees
Monitored

No. Trees with
Partial

Reddening

No. Trees with
Entire

Reddening

% Trees with
Reddening

in Total

2019 Meckenheim 6 3819 589 95 17.9%
Ilbesheim 8 1730 230 58 16.6%

2020 Erpolzheim–
Weisenheim 12 615 30 47 12.5%

Meckenheim 5 2501 548 200 29.9%
Ilbesheim 14 2802 271 33 10.8%
Winden 10 1895 311 158 24.7%

2021 Erpolzheim–
Weisenheim 21 2494 403 170 23.0%

Meckenheim 8 2629 367 197 21.5%
Ilbesheim 9 693 88 28 16.7%
Winden 4 561 158 32 33.9%

2022 Meckenheim 2 849 237 115 41.5%
Ilbesheim 3 336 81 53 39.9%

2.2. Experimental Induction of Reddening

Based on the observation by Zorer et al. [25] that cold night temperatures induce pre-
mature foliar reddening of AP-infected trees, we investigated this induction in more detail
under standardized conditions. We used 2-year-old ex vitro plants of M. × domestica cv.
Golden Delicious infected with a defined strain (PM28) of ‘Ca. P. mali’. This strain was trans-
mitted by field-collected C. picta in previous transmission trials [32] and the infected plant
was multiplied by micropropagation. Healthy ex vitro plants of M. × domestica cv. Golden
Delicious served as controls. The induction experiments were carried out in a climatic
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chamber (MLR-351, Sanyo Electric Co., Osaka, Japan) with constant temperatures of 5 ◦C
in darkness and constant 20 ◦C in light. Trials were conducted in the second half of August
(11 August–3 September 2020) with 14 h light and 10 h night, in the first half of September
(5 September–20 September 2019) and at the end of September (21 September–2 October 2020)
with 12 h light and 12 h night each. In all experiments, the control plants were kept in a
greenhouse chamber under controlled temperature conditions of 22 ◦C in natural daylight
and 15 ◦C at night—only in the last experiment was the night temperature in the green-
house changed to 10 ◦C. Each variant consisted of three AP-infected and three healthy
plants. For each plant, ten leaves were marked and the intensity of foliar reddening was
monitored regularly (every 1–3 days) as soon as the first symptoms were observed. The
development of the intensity of reddening was recorded as factor y with the following
index scheme: 0 (normal green), 1 (pale green), 2 (light red), 3 (dark red). In addition, the
percentage of the area of each leaf that reddened was estimated (factor x = 0–100%). Both
values were multiplied together to obtain an index for each leaf: R index = (surface rate
x/100) × intensity factor y. The index values for all ten leaves of a plant were added to
obtain the final reddening index value of the whole plant. The mean index values were
used to compare the experimental groups.

At the end of each experiment, the petioles of each leaf of infected plants were pre-
served and frozen for subsequent qPCR analyses.

2.3. PCR Detection

From field samples, 1–3 symptomatic branches per tree were taken and the phloem
was prepared. Total nucleic acids were extracted from these phloem preparations as well
as from leaf petioles of the induction experiments with a CTAB-based method according to
Jarausch et al. [32].

Phytoplasma DNA was amplified in the extracts with primers fO1/rO1 [33] which
sensitively amplify European fruit tree phytoplasmas. A DreamTaq Mastermix (Life Tech-
nologies GmbH, Darmstadt, Germany) was used and cycle conditions were as published.
Samples with reddening symptoms that were negative in direct PCR were retested using
a nested PCR approach. For the first PCR, primers fO1 [33] and P7 [34] were applied for
30 cycles consisting of 15 s 95 ◦C, 15 s 55 ◦C and 90 s 72 ◦C. Subsequently, 1 µL was trans-
ferred in the second PCR with primers fU5/rU4 [35] for 30 cycles of 15 s 95 ◦C, 15 s 55 ◦C
and 45 s 72 ◦C. Aliquots of each PCR product were analyzed by agarose gel electrophoresis.

2.4. Quantitative Real-Time PCR

The phytoplasma concentration in extracts of petioles was determined by quanti-
tative real-time PCR using the assay based on SYBR Green™ technology described by
Jarausch et al. [36]. A specific gene fragment of ‘Ca. P. mali’ was amplified with primers
AP3/AP4 using TEMPase Mastermix (VWR International GmbH, Darmstadt, Germany)
with 3 mM Mg2+ and SYBR Green™ I (Lumiprobe GmbH, Hannover, Germany) diluted to
1:66,000 in 20 µL reactions. Each sample was amplified in duplicate in two independent
runs in a Chromo4 Real-Time PCR detector (Bio-Rad Laboratories GmbH, München, Ger-
many). Absolute quantification was performed according to the standard curve method
described by Jarausch et al. [36] using a plasmid containing the target sequence diluted in
healthy plant extract in serial 10-fold dilutions from 1 × 108 target copies per µL to 1 copy
per µL. The cycle threshold (Ct) values of the standard dilutions were plotted and checked
to obtain a linear relationship that served as the standard curve. The quality of the standard
curve was manually adjusted for each run according to the best linear regression coefficient.
The Ct values of each sample were then compared to this standard curve and the copy
number in each sample was calculated.

