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Abstract

:

In natural environments, plants develop adaptive mechanisms at the cellular and molecular levels to cope with many external factors, e.g., insects and soil pathogens. We studied physiological stress induced by different levels of foliage removal (defoliation 30% and 60%) and by infection of root rot pathogen Phytophthora plurivora on the common Polish tree species, Betula pendula, grown in an open greenhouse. This study showed that P. plurivora damaged the root system which negatively impacted all morphological parameters. However the loss of 30% of the leaves had a positive effect on defense responses. Chlorophyll-a fluorescence parameters indicated a decrease in photosynthetic efficiency in defoliated plants, but plants inoculated with the pathogen had a higher performance index showing increased vigor of the infected plant than birches. The study demonstrated the intense immunity response of birch to P. plurivora through the expression of Hsp90 and Hsp83 genes. The trees weakened by P. plurivora became more susceptible to infection by Erysiphe ornata var. ornata.
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1. Introduction


Silver birch (Betula pendula Roth.) is a common deciduous tree species in the temperate and boreal climates of the Northern Hemisphere [1]. The varied ecotype conditions impact Silver birch trees growing in forests by exposing them to different biotic and abiotic stresses that negatively affect tree growth and development [2].



Infections caused by pathogenic fungi are significant biotic factors leading to the phenomenon of birch dieback [3]. Phytophthora species are important plant pathogens that infect many forest, ornamental, and crop plants [4]. Phytophthora pathogens cause over 66% of all fine root diseases and 90% of all collar rot [5]. One of the most common species of pathogens in the genus Phytophthora is Phytophthora plurivora (T. Jung & T.I. Burgess) [6]. Its zoospores are easily dispersed along aquatic systems in agriculture and forestry and transmitted by birds during their migration [7]. The first reports of P. plurivora infecting birch in the wild came from Finland [8]. In Poland, P. plurivora has caused significant damage to oak stands in the east and south of the country, mainly at Krotoszyn Plateau [9]. In addition, there are reports on the negative impact of P. plurivora on the loss of infected plant roots [10,11]. At the same time, there is no information on defense responses that occur at the level of gene expression, photosynthetic activity, and susceptibility to other pathogens.



There is also insufficient data on the effect of defoliation on the above mechanisms. Insect feeding weakens trees and may increase the possibility of pathogen invasion. Various primary insects often attack birch trees, the most common being Eriocrania spp, Lymantria dispar (L.), Deporaus betulae (L.), Phyllobius betulae F., Ph. arborator, and Scolioneura betuleti Zdd [12]. Defoliation of birch crowns by Lymantria dispar (L.) can cause a reduction in immunity and is the most common cause of infection with the pathogen Erwinia multivora (Scz.-Parf.) [13].



Plants routinely face various biotic (e.g., nematodes, herbivores, and pathogens) stresses, sometimes simultaneously. Plant responses to the cumulative impact of several different biotic stressors are often synergistic and cannot be extrapolated directly from combining the responses to each individual stressor, so it is important to characterize plant acclimation responses to a combination of biotic stressors [14]. Examining the cumulative impact of stressors and their effect on survival and productivity is important because the plant has a network of interconnected cellular stress response systems [15]. A thorough understanding of this network is important for developing new methods to improve plant stress tolerance. Overall, pathogen infection and defoliation cause a number of changes in morphology, physiology, biochemical and molecular processes. Heat shock proteins (Hsps) play an extensive role in many cellular processes, giving them a general role in tolerance to different environmental stress treatments. Maintaining proteins in their functional conformation and preventing aggregation of non-native proteins are particularly important for cell survival under stress [16,17,18]. Under stress, these stress-responsive biomolecules act as molecular chaperones through up- or down-regulation [19,20]. Stress has a significant impact on the expression of Hsp [20,21,22]. Increased expression of the Hsp genes has been observed in birch (Betula platyphylla (Sukaczev) exposed to drought stress [23]. To assess the molecular response to plant damage caused by phytopathogens, we examined the expression of two selected Hsp genes, Hsp90 and Hsp83.



To evaluate the level of damage caused by defoliation and infection, we analyzed сhlorophyll fluorescence to detect changes in the photosynthetic apparatus. The chlorophyll fluorescence technique is a rapid and economical method for measurements of photosynthetic activity of plants without disturbing or destroying the structure of the studied object [24].



To examine the presence or absence of synergies or cumulative effects of multiple biotic stressors, we tested the impact of one soil-borne pathogen, P. plurivora, on seedlings of silver birch (B. pendula) subjected to stress caused by mechanical defoliation, simulating primary insect feeding. We compared expectations of synergy in the impact on seedling growth and physiological performance (H1) against the absence of any multiplicative, countervailing, or otherwise nonlinear influences, i.e., the total effects were a linear summation of the individual, single-factor effects (H0).