Phytoplasma concentrations were normalized to a single-copy chromosomal gene of
Malus according to the method developed by Liebenberg [37]. The primers SbeI Malus
f (5′-ggcacatgttggaatgagtagc-3′)/SbeI Malus r (5′-gttccagatctactgctgacggc-3′) selected by
Liebenberg [37] in the sequence of the single-copy nuclear gene Sbe I [38] were used in
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a SYBR Green™-based assay. The reaction mix consisted of 0.5 U Taq polymerase (New
England Biolabs GmbH, Frankfurt am Main, Germany), 0.22 µM of each primer and 0.5 mM
dNTPs in 1× buffer supplemented with 3 mM Mg2+ in 20 µL reactions. SYBR Green™ I
(Lumiprobe GmbH, Hannover, Germany) was added in 1:66,000 dilution. Cycle conditions
were 1 min denaturation at 95 ◦C followed by 40 cycles of 15 s 95 ◦C and 45 s 69 ◦C and a
final elongation step of 4 min at 72 ◦C, followed by a melting curve analysis. A plasmid
containing the target sequence was diluted in sterile water in serial 10-fold dilutions from
1 × 108 target copies per µL to 1 copy per µL. Quantification of the SbeI gene in Malus
samples was performed as described above. Finally, the phytoplasma concentration in each
sample was calculated as phytoplasma cell per plant cell.

2.5. AP Phytoplasma Subtype Characterisation by PCR-RFLP

The three subtypes of ‘Ca. P. mali’ defined by Jarausch et al. [31] were identified by
PCR-RFLP in all positive field samples. The amplification of the informative chromosomal
fragment was improved by developing a new reverse primer AP15 (5′-acccataagggtaattcacg-
3′) used in combination with the forward primer AP3 [39]. PCR reactions were carried
out in 30 µL volumes with TEMPase Mastermix (VWR International GmbH, Darmstadt,
Germany). PCR cycle conditions were 15 min denaturation at 95 ◦C followed by 40 cycles
of 15 s 95 ◦C, 20 s 60 ◦C and 1 min 69 ◦C, and a final elongation step of 4 min at 72 ◦C.

For RFLP analysis, 10 µL of the 850 bp PCR product was digested with BspHI
(isoschizomer of RcaI; New England BioLabs GmbH, Frankfurt am Main, Germany) and
with TaqI (Life Technologies GmbH, Darmstadt, Germany) according to the supplier’s
instructions. Restriction enzyme digests were separated in 2% agarose gel electrophoresis.
Restriction patterns of PCR products obtained from known subtypes served as controls to
characterize the subtype of the field isolates.

The ‘Ca. P. mali’ subtype was correlated to the severity of AP symptoms. For this
purpose, the cumulative disease index developed by Seemüller et al. [40] was applied as
follows: partial reddening = 0.5, entire reddening, enlarged stipules = 1, small-sized fruits,
witches’ broom = 3. These scores were added to obtain the cumulative disease index (CDI).

2.6. Statistical Analyses

Statistical analysis used the biostatistics software R v3.1.2 [41] with the packages anova,
kruskal, laercio, ttest and wilcoxon. The analysis was based on an initial test for normal
distribution using the Shapiro–Wilk normality test. In the case of normally distributed
data and homogeneity of variances as determined by Bartlett’s test, a Welch two-sample
t-test was applied. If data were not normally distributed, the Bartlett test of homogeneity
of variances was used to demonstrate that variances were not homogeneous. A Wilcoxon
rank sum test with continuity correction or a Kruskal–Wallis rank sum test were then used
to determine differences among medians. If the Kruskal–Wallis rank sum test confirmed
such differences, a Duncan test (confidence level = 95%) was used to rank differences.

3. Results
3.1. Correlation of Typical Symptoms of AP with PCR Detection of ‘Ca. P. mali’

Monitoring data obtained in 68 different commercial apple orchards in the years
2019–2022 were first analyzed for correlations of primary and secondary AP symptoms
with detection of ‘Ca. P. mali’ by PCR. The data are summarized in Table 2. As previously
reported [6], witches’ brooms and enlarged stipules were almost 100% indicative of AP
infection, based on data from a large number of different orchards and samples. In the
absence of primary symptoms, secondary symptoms such as stunted branches and un-
dersized fruits also showed a 100% correlation with the presence of the pathogen. These
symptoms often accompany the primary symptoms.
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3.2. Correlation of Leaf Reddening with Typical Symptoms of AP

Based on the results presented in Table 2, primary symptoms of witches’ broom and
enlarged stipules were considered indicators of AP infection. Thus, AP infection could
be detected in a large number of trees in the monitoring without the need for molecular
confirmation. Table 3 shows the analysis of the data in which way the reddening symptom
was associated with primary and secondary AP symptoms. The data show an almost
perfect correlation of reddening with primary AP symptoms for a large number of different
orchards and a very high number of trees. The data for the correlation of reddening with
secondary symptoms were more influenced by the year and the number of samples. In
2021, the correlation reached 98%, whereas in 2020, a correlation of approximately 70% was
observed. As the secondary symptoms are considered less specific for AP if they appear
alone, a 70% correlation with reddening is still high. Thus, it is concluded that reddening is
a reliable indicator for AP infection that can be used for remote sensing of AP.

It is interesting to note that the expression of the primary symptoms of witches’
brooms and enlarged stipules varied between the years. The years 2019 and 2020 were
characterized by hot summers with 31 and 17 hot days (Tmax ≥ 30 ◦C), respectively, and
mean temperatures from July to September—when the growth of the trees starts again—of
19.58 ◦C and 19.97 ◦C, respectively. Witches’ broom formation was rare in these years,
while it was high in 2021, a year with moderate summer conditions (9 hot days, mean
temperature 18.39 ◦C). In contrast, expression of enlarged stipules was more common in
2019 and 2020 than in 2021. As this symptom is often very difficult to monitor, it is likely to
underestimate an AP infection in less vigorous years.
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Table 2. Correlation of AP symptoms with PCR detection of ‘Ca. P. mali’.

Symptom 2019 2020 2021 2022

No.
Orchards

No. Positive/
Total Samples % Correlation No.

Orchards
No. Positive/

Total Samples % Correlation No.
Orchards

No. Positive/
Total Samples % Correlation No. Orchards No. Positive/

Total Samples % Correlation

Witches’ broom
Enlarged stipule
Stunted branch
Small-sized fruit
Leaf reddening alone

6 36/36 100 5 18/18 100 2 8/8 100 2 10/10 100

10 76/77 98.70 8 71/72 98.61 2 18/18 100 1 12/12 100

1 2/2 100 2 5/5 100 2 5/5 100 1 2/2 100

7 15/15 100 6 28/28 100 2 4/4 100 1 3/3 100

12 125/142 88.03 27 123/146 84.25 22 98/119 82.25 5 72/101 71.29

Partial leaf reddening
Leaf reddening of
entire crown

11 90/106 84.91 21 66/78 84.62 13 45/52 86.54 5 25/35 71.43

11 35/36 97.22 19 57/68 83.82 18 53/67 79.10 4 47/66 71.21

Table 3. Correlation of reddening with AP infection associated with specific symptoms and/or PCR detection.

Symptom 2019 2020 2021 2022

No.
Orchards

No. Trees
Reddened/

Total
% Correlation No.

Orchards

No. Trees
Reddened/

Total
% Correlation No.

Orchards

No. Trees
Reddened/

Total
% Correlation No.

Orchards

No. Trees
Reddened/

Total
% Corre-lation

Witches’ broom
Enlarged stipule
Small-sized fruit
Stunted branch

12 102/106 96.23 27 222/236 94.07 31 328/333 98.50 3 54/56 96.43
12 417/432 96.53 30 826/871 94.83 38 693/713 97.19 5 46/50 92.00
10 34/42 80.95 9 42/59 71.19 22 150/154 97.40 4 44/46 95.65
3 5/5 100 4 4/6 66.67 32 305/306 99.67 4 10/13 76.92
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3.3. PCR Detection of ‘Ca. P. mali’ in Red-Leafed Trees without Typical Symptoms of AP

As the aim of this work was to clarify the relationship between premature leaf
reddening and AP infection, a substantial number of trees which only had reddening
symptoms—either only on parts of the tree or on the whole tree—were tested. The data
are presented in Table 2. In all four years, 71 to 97% of the reddened trees without any
other AP symptoms tested positive for ‘Ca. P. mali’. No obvious difference was observed
between partial or entire reddening of a tree. Reddening can be considered an early indica-
tor of an AP infection and was thus a more sensitive symptom than the other primary and
secondary symptoms.

3.4. AP-Correlated Leaf Reddening in Different Cultivars

Twenty different commercially grown cultivars were monitored in the survey 2019–2022.
Table 4 shows that the proportion of reddening trees varies considerably between the
different cultivars. Some cultivars like Royal Gala tend to express the reddening better than
others like Rubinola. Overall, 28% of the trees in the orchards showed this symptom and
69% of these trees were infected with AP as verified by typical AP symptom expression
or PCR detection. When investigating a subgroup of trees lacking typical AP symptoms
through molecular analysis, it was additionally discovered that an average of 86% of the
trees were infected. Thus, the correlation of reddening with AP infection was high in almost
all cultivars studied. It was less pronounced in the early-ripening cultivar Delbarestivale.