2. Materials and Methods


2.1. General Experiment Design


Two-year-old seedlings of silver birch (Betula pendula Roth.) served as study materials. The seedlings were planted in pots and grown under semi-natural conditions, in an open greenhouse in the Forest Research Institute in Sękocin Stary (Poland) (52°06′03.4″ N 20°52′56.5″ E). In spring 2018, 60 trees were infected with P. plurivora NCBI KX618501; the inoculum was identified according to the methodology of Jung et al. [25]. We manually removed leaves to mimic 30% and 60% insect infestation. In the second growing season (2019), to stimulate sporangia, we flooded the pots with seedlings with water for 72 h and repeated the defoliation. The experiment has six treatments with 20 replicates each:




	
Control—uninfected and non-defoliated trees



	
P. plurivora—plants infected with pathogen P. plurivora without defoliation;



	
P. plurivora + defoliation 30%—pathogen P. plurivora infected plants slightly stressed caused by removing 30% of the leaves;



	
P. plurivora + defoliation 60%—pathogen P. plurivora infected plants with severe stress caused by removing 60% of the leaves;



	
Defoliation 30%—uninfected plants and slightly stressed caused by removing 30% of the leaves, and



	
Defoliation 60%—uninfected plants and severely stressed caused by removing 60% of the leaves.









2.2. Verification of the Infection of the Seedlings


In October 2019, soil samples were collected from each variant, and qPCR assays were performed to verify the presence of the pathogen P. plurivora. We extracted DNA from rhizospheric soil and root tissues using NucleoSpin Soil Mini Kit (Macherey-Nagel, Duren, Germany) according to the manufacturer’s instructions. DNA was eluted in 50 μL H2O for each sample, and the extracted DNA was stored at −20 °C.



We confirmed the presence of P. plurivora in the soil using real-time PCR with species-specific primers for P. plurivora, i.e., P. plurivora-f, P. plurivora-r, and probe P. plurivora-probe (Sigma-Aldrich, St. Louis, MO, USA) (Table 1) [26].



Real-time PCR was performed in a total volume of 20 µL and consisted of 10 μL LuminoCt (Sigma-Aldrich, St. Louis, MO, USA), 2 μL of forward and reverse 0.5 μM primers, 1 μL 0.5 μM probe, 2 μL DNA, 7 μL water. PCR amplification was performed using the 7500 Real-Time PCR system (ThermoFisher Scientific, Waltham, MA, USA). Thermocycling conditions consisted of initial denaturation at 95 °C for three minutes, and 40 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s.




2.3. Biometric Parameters


At the end of the experiment, in October 2019, all plants were removed from the pots. We measured the stem length and the diameter at the root collar. The stems were separated from the roots and collected in labeled envelopes. The stems were dried in the Termaks Series 2000 cabinet at a temperature of 60 °C for 72 h.




2.4. Measurement of the Root Systems


To thoroughly clean the roots, they were first floated (about 60 min) in large containers (50 L) filled with 3/4 of their volume with tap water. When the adhered soil to the fine roots was softened and dissolved, they were washed under a light stream of water. The clean roots were placed in EPSON Perfection V700 scanner Photo Scanner, and the image files generated were processed using WinRHIZO 32-bit software (Regent Instruments Inc., Ltd., Quebec, QC, Canada). It was necessary to spread the roots properly in the scanner to avoid overlapping and crossing. We replaced the water in the scanner’s water pool after each measurement to avoid contamination of the subsequent samples.



We measured the following parameters:




	
TRL—total root length;



	
MRL—length of the mother roots (2–5 mm);



	
FRL—length of fine roots (0–2 mm), and



	
FRSA—area of fine roots.









2.5. Chlorophyll Fluorescence


Photosynthetic efficiency was assessed by measuring chlorophyll fluorescence parameters, which can provide detailed information about the state of the photosystem II (PSII) [28]. Measurements were performed using a Handy PEA (Handy Plant Efficiency Analyzer) fluorimeter, following instructions from Hansatech Instruments Ltd. (King’s Lynn, Norfolk, UK). Measurements were performed twice: immediately after defoliation (1 May 2019) and five months later (27 September 2019). Five randomly selected leaves from each tree and in each treatment were used for chlorophyll fluorescence measurements. The first step was to adapt the leaves to darkness with light leaf clamps for 30 min. After dark adaptation, a single strong 1 s light pulse (3500 µmol/m2/s) was applied to the leaf using three light-emitting diodes (650 nm). All elements were normalized to the control treatment. We examined several photosynthetic parameters: the total performance index of photosystem II (PI total), the time at which the maximum fluorescence value was reached (Tfm), the initial fluorescence representing the emission by excited chlorophyll molecules in the antenna structure of the photosystem II (Fo), the maximum fluorescence value (Fm), variable fluorescence (Fv), the maximum photochemical quantum yield of PSII (Fv/Fm), the area across the fluorescence curve between Fo and Fm (Area), ABS/RC—absorption flux (of antenna Chls) per RC, TR0/RC—trapped energy flux (leading to QA reduction) per RC, ET0/RC—electron transport flux (further than QA−) per RC, DI0/RC—total energy dissipated per reaction center [28].



The maximum quantum yield of PSII (Fv/Fm) shows the probability that a trapped photon will end up in the reaction center and cause a photochemical event. The value of Fv/Fm for unstressed leaves is about 0.83 [29]. Variable fluorescence Fv was calculated by subtracting the Fo value from the Fm value. The lower value of the Fv parameter, the lower the PSII performance [30].



Parameter Area is the area above the Chl fluorescence curve between Fo and Fm, and it quantifies the pool of electron transporters in the electron transport chain. This parameter displays any change in the shape of the induction kinetic between Fo and Fm, which would not be evident from the other parameters. A decrease in the parameter Area reveals blocking the electron transfer from the reaction centers to the quinone pool (for example, in herbicide action) [29].



Healthy plants channel part of the flux of absorbed photons (ABS) as trapping flux (TR) to the reaction center (RC), and other photons of this excitation energy are dissipated (DI), mainly as heat. An electron transport (ET) will be created within the reaction centers (RC) and further to PSI (RE), ultimately leading to CO2 fixation. These specific fluxes refer to the beginning of fluorescence induction (time zero): ABS/RC, TR0/RC, DI0/RC, and ET0/RC [31]. We focused on the total performance index (PI total) parameter because it essentially is an indicator of sample vitality. It indicates an internal force of the sample to resist constraints from outside [32].




2.6. Analysis of Heat Shock Proteins Gene Expression


To study the plant’s response to stress, two genes were selected—Hsp90 (KP245816.1) and Hsp83 (KP245815.1). A previous analysis of the cellular location of their encoded proteins using DeepLock software [33] found that they are in different areas in the cells. The protein Hsp90 is located in the cytoplasm, while Hsp83 in mitochondria or chloroplasts. Total RNA was extracted using Plant RNA Mini Kit (Syngen Biotech, Wrocław, Poland), following the manufacturer’s protocol. The total RNA extracted and its purification from protein and polysaccharides were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was checked electrophoretically in a 1.5% agarose gel stained with ethidium bromide. Only samples that met both quality and integrity requirements were used in subsequent experiments. Three high-quality RNA samples (i.e., biological replicates) were obtained for each condition. Reverse transcription was performed using GoScriptTM Reverse Transcription System (Promega GmbH, Walldorf, Germany) according to the manufacturer’s instructions. Primers for analysis of Hsps gene expression were designed using Primer-BLAST [34] under default parameters. α-Tubulin (FJ228477.1) was used as a reporter gene in our experiment. Real-time PCR reactions were performed in 20 μL volume: 10 μL 2× qPCR SYBR Master Mix (Sigma Aldrich, Milwaukee, WI, USA), 2 μL cDNA, 2 µL each primers (5 µM forward and reverse) (Genomed, Poland), 6 µL H2O. Thermocycling conditions consisted of the initial denaturation step at 95 °C for 3 min and 40 cycles at 95 °C for 10 s, annealing at 55 °C for 20 s, and elongation at 72 °C for 20 s. Real-time PCRs were performed in Mic Real-Time PCR Cycler (Bio Molecular Systems, Australia). Based on obtained Ct values, the 2ΔΔCt method was used to calculate the relative ratio of Hsps’ expression, but the correct amplification efficiency was used instead of the value 2 [35]. We used a noise-resistant iterative nonlinear regression algorithm (Real-time PCR miner; www.miner.ewindup.info, accessed on 1 January 2005) to determine the efficiency of the PCR reaction [36].




2.7. Observation and Identification of Parasitic Organisms on Birch Leaves


As the plants grew, they were monitored for changes in health status like infections of leaves by unwanted parasitic microorganisms. The degree of fungal infection on leaves was assessed twice: in August (3 August 2019) and in September (15 September 2019) using a five-point powdery mildew damage scale [37] as follows:




	
0—healthy leaves (no symptoms),



	
1—little disease (25% of leaf surface),



	
2—medium disease (26% to 50% of leaf surface),



	
3—strong disease (51% to 75% of the leaf surface),



	
4—severe disease (more than 76% of the leaf surface).








At the same dates as the plant health observations (the appearance of fungal on the leaves), we removed samples of symptomatic birch leaves to identify the species of pathogens by Sanger sequencing using forward ITS1 and reverse ITS4 primers [27]. Samples taken on 3 August 2019 were marked M1, and those taken on 15 September 2019 marked as M2 and M3.



Genomic DNA extraction was performed using NucleoSpin Plant II Kit (Macherey-Nagel, Düren, Germany) following the manufacturer’s instructions. The 20 µL PCR mixture consisted of: buffer 2 μL, primers 2 μL, DNA 2 μL, dNTPs 4 μL, polymerase 1 μL, H2O 9 μL. Thermocycling conditions consisted of an initial denaturation step of 95 °C for 30 min, followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, elongation at 72 °C for 30 s, and a final extension step. After purification of PCR products by Clean-Up (A&A Biotechnology, Poland), the obtained amplicons were sequenced with an ABI 3500 × L genetic analyzer (ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s procedure. The species affiliation of the analyzed samples was determined using a BLAST algorithm.




2.8. Chemical Analysis of Birch Shoots Extracts


Birch shoots up to 5 mm in thickness were selected and into a 0.5 mm fraction to facilitate chemical analysis. Raw material (5 g) was extracted three times with 50 mL of diethyl ether and filtered through a paper filter. The solvent was removed using a rotary evaporator. Ether extract (10 mg) from birch shoots was dissolved with 1 mL of pyridine, 100 μL of BSTFA was added, and the sample was heated for 30 min at 60 °C, according to a previously developed method of silylation [38,39].



Silylated extract from birch shoots was analyzed with an Agilent 7890A gas chromatograph with an Agilent 5975C mass spectrometer. Injection of 1 μL sample was done using an autosampler. Chromatographic separation was performed on a capillary column HP-5MS (30 m, 0.25 mm, 0.25 μm) at a helium flow rate of 1 mL min−1. The injector worked in a split (1:10) mode at a temperature of 300 °C. The initial column temperature was 50 °C, rising to 325 °C, at 3 °C min−1, and the final temperature was held for 10 min. The detection was performed in a full scan mode from 41 to 800 amu, according to a previously developed method of GC-MS analysis [40,41,42].