Table 4. Proportion of reddening trees within different apple cultivars and their relationship to AP
infection based on AP symptoms or PCR detection of ‘Ca. P. mali’.

Cultivar No. Orchards
Monitored

No. Trees with
Reddening per Total

No. Monitored

No. Infected Trees per
Total No.

Reddening Trees 1

No. PCR-Positive Trees per
No. Reddening Trees
without Symptoms 2

Axam 2 74/121 (61.16%) 23/74 (31.08%) 4/5 (80.00%)

Berlepsch 2 80/236 (33.90%) 52/80 (65.00%) 6/7 (85.71%)

Boskoop 3 112/259 (43.24%) 62/112 (56.25%) 16/16 (100%)

Braeburn 3 119/620 (19.19%) 88/119 (73.95%) 8/8 (100%)

Celest 1 16/57 (28.07%) 15/16 (93.75%) 10/10 (100%)

Delbarestivale 3 115/271 (42.43%) 41/115 (35.65%) 16/29 (55.17%)

Falstaff 1 17/46 (36.96%) 11/17 (64.71%) 2/2 (100%)

Fuji 2 13/130 (10.00%) 10/13 (76.92%) 2/2 (100%)

Gala 6 230/824 (27.91%) 174/230 (75.65%) 25/28 (89.29%)

Golden Delicious 5 489/1303 (37.53%) 373/489 (76.28%) 39/39 (100%)

Idared 3 42/275 (15.27%) 38/42 (90.48%) 1/1 (100%)

Jonagold 6 158/622 (25.40%) 94/158 (59.49%) 13/14 (92.86%)

Melrose 2 22/212 (10.38%) 15/22 (68.18%) 8/8 (100%)

Pilot 2 19/83 (22.89%) 12/19 (63.16%) 5/6 (83.33%)

Pink Lady 2 21/76 (27.63%) 18/21 (85.71%) 5/5 (100%)

Pinova 8 166/965 (17.20%) 126/166 (75.90%) 13/16 (81.25%)

Royal Gala 2 98/171 (57.03%) 92/98 (93.88%) 10/11 (90.90%)

Rubinette 5 152/602 (25.25%) 107/152 (70.39%) 34/40 (85.00%)

Rubinola 2 54/350 (15.43%) 27/54 (50.00%) 13/19 (68.42%)

Topaz 2 96/334 (28.74%) 63/96 (65.63%) 26/33 (78.79%)

Total 62 2093/7557 (27.70%) 1441/2093 (68.85%) 256/299 (85.62%)
1 based on AP symptoms and/or PCR detection. 2 based on PCR detection.
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3.5. Experimental Induction of Phytoplasma-Induced Leaf Reddening

Ex vitro plants homogenously infected with a defined strain of ‘Ca. P. mali’ as well as
non-infected control plants were maintained under controlled greenhouse conditions at
22 ◦C during the day and 15 ◦C at night without additional light prior to the experiment
to respect the natural photoperiod. Cold induction was performed in a climatic chamber
at a constant 20 ◦C with light and 5 ◦C in the dark. Control plants were kept under the
above greenhouse conditions. To monitor the development of leaf reddening, an index was
established that took into account the intensity of the color and the surface area turning red.
Figure 2 shows the development of leaf reddening in the experiment from mid-August.
Healthy Golden Delicious plants showed no reddening under either condition, and AP-
infected plants in the greenhouse exhibited only weak reddening symptoms on very small
leaf areas. Cold-induced reddening started at day 13 and progressed slowly until day
23, when the experiment was terminated. The experiment which began at the beginning
of September (Figure 3) showed similar results. Only the cold-induced reddening of AP-
infected plants started as early as day 11 and progressed more rapidly, reaching a much
higher reddening index by day 15, when the experiment was terminated.
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not with strain ‘Ca. P. mali’ PM28. Induction period: 11 August–3 September 2020; day/night
temperatures 20 ◦C/5 ◦C and 22 ◦C/15 ◦C.

The third experiment (Figure 4) was started at the end of September under slightly
different conditions. Whereas cold induction in the climatic chamber remained the same
as in the previous experiments, conditions in the greenhouse were colder: 20 ◦C during
natural daylight and 10 ◦C at night. In this experiment, reddening of AP-infected trees
was monitored at day 4 under both temperature regimes and progressed rapidly. High
reddening index values were already reached at day 11, but they were significantly higher
in plants kept at 5 ◦C in the dark. While healthy plants showed no reddening under
greenhouse conditions, those plants kept at 5 ◦C in the dark began to show leaf discoloration
in small areas.
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3.6. Correlation with Field Observations

The results obtained under experimental conditions were confirmed by the field
observations during the monitoring periods 2019–2022. Weather data of the station at
Neustadt/Weinstrasse showed that each year, a period of 3–5 days occurred in which the
mean minimum temperature was between 5 and 7 ◦C at night, while the mean maximum
temperature at day was largely above 20 ◦C (Table 5). In all years, leaf reddening of
AP-infected trees in the orchards started about one week after cold induction.
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Table 5. Mean minimum and maximum day temperatures in putative AP induction periods in
2019–2022 (weather station Neustadt/Weinstrasse).

2019 2020 2021 2022

Night 18 September–21 September 19 September–21 September 21 September–25 September 21 September–24 September
mean Tmin 5.15 ◦C 7.3 ◦C 7.34 ◦C 4.05 ◦C

Day 19 September–23 September 19 September–24 September 22 September–27 September 21 September–24 September
mean Tmax 21.80 ◦C 24.97 ◦C 23.42 ◦C 20.05 ◦C

3.7. Correlation of Leaf Reddening with Phytoplasma Titer

At the end of each induction experiment (Figures 2–4), total nucleic acids were ex-
tracted from each of the ten leaves per plant for which a reddening index had been calcu-
lated. The phytoplasma titer in each sample was measured by quantitative real-time PCR.
Table 6 shows the mean phytoplasma titer in cold-induced versus control plants for the
three experiments. Phytoplasma titers varied greatly among the different plants, and the
differences among induced and control plants were not statistically significant in the first
two experiments. Only in the third experiment did cold-induced plants have a significantly
higher titer. The reddening index per leaf was also statistically evaluated at the end of
each experiment. As shown in Table 6, cold-induced plants always had a significantly
higher reddening index. The data for all individual leaves regarding reddening index and
phytoplasma titer were analyzed for a possible correlation of reddening intensity with the
phytoplasma titer. No correlation was found in all three experiments (Table 6).

Table 6. Mean phytoplasma titer in leaf petioles of ‘Ca. P. mali’-infected plants after cold night
induction compared to control plants after 23, 15 or 11 days, respectively, and correlation between
leaf reddening and phytoplasma titer.

Period of Induction No. Plants
Temperature
Regime (12 h

Light/12 h dark)

Phytoplasma Titer
(Phytoplasma/Plant

Cell)
Reddening Index Correlation

11 August 2020–3
September 2020 2 20 ◦C/5 ◦C 7.03 n.s. 1 0.76 4 −0.24269

11 August 2020–3
September 2020 2 22 ◦C/15 ◦C 5.30 n.s. 0.10 0.15467

5 September 2019–20
September 2019 3 20 ◦C/5 ◦C 39.91 n.s. 2 1.70 5 0.05243

5 September 2019–20
September 2019 3 22 ◦C/15 ◦C 46.48 n.s. 0.30 0.36145

21 September 2020–2
October 2020 3 20 ◦C/5 ◦C 6.15 3 1.89 6 0.06469

21 September 2020–2
October 2020 4 22 ◦C/15 ◦C 3.31 1.28 −0.49252

1 Wilcoxon rank sum test: W = 245, p-value = 0.2315; n = 20. 2 Welch two-sample t-test: t = −1.4206, df = 55.85,
p-value = 0.161; n = 30. 3 Wilcoxon rank sum test: W = 890, p-value = 0.0001682; n = 30. 4 Wilcoxon rank sum
test: W = 302.5, p-value = 0.004559; n = 20. 5 Wilcoxon rank sum test: W = 756, p-value = 1.139 × 10−6; n = 30.
6 Wilcoxon rank sum test: W = 814, p-value = 0.004485.

To verify the correlation between reddening and phytoplasma titer under natural
conditions, field-collected leaves were analyzed. Four AP-infected trees with varying
degrees of red-colored leaves per tree were sampled. Ten leaves were selected per tree, and
the intensity of reddening was recorded by estimating the red-colored area per leaf. The
data were grouped into classes: up to 5% leaf area (class 1), 25% ± 5% (class 2), 50% ± 10%
(class 3), 75% ± 10% (class 4) and 100% (class 5). The phytoplasma titer in each leaf was
measured by quantitative real-time PCR in total nucleic acid extracts obtained from the
petiole of each leaf. Statistical analysis of the data revealed no significant difference between
the titers of each class (Figure 5), although leaves with almost no reddening (class 1) had a
remarkably lower titer than leaves with a high percentage of reddening.
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Figure 5. Analysis of the phytoplasma titer in field-collected leaves with different intensities of
reddening: up to 5% (class 1), 25% (class 2), 50% (class 3), 75% (class 4), 100% (class 5). Kruskal–Wallis
chi-squared = 8.7003, df = 4, p-value = 0.06904; n = 40. Different lowercase letters indicate significant
differences among the classes (Duncan’s test: p-value = 0.05).