For the identification of extracted compounds, both mass spectra and retention indices were used. After integration, the percentage content of each component in the total ion current (% of TIC) was calculated. All measurements for shoots extracts were performed in 3 replicates to determine the detection error.




2.9. Statistical Analysis


All responses were modeled as two-way factorial designs using Generalized Linear Mixed Models (GLMMs) that included the main effects of P. plurivora infection (yes/no) and defoliation level (0%, 30%, and 60%) and infection x defoliation interaction. A random heteroscedasticity component for each infection x defoliation combination was also included in all of the models. Each model utilized the appropriate conditional distribution of the response based on the response range. Specifically, TRL, MRL, FRL, FRSA, Root Collar, and Stem Dry Mass were modeled as Gamma with a log link, and the mildew damage scale was modeled as a cumulative logit link response or ordered logit [43].



All model prediction confidence bounds were controlled for family-wise experiment rate using the Sidak adjustment method with α = 0.05 [44]. Multiple comparisons were adjusted for the family-wise experiment rate using Tukey’s HSD method with α = 0.05 [45]. Data were analyzed using the R statistical environment version 4.0.5 (R Core Team, 2021) using R libraries glmmTMB [46], MASS [47], and emmeans [48].





3. Results


3.1. Detection of Phytophthora plurivora


A year after inoculation, the real-time PCR reaction confirmed the successful infection of plants by P. plurivora in the treatments: P. plurivora, P. plurivora + defoliation 30%, and P. plurivora + defoliation 60% (Ct for values ranged from 26.53 to 27.38). As expected, the Control, Defoliation 30%, and Defoliation 60% treatments yielded negative results (Ct > 40).




3.2. Biometric Parameters


The height of trees in infected and defoliated treatments was low compared to the control, but the differences were not statistically significant (p = 0.15) (Table S1 and Figure S1). The pathogen alone (p < 0.01) or in combination with both levels of defoliation (p = 0.04 and p < 0.01) negatively affected the diameters of the root collar, significantly decreasing its width compared to the control (Figure 1, Tables S2 and S3).



The fresh biomass of non-leafy stems ranged from 12.96 to 18.1 g. After drying, the biomass decreased on average 1.25 g, compared to fresh biomass (data not shown). Stem dry biomass of severely defoliated trees (60%) without pathogen was significantly lower than the biomass of the P. plurivora infected trees with defoliation 30% (p = 0.01). However, treatments were not statistically different from the control.




3.3. Morphological Parameters of the Root System


Analysis of the 5 morphological roots parameters revealed a significantly negative impact of P. plurivora soil inoculation on the root system health (Figure 2, Figures S2–S5, Tables S4–S8). However, Defoliation 30% (without pathogen) did not cause significant changes of all monitored parameters compared to the control.



Total root length (TRL) significantly decreased in treatments P. plurivora compared to the Defoliation 30% (p < 0.01) and control (p < 0.01). Graphs and tables with sample statistics for the length of the mother roots, length of fine roots, and fine root area are presented in the Supplementary Materials. The comparison of mother roots’ length (MRL) between all P. plurivora inoculated plants and treatment Defoliation 30% indicated statistically significant differences (p < 0.01) (Figure S1). The most severe effects of the pathogen were found on the fine roots. P. plurivora decreases fine root length (Figure S2) and fine root surface areas (FRSA) by 59% (Figure S3). Nevertheless, the combined impact of the pathogen and defoliation resulted in higher values of these growth parameters than the pathogen itself. Half of the treatment combinations—Defoliation 60% (p < 0.01), P. plurivora (p < 0.01), and P. plurivora + defoliation 60% (p < 0.01)—had significantly less root biomass than the control.




3.4. Chlorophyll-a Fluorescence Measurements


Measurement of chlorophyll fluorescence signals on birch trees after treatments of defoliation and root infection with P. plurivora pathogen were conducted in May, right after defoliation, and in September 2019. The results are displayed in Figure 3 and Figure 4 and expressed as a percentage of the control, with higher values indicating more efficient photosynthesis. Estimates and statistical comparisons are presented in Tables S9 and S10.



The measurement results obtained in May (Figure 3) showed the negative effects of defoliation by the values of the total performance index (PI total) in comparison to the control plants.



Total performance index parameter decreased by 35% for treatment Defoliation 30% and 17% for Defoliation 60%. However, treatments of P. plurivora with 30% defoliation and without defoliation demonstrated a positive response of the photosynthetic activity. PI total increased by 18% for P. plurivora itself and by 31% for combination P. plurivora + defoliation 30%. The difference between P. plurivora + defoliation 30% and Defoliation 30% was 66% (p < 0.01).



The treatments of defoliation 30% (p < 0.01) and defoliation 60% decreased their Fv/Fm by 2%, whereas P. plurivora and P. plurivora + defoliation 60% increased it by 2%. While Tfm for all treatments decreased compared to the control, Tfm for defoliation 60% increased by 17%. The rise in Fo was observed in all treatments, except for the treatment with P. plurivora alone. The Fm and Fv were higher than the control in all treatments. The value of the Area parameter increased in all P. plurivora infected trees, with the greatest effect for P. plurivora + defoliation 60%, increased by 57% in comparison to the control (p = 0.02). The specific energy fluxes in one of the active reaction centers ABS/RC, TR0/RC, ET0/RC, DI0/RC were decreased for treatments with P. plurivora. Parameter ABS/RC for P. plurivora treatment ABS/RC was 10% less than the control (p = 0.04), ET0/RC decreased by 20% for P. plurivora + defoliation 30% (p < 0.01) and for P. plurivora + defoliation 60% (p < 0.01).