3.8. Correlation of Leaf Reddening with ‘Ca. Phytoplasma mali’ Subtype

Because different ‘Ca. P. mali’ strains could influence the plant’s response and
thus the development of leaf reddening, we applied the PCR-RLP screening system of
Jarausch et al. [31] to analyze a large amount of samples. For this purpose, we improved
the efficiency of amplification with the new reverse primer AP15. Table 7 shows that
all three ‘Ca. P. mali’ subtypes defined by Jarausch et al. [31] could be detected in the
238 samples obtained from different regions and orchards of the Palatinate area. Subtype
AP was dominant (49% of samples) and widespread, whereas subtype AT-2 was rare (14%
of samples). Subtype AT-1 occurred in 38% of the samples. The cumulative disease index
developed by Seemüller et al. [40] revealed no statistically significant difference between
trees infected with the three subtypes. The percentage of partially reddened trees was
higher for subtypes AP and AT-2, while entirely reddened trees were more often infected
with subtype AT-1. The data did not suggest any obvious influence of the phytoplasma
strain on the expression of leaf reddening.

Table 7. Correlation of AP symptoms and reddening with ‘Ca. P. mali’ subtypes.

Origin of Samples Correlation with Different Symptoms

‘Ca. P. mali’
Subtype

No.
Regions

No.
Orchards

Total No.
Analyzed

Witches’
Broom

Enlarged
Stipules

Partial
Reddening

Entire
Reddening Mean CDI 1

AT-1 7 20 89 15/89
(16.85%)

31/89
(34.83%)

49/89
(55.06%)

32/89
(35.96%) 1.80 n.s. 2

AT-2 5 13 33 1/33
(3.03%)

17/33
(51.52%)

22/33
(66.67%)

7/33
(21.21%) 1.67 n.s.

AP 7 25 116 28/116
(24.14%)

56/116
(48.28%)

73/116
(62.93%)

25/116
(21.55%) 2.10 n.s.

1 cumulative disease index (see Materials and Methods). 2 statistically not significant (Kruskal–Wallis chi-
squared = 1.2286, df = 2, p-value = 0.541).

4. Discussion

Apple proliferation is an economically very important disease which is spread by
univoltine migrating psyllid vectors on a regional scale [4]. Diseased trees are the only
known inoculum sources. Thus, uprooting of infected trees is so far the only successful
means to limit the disease spread apart from regular insecticide treatments against the
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vectors. However, to be successful, uprooting of infected trees must also be achieved
on a regional scale. In heavily AP-affected apple-growing regions of Italy, this is even
mandatory [5]. If performed at all, monitoring of AP infections on a regional scale is so
far only possible by visual inspection. This is laborious and time-consuming and, thus,
expensive. It is based on the accurate recognition of AP symptoms. The great advantage in
this regard is that ‘Ca. P. mali’ induces very typical primary symptoms (witches’ brooms
and enlarged stipules) which are correlated to almost 100% with the molecular detection
of the pathogen. Our data confirm the results of previous studies [6,42]. However, our
results and others [42] have also shown that, in particular, the development of witches’
brooms highly depends on the physiological state of the tree, which in turn depends on the
climatic conditions during the phase of second growth starting in late summer. Induction
of enlarged stipules is more regular, but varies strongly among cultivars and is very often
difficult to detect on the tree. All these aspects limit the accuracy of visual inspections.

As phytoplasmas interact widely with their plant hosts, they induce many biochemical
modifications, including impairment of photosynthetic activity. An infection with AP
disrupts the carbohydrate balance, resulting in the inhibition of photosynthesis and chloro-
sis [43]. The levels of chlorophyll a + b and carotenoids decrease, causing an inhibition of
photosystem 2 [23]. Aldaghi et al. [44] reported that genes associated with photosynthesis
pathways were deregulated in AP-infected apple trees. Additionally, the breakdown of
chlorophyll induced by AP follows the same pathways as seasonal leaf senescence [24].
Unlike leaf senescence in the fall, premature AP-induced chlorophyll breakdown leads
to foliar reddening due to the presence of the anthocyanin cyanidin-3-glucoside in the
leaf [25]. This compound is a common antioxidant in apples.

Although this symptom is easily detectable in visual inspection, it has always remained
unclear how accurately it indicates an AP infection. Therefore, we conducted this detailed
study to evaluate premature foliar reddening as a reliable symptom for remote sensing.
We conducted our monitoring in the Palatinate region in Southwest Germany, which is
historically heavily affected by AP. To be representative, we included a wide range of
different orchards and different cultivars. Due to the high accuracy of the primary AP
symptoms, careful visual inspection enabled the monitoring of a high number of trees,
always by the same experts. Molecular detection of ‘Ca. P. mali’ confirmed not only a high
correlation with witches’ brooms and enlarged stipules, but also to secondary symptoms
like undersized fruits and stunted shoots. Our data confirmed the strategy adopted in
Trentino and South Tyrol [5,7] that the contemporaneous occurrence of two secondary
symptoms is also a highly accurate indication of an AP infection. Consequently, we focused
our PCR detection efforts on examining those trees that exhibited a premature reddening
only on one part of the tree or on the entire tree without any other AP symptoms. In every
year, we found a high correlation between 71 and 97% with the presence of ‘Ca. P. mali’. In
contrast to the observation reported by Öttl et al. [45], we observed no difference between
partial and entire reddening. This observed accuracy is much higher than previously
reported [6]. One explanation could be climate change, as we observed more premature
foliar reddening in trees stressed during the hot summer in 2019 and 2020.

We conclude that premature reddening is a suitable symptom for non-destructive di-
agnosis of AP. The recent work of Barthel et al. [26] demonstrated that it can be successfully
applied to proximal sensing with a spectroradiometer. Our work is a prerequisite for the
establishment of remote sensing strategies for AP. For this, multi- or hyperspectral data
obtained by UAVs or satellites can be used. Preliminary data indicate that remote sensing
of AP with drones or satellite images is feasible but mainly the visible leaf reddening and
the disease-induced plant stress were detected [29]. Therefore, the overall accuracy of the
reddening symptom is decisive for remote sensing of AP. In this regard, it is important to
note that we found a 94–99% correlation of primary AP symptoms with foliar reddening.
The secondary symptoms of stunted shoots and undersized fruits were also associated
with reddening at a very high percentage. The expression of secondary symptoms and
their correlation with premature leaf reddening was more variable among different years
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and reflects the climatic influences on the physiological state of the tree. Taken together,
premature reddening was even the most sensitive symptom, as it indicated infection even
in trees without typical AP symptoms. However, the expression of reddening varied among
the different cultivars. For example, the common cultivar Golden Delicious—which was
also analyzed in other studies—had a 76% correlation with typical AP symptoms (Table 4),
but PCR testing of reddened trees without AP symptoms exhibited a 100% correlation.
This indicates that an important number of trees showed no typical AP symptoms but
were indeed infected. While premature foliar reddening was a good indicator for AP in
most cultivars, only a few cultivars exhibited a lower percentage of correlation, e.g., the
early-maturing cv. Delbarestivale. In contrast to all other cultivars, only 55% of reddened
trees tested positive for an AP infection by PCR. This exceptional case could be related to
the different physiological behavior of the early-maturing cultivar, which leads to a certain
number of false positive results.

The timing of remote sensing is important to achieve an accurate and sensitive detec-
tion of AP. If remote sensing is performed too early in the season, it may be accurate but
may not detect all infected trees; if it is conducted too late in autumn, it may be disturbed
by natural leaf senescence. ‘Ca. P. mali’-induced leaf reddening is considered to occur
before the natural senescence of leaves in autumn. Therefore, the timing of when leaf
reddening is used as a symptom is crucial. According to the work of Zorer et al. [25],
reddening induced by ‘Ca. P. mali’ is expressed after a period of cold night and warm day
temperatures. We performed laboratory experiments under controlled conditions with
homogenously infected and healthy plants to better define these induction conditions. We
used the cv. Golden Delicious, which usually has a good correlation between reddening
and AP infection. Our results confirm the data of Zorer et al. [25] that 5 ◦C at dark and 20 ◦C
at light induce foliar reddening in infected but not in healthy apples. The induction took
place in late summer in the second half of August. In this period, unusual for cold nights,
foliar reddening began about 2 weeks later and was clearly visible only after three weeks.
Induction experiments in later periods (first and second halves of September) showed
that the expression of reddening occurs earlier in time and reaches a higher intensity. An
analysis of the natural temperature profiles in the four years of observation showed that
every year, the experimentally defined induction conditions were fulfilled in the second half
of September. Reddening symptoms of infected trees in the orchards were then observed
about one week later as predicted by the experimental data. Thus, a good forecast model
for the best timing of remote sensing of AP could be established.

The phytoplasma colonization of AP-infected trees follows a seasonal trend: the phyto-
plasma is eliminated during winter in the above-ground parts due to phloem degeneration
and recolonizes the crown from the roots to the top from spring onwards [46]. This colo-
nization might be hampered by plant defense reactions to the infection with ‘Ca. P. mali’
which alter the phloem physiology and lead to tissue occlusion and callose deposition
in the sieve tubes [30]. However, it is still poorly understood whether these are direct
localized effects due to the presence of the phytoplasma or due to long-distance signaling
of the plant response [30]. Therefore, we analyzed whether the intensity of leaf reddening
is directly linked to the concentration of phytoplasmas in the leaf. We first established an
index to quantify the intensity of the reddening and applied it to the leaves monitored
during the induction experiments. This allowed a statistical analysis, which showed that
induced plants had a significantly higher reddening index than the control plants in all
three experiments. By measuring the phytoplasma titer in the petiole of each leaf at the end
of the induction period, we were able to correlate the phytoplasma concentration with the
intensity of leaf reddening. We found no correlation between titer and reddening index
and, at least in the first two experiments, no significant difference between the phytoplasma
titers in induced and control plants. This result was also confirmed in field-collected leaves
of AP-infected plants. Only in non-symptomatic leaves was the titer lower than in highly
reddened leaves. These data suggest that AP-induced leaf reddening is a long-distance
effect rather than a local one, and that the reddening symptom is a sensitive indication
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for ‘Ca. P. mali’ infection of the tree. This result is in line with recent data of near-infrared
reflectance analyses of AP-infected leaves [8]. Due to the non-systemic colonization of the
tree, this could also explain the failure of molecular phytoplasma detection in some cases.