The results of measurements carried out in September (Figure 4) point to an increase in the total performance index compared to May’s results.



The largest change was observed in the P. plurivora + defoliation 30%, increasing 158% over the control (p < 0.01). Moreover, in May, the total PI for defoliated trees without P. plurivora was lower than in the control group, while in September, they had higher results than the control group.



September’s results of the Tfm value decreased for the Defoliation 30% and Defoliation 60% (p = 0.01) groups but increased for P. plurivora, P. plurivora + defoliation 30%, and P. plurivora + defoliation 60% groups. The Fo slightly decreased in all groups. On the other hand, Fv/Fm increased compared to the results obtained five months ago. The parameters ABS/RC, TR0/RC, ET0/RC, DI0/RC for treatments with P. plurivora were still less than the values for the control group.




3.5. Heat Shock Protein Gene Expression Analysis


For the analysis of Hsp90, BpHsp90-f and BpHsp90-r were used, and for the analysis of Hsp83, BpHsp83-f and BpHsp83-r primer pairs were used. The primer pair for amplification of the tubulin gene was BpTub-f and BpTub-r. Each amplicon was found only in a single peak in melt curves indicating no dimer or multiple products.



Analysis of the expression of the Hsp90 gene in birch leaves showed that P. plurivora infection combined with 60% defoliation increased Hsp90 expression about seven times (Figure 5), though other combinations with P. plurivora were not higher than the control.



Birch root infection by P. plurivora in combination with partial loss of leaves (30% defoliation) led to a two-fold increase in the expression of the Hsp83 gene. Other treatments with P. plurivora also exhibited greater Hsp83 than the control. Stress caused by defoliation without the pathogen responded by down-regulation of both Hsp90 and Hsp83.




3.6. Interactions with Other Species of Pathogens on Birch Leaves


At the beginning of August 2019, symptoms of infestation by leaf parasites appeared on the leaves for the first time (Figure 6). Sequencing of ITS from sample M1 revealed that this sequence has 100% identity to Erysiphe ornata var. ornata (U. Braun) (HM057441.1). Erysiphe ornata var. ornata is a species of powdery mildew. The ITS sequence from sample M2, taken in September, also has 100% identity to Erysiphe ornata var. ornata. However, the ITS sequence from the sample M3 has 98.24% identity to Ampelomyces quisqualis (Ces.) (JX681067.1). A. quisqualis is a mycoparasite and the natural antagonist of powdery mildew fungi. Although the seedlings in all variants were infected by powdery mildew, birch trees inoculated with P. plurivora showed a much greater degree of damage (Figure 7, Table S11).




3.7. Chemical Composition of Birch Shoots Extracts in the Different Treatments


Birch shoots from P. plurivora + defoliation 60% treatment (6) had the highest flavonoid content but the lowest quantity of other phenolic compounds. Flavonoids, such as catechine, 3-methylluteoilin, 3,7-dimethylquercitin, santin, and cirsimaritin, were detected only in sample 6. Betuligenol and 1-docosyl p-coumarate were identified in all investigated extracts, while tyrosol and 2-(4-hydroxyphenyl) propionate in samples 1–5 solely (Table 2). Shoots subjected to defoliation 60% (3) were poorer in triterpenes and richer in sterols than the other variants of the experiment (1, 2, 4–6). 3,4-Seco-dammara-4(29),20(21),24(25)-trien-3-oic acid, dammaradien-3-one, dipterocarpol, and 3,4-seco-urs-4(23),20(30)-dien-3-oic acid were triterpenes with highest concentration. The main phytosterol was β-sitosterol (Table 2). Fatty acids + fatty acids esters, fatty alcohols, and alkanes content ranged from 13.79–39.73, 5.44–12.83, and 3.80–7.84, respectively (Table 2). In birch shoots extracts, volatile organic compounds, such as 2-methylpentane-2,4-diol, 2-phenylethanol, or linalool were also identified. Furthermore, all investigated samples contain glycerol and phytol (Table 2). Statistical comparison presents in Table S3.





4. Discussion


This work reveals silver birch fine root damage by P. plurivora and confirms earlier observations [8]. Necrosis of fine roots’ length and surface area are typical symptoms of Phytophthora root rot [49]. Tissues infected by Phytophthora show root rot which reduces proper absorption of water and nutrients [50]. Scars formed on maternal roots after the death of fine roots raise the risk of penetration of other microorganisms causing secondary infections [51]. There was a visible reduction of the diameters of the root collar in all the treatments with P. plurivora which may be explained by lesions spreading from the roots up to the root collar. The results of the fine root length and the fine root area suggest slight mitigation of the P. plurivora effect on the roots under 30% defoliation. Moreover, non-infected trees with defoliation 30% had the same or higher length of the root parameters than the control. One of the possibilities is that moderate stress induces plant resistance [40]. Considering the increasing aboveground biomass and the damaging effect on the underground mother root, the cumulative effect of both stressors could lead to a higher risk of tree failure. The attenuating effect of P. plurivora infection on growing stem biomass under defoliation could be explained by the observed activation of defense gene expression and increasing photosynthetic activity due to pathogen treatment.