We also tried to address the question of whether different strains of ‘Ca. P. mali’ are
responsible for the observed variations in the reddening symptomatology. ‘Ca. P. mali’
isolates can be grouped into three subtypes, AP, AT-1 and AT-2 [31], and we showed in
a previous study that subtype AT-1 was more prevalent in apple trees exhibiting leaf
reddening, while subtype AP was considered more virulent [47]. To verify this result, we
analyzed the majority of our positive samples with an improved PCR-RFLP approach
that we published previously [31]. It is based on conserved SNP markers and has been
widely used to study the ‘Ca. P. mali’-strain spectrum in different geographic regions.
Our data based on 238 samples showed that the symptom expression of the apple trees,
expressed as cumulative disease index, was similar for all three subtypes of ‘Ca. P. mali’,
indicating no differences in virulence between the subtypes. Partial and entire reddening
of the trees was observed in almost identical percentages with subtypes AP and AT-2,
whereas the reddening of the entire tree was more often correlated with the ‘Ca. P. mali’
subtype AT-1 confirming our previous results. In conclusion, the reliability of premature
leaf reddening as a symptom of AP is not significantly impaired by genetic variants of
‘Ca. P. mali’. However, latent infections or infections with avirulent strains that do not
induce symptoms [48] cannot be detected by visual inspections. Hyperspectral analyses
are needed to identify potential spectral signatures in invisible wavelength ranges so that
asymptomatic infections can also be detected by remote sensing.

Compared to our previous study [47], an important difference was found in the
proportion and distribution of the three subtypes. Subtype AT-1 was found in only 12% of
samples from 2000 to 2002, all coming from abandoned or scattered orchards, while in the
samples from 2019 to 2021 it was detected in 38% of the samples derived from all kinds of
orchards in all regions studied. On the contrary, the portion of subtype AP decreased from
72% to 49%. However, it was still encountered for the majority of the samples, which is
consistent with data from France [31], Poland [49] and North-East Italy [50]. Subtypes AP
and AT-2 are almost absent in North-Western Italy [51], where C. melanoneura is the only
vector of AP. Analysis of the temporal distribution of subtype frequencies in apple trees in
Trentino and South Tyrol (Northern Italy) showed a shift from the prevalence of subtype
AT-1 to AT-2 [52,53]. This was related to the appearance of C. picta as the main vector of AP
in these regions and suggests that subtype AT-1 is more efficiently spread by the vector C.
melanoneura, while the AP and AT-2 subtypes are more efficiently spread by C. picta [53].
However, German populations of C. melanoneura are considered to be unable to transmit
‘Ca. P. mali’ [54], whereas C. picta was described as a very efficient vector [32]. Thus, the
observed spread of subtype AT-1 in the Palatinate region of Germany is either due to a
change in German populations of C. melanoneura, which are now able to transmit ‘Ca. P.
mali,’ or due to different AT-1 genetic lineages as proposed by Casati et al. [51], where
the German AT-1 subtypes can also be efficiently transmitted by C. picta. Although the
observed genetic differences in populations of C. melanoneura in Germany and Italy [55]
have to be revised, our data from successful transmission trials with C. picta [32] are more
in favor of the second hypothesis, as C. picta efficiently transmitted AP as well as AT-1
subtypes. The observed spread of AT-1 subtypes from abandoned and scattered orchards
into commercial orchards highlight the importance of new vector control strategies in apple
orchards in Germany.

5. Conclusions

Premature partial leaf reddening or reddening of the entire crown is a good indicator
of AP infection in apple and can therefore be used for the remote sensing of AP. This
result is based on the analysis of a large number of trees in a large number of different
orchards with varying cultivars monitored and PCR tested in four consecutive years. AP-
induced leaf reddening is induced by cold night and high day temperatures in September,
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as shown under both experimental and field conditions. The intensity of leaf reddening
is not correlated with the phytoplasma titer in the leaf, confirming the inhomogeneous
distribution of ‘Ca. P. mali’ in an infected tree. Therefore, premature leaf reddening can
also be considered a sensitive indicator of an AP infection. It is a general response of the
plant to phytoplasma infection and not only related to specific ‘Ca. P. mali’ strains.
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