Analysis of photosynthetic activity after 72 h immersion in water and defoliation revealed negative photosynthetic reactions to the defoliation and positive to the pathogen. The PI total parameter, which is essentially an indicator of tree vitality, was the lowest in defoliated trees without pathogens, but treatments with P. plurivora had higher values, which suggests some sort of compensation mechanism [31,52]. The presence of the pathogen significantly increases the photosynthetic activity of the plant compared to the control. Considering that P. plurivora consumes sugars produced by the tree in its parasitic activity, this is a positive response of the tree to the pathogen. On the other hand, defoliation reduces sugar production, which could mitigate the effects of the pathogen.



The high Tfm values in Defoliation 60% mean that a longer period of time is needed to reach a full reduction state of the primary electron acceptors that indicate a low tolerance to stress caused by loss of many leaves [53]. Besides, the high values of Fo of defoliated trees point to low efficiency of excitation energy transfer between chlorophyll molecules. They could be the result of the partial dissociation of chlorophyll in PSII [54]. The area above the fluorescence transient (Area) reflects the size of the plastoquinone pool. This Area variable for the plants which were infected by P. plurivora increased, indicating the presence of a larger quinone pool. Though this parameter was decreased in the case of the 60% defoliation plants, this might be involved in blocking the transport of electrons from reaction centers to the pool of plastoquinone [55]. However, September’s performance index results were higher in all treatments than May’s, indicating the adaptation of plants to stress over time. Additionally, plants have complex adaptive mechanisms at the cellular and molecular levels. Under stress, plants transcribe and translate heat shock proteins. Hsps’ genes from distinct plant species respond differently to various types of stress [22]. While their response to heat, cold, osmotic, and salt stress is relatively well studied [56,57], information about their response to pathogen infection is rather scarce. This study revealed an intense response of silver birch immune mechanisms to P. plurivora infections and defoliation by activating the expression of the Hsp90 and Hsp83 genes. The maximum level of expression for these genes as the response to the pathogen was observed in different treatments, Hsp90 dramatically increased in the group P. plurivora + defoliation 60%, and Hsp83 in the group P. plurivora + defoliation 30%. Phytopathogenic fungi of the genus Phytophthora have an impact on the expression of other Hsp genes. Phytophthora infestans ((Mont.) de Bary) led to up-regulation of Hsp70 genes and increased synthesis of Hsp70 proteins in tomatoes [58] and Solanum tuberosum (L.) [59], which indicates that it could participate in mediating the disease resistance in plants in response to biotic stresses. Lee et al. [60] investigated the mode of action of a P. infestans effector, Pi23226, which induces cell death in Nicotiana benthamiana (Domin), and found that the effector interacts with two isoforms of heat shock protein 70. Infection of avocado (Persea americana (Mill.)) by Phytophthora cinnamomi (Rands) downregulated 17.3-kDa small heat-shock protein [61]. Hsp90 also participates in plant disease resistance; together with the co-chaperones RAR1 and SGT1, Hsp90 modulates many cytosolic R proteins, such as MLA, RPM1, RPS2, and RPS4. Hsp90 activates cytosolic R protein, which contains a nucleotide-binding site (NB) and leucine-rich repeats (LRRs), mediating the defense of plants against many pathogens [62]. It was shown that the RXLR cytoplasmic effector AVR3a of P. infestans confers avirulence on potato plants carrying the R3a gene. R3a activation by AVR3aKI is dependent on the ubiquitin ligase-associated protein SGT1 and heat-shock protein Hsp90 [63]. Hsp90 also interacts with necrosis-inducing Nep1-like proteins (NLPs) [64].



The synthesis of biologically active substances by plants is an effective method to reduce the attack of insects and the spread of pathogens. Biochemical compounds, such as volatile substances (belonging to secondary metabolites produced by the synthesis of terpenes and phenylpropanoid compounds), as well as growth inhibitors and some hormones, are involved in plant defense responses to stress. Plants under the stress of defoliation generally reduce the production of sugars, proteins, starch, lignin, and hemicellulose while increasing the synthesis of secondary metabolites, including phenols, terpenes, and sterols [65]. Defoliation 60% increased the emission of sterols, fatty alcohols, fatty acids, and fatty acid esters; however, the contents of these substances in plants with a lower degree of defoliation (defoliation 30%) were similar to the control group. The combination of P. plurivora infection and defoliation increased the production of triterpenes, which was a defensive stress response. In previous research [66,67,68], we found that birch tissues contain different groups of biologically active substances, e.g., flavonoids, triterpenes, and sterols. We proved that birch tissues secrete VOC, such as 2-phenylethanol or linalool [69,70]. We detected that P. plurivora emits volatiles also [71]. Moreover, in previous investigations, we studied the effect of other species from the Phytophthora genus, i.e., P. cactorum [72,73], on the composition of bioactive compounds in birch shoots.



Additionally, weakening of birch immunity caused by infection of the roots by P. plurivora predisposes them to other diseases. The seedlings grew in the forest in the open air, in conditions close to natural, which made their leaves vulnerable to infections of other pathogens. In August, we observed the parasitic fungus Erysiphe ornata var. ornata on the leaves. This leaf parasite belongs to the group of biotrophic pathogens, which use nutrients obtained from the host plant, leading to the loss of carbohydrates and other substances in the plant [74]. As the level of damage by powdery mildew was significantly higher in the group plants with P. plurivora than control and defoliated-only trees, this may mean that P. plurivora increases susceptibility to other. Moreover, a month later, hyperparasite Ampelomyces quisqualis appeared, a natural biocontrol agent for powdery mildew.




5. Conclusions


This study demonstrates different responses to P. plurivora depending on degrees of defoliation. Defoliation of 60% leads to damage of the assimilatory apparatus and promotes pathogenic infection, while a lower degree of defoliation (defoliation 30%) seems to counteract the pathogen’s influence. The oomycete P. plurivora is a dangerous pathogen for silver birch, causing considerable damage to the root system. However, the combination of stress from P. plurivora and defoliation 30% results in a much healthier root morphology than trees infected with P. plurivora without defoliation or trees infected with P. plurivora in combination with 60% defoliation. Although defoliation significantly reduced total photosynthetic activity, the P. plurivora treatments still showed high vitality of the photosynthetic apparatus, as expressed by an increase in the total performance index (PI total).



We examined the molecular response to plant injury and found that defoliation-induced stress down-regulates, whereas P. plurivora infection caused up-regulates of Hsps’ gene expression. Exploring Hsp gene expression under a combination of different stresses was also one of our targets. We discovered that Hsps responded differently to various combinations of stressors. The highest expression of Hsp83 was obtained with P. plurivora + defoliation 30% treatment, and the highest expression of Hsp90 was obtained with P. plurivora + defoliation 60%. This outcome may also result from Hsps localized in the cytoplasm (Hsp90) and chloroplast (Hsp83) responding differently to stressors.



Moreover, defoliation 60% increased the production of sterols and fatty acids, fatty acid esters by 2.5-fold compared to the control group. The combination of defoliation with inoculation of P. plurivora increased the content of triterpenes. The highest content of flavonoids was found in the treatment P. plurivora + defoliation 60%.



In addition, we found the parasitic fungus Erysiphe ornata var. ornata on the leaves of all trees. Moreover, we also detected the presence of the hyperparasite Ampelomyces quisqualis on Erysiphe ornata var. ornata. To our knowledge, this is the first record of a host-parasite relationship between Erysiphe ornata var. ornata on Betula pendula and Ampelomyces quisqualis in Poland. However, we do not yet know whether this natural biological control agent can maintain the hyperparasite population at an adequate level.



This study documented the combined outcomes at the biochemical, physiological, and biochemical levels of simultaneous defoliation and fungal infection upon birch tree seedlings, a first of its kind. We confirmed our hypothesis that combined forest pest attacks created an effect that is not simply the linear summation of the individual stressors. Some of these harmful influences had immediate negative impacts, whereas others initially counteracted these negative impacts until the combined physiological toll overwhelmed the plant’s natural defenses. As more and more ecosystems face attacks from various biological organisms and abiotic influences such as warming climate and increasing drought, integrated studies such as this one which parses out the constituent influences upon plant health will become more and more valuable.
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Figure 1. Diameters of the root collar and dry biomass of stems. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and the center line corresponds to the median. The upper whisker extends from the upper hinge to the largest value no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range or distance between the first and third quartiles). Likewise, the lower whisker extends from the lower hinge to the smallest value no further than 1.5 * IQR from the hinge. Treatments with different letters in the notation are significantly different. Points were jittered in order to avoid overplotting of identical values. 
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Figure 2. Root morphology parameters depending on the treatments. Total root length. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and the center line corresponds to the median. The upper whisker extends from the upper hinge to the largest value no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range or distance between the first and third quartiles). Likewise, the lower whisker extends from the lower hinge to the smallest value no further than 1.5 * IQR from the hinge. Treatments with different letters in the notation are significantly different. Points were jittered in order to avoid overplotting of identical values. 
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Figure 3. Comparison of chlorophyll fluorescence parameters in different treatments in May. Parameters: PI total—the total performance index of photosystem II, Tfm—the time at which the maximum fluorescence value was reached, Fo—the initial fluorescence representing the emission by excited chlorophyll molecules in the antenna structure of the photosystem II, Fm—the maximum fluorescence value, Fv—variable fluorescence, Fv/Fm—maximum photochemical quantum yield of PSII, Area—the area across the fluorescence curve between Fo and Fm, ABS/RC—absorption flux of antenna Chls per RC (RC—reaction center), TR0/RC—trapped energy flux per RC, ET0/RC—electron transport flux per RC, DI0/RC—total energy dissipated per reaction center. 
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Figure 4. Comparison of chlorophyll fluorescence parameters in different treatments in September. Parameters: PI total—the total performance index of photosystem II, Tfm—the time at which the maximum fluorescence value was reached, Fo—the initial fluorescence representing the emission by excited chlorophyll molecules in the antenna structure of the photosystem II, Fm—the maximum fluorescence value, Fv—variable fluorescence, Fv/Fm—maximum photochemical quantum yield of PSII, Area—the area across the fluorescence curve between Fo and Fm, ABS/RC—absorption flux of antenna Chls per RC (RC—reaction center), TR0/RC—trapped energy flux per RC, ET0/RC—electron transport flux per RC, DI0/RC—total energy dissipated per reaction center. 
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Figure 5. Relative expression level of Hsp90 and Hsp83. 
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Figure 6. Mildew on birch leaves. 
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Figure 7. The degree of leaf damage according to the Khvasko scale. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and the center line corresponds to the median. The upper whisker extends from the upper hinge to the largest value no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range or distance between the first and third quartiles). Likewise, the lower whisker extends from the lower hinge to the smallest value no further than 1.5 * IQR from the hinge. Points were jittered in order to avoid overplotting of identical values. 
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Table 1. List of primers.
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	Primers and Probes Name
	Sequence
	Reference





	P. plurivora-f
	CCG TAT CAA CCC TTT TAG
	[26]



	P. plurivora-r
	GCT GAA AGT TGC TAT CTA
	[26]



	P. plurivora-probe
	[JOE]CCC AGA CCG AAG TCC AAA CAT[NFQ-MGB]
	[26]



	BpHsp90-f
	GACAGAGGAGATCGCGAAGG
	(new design)



	BpHsp90-r
	GCCCTCAACTGAGAAGTGCT
	(new design)



	BpHsp83-f
	AGGATTGCTCCTGACAAGGC
	(new design)



	BpHsp83-r
	CAACGCCTCCATGAACTCCT
	(new design)



	ITS1
	TCCGTAGGTGAACCTGCGG
	[27]



	ITS4
	TCCTCCGCTTATTGATATGC
	[27]



	BpTub-f
	ACAGTGCATTCGAGCCATCA
	(new design)



	BpTub-r
	CACCTCAGCCACACACTGGTAG
	(new design)
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Table 2. The chemical composition of extracts from birch shoots in the treatments: Control (1), Defoliation 30% (2), Defoliation 60% (3), P. plurivora (4), P. plurivora + defoliation 30% (5), P. plurivora + defoliation 60% (6). More details are given in Table S12. Detection error does not exceed 5% of a given value.
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Compound

	
Content (%)




	
1

	
2

	
3

	
4

	
5

	
6






	
Flavonoids, among others:

	
0.48

	
0.75

	
-

	
0.54

	
0.42

	
4.78




	
Catechine

	
0.48

	
0.15

	
-

	
-

	
-

	
0.48




	
Kempheride

	
-

	
0.6

	
trace *

	
0.54

	
0.42

	
1.83




	
3-Methylluteolin

	
-

	
-

	
-

	
-

	
-

	
0.28




	
3,7-Dimethylquercetin

	
-

	
-

	
-

	
-

	
-

	
0.42




	
Santin

	
-

	
-

	
-

	
-

	
-

	
0.64




	
Cirsimaritin

	
-

	
-

	
-

	
-

	
-

	
0.77




	
Other phenols, including:

	
3.08

	
4.22

	
1.57

	
5.98

	
3.54

	
0.3




	
Eugenol

	
-

	
0.17

	
-

	
0.19

	
-

	
-




	
Tyrosol

	
0.38

	
0.59

	
trace *

	
1.05

	
0.63

	
-




	
3-Hydroxybenzoic acid

	
-

	
-

	
0.21

	
-

	
-

	
-




	
Betuligenol

	
1.61

	
2.41

	
0.21

	
3.29

	
2.54

	
0.3




	
Protocatechuic acid

	
-

	
-

	
0.58

	
0.28

	
-

	
-




	
2-(4-Hydroxyphenyl)propionate

	
0.54

	
0.25

	
trace *

	
0.71

	
0.19

	
-




	
Rhododendrin

	
-

	
0.26

	
-

	
-

	
-

	
-




	
1-Docosyl p-coumarate

	
0.54

	
0.54

	
0.56

	
0.45

	
0.19

	
trace *




	
Triterpenes, among others:

	
49.88

	
48.2

	
18.08

	
44.04

	
51.11

	
64.9




	
Squalene

	
-

	
0.23

	
-

	
-

	
-

	
0.23




	
3,4-seco-Dammara-4(29),20(21),24(25)-trien-3-oic acid

	
27.03

	
32.5

	
7.35

	
29.31

	
32.31

	
33.86




	
Dammaradien-3-one

	
1.67

	
2.7

	
0.6

	
2.1

	
2.18

	
4.01




	
3,4-seco-Olean-4(24)-en-19-on-3-oic acid

	
0.63

	
0.44

	
0.45

	
0.26

	
0.47

	
0.35




	
3,4-seco-Urs-4(23),20(30)-dien-3-oic acid

	
2.86

	
2.16

	
0.43

	
1.78

	
2.64

	
3.49




	
20-Hydroxy-3,4-seco-dammara-4(28),24-dien-3-oic acid

	
2.26

	
0.86

	
2.17

	
0.79

	
1.21

	
2.05




	
Dipterocarpol, isomer 20R

	
0.97

	
0.56

	
trace *

	
0.72

	
0.71

	
1




	
3,4-seco-Urs-4(23),20(30)-dien-19-ol-3-oic acid

	
-

	
-

	
-

	
-

	
0.27

	
0.6




	
Dipterocarpol, isomer 20S

	
2.5

	
0.66

	
0.36

	
0.96

	
1.35

	
1.37




	
Betulin

	
0.53

	
0.25

	
0.81

	
0.27

	
0.37

	
1.18




	
Oleanolic acid

	
0.61

	
0.22

	
0.49

	
0.43

	
0.21

	
0.34




	
Betulinic acid

	
0.79

	
0.35

	
0.73

	
0.53

	
0.34

	
0.7




	
Kabraleon

	
0.67

	
0.33

	
0.41

	
0.36

	
0.49

	
1.18




	
Methyl acetylbetulinate

	
0.45

	
0.32

	
1.88

	
0.41

	
0.39

	
0.48




	
Sterols, including:

	
5.19

	
5.02

	
12.35

	
3.93

	
3.89

	
5.69




	
Campesterol

	
-

	
-

	
0.75

	
0.25

	
0.25

	
0.59




	
β-Sitosterol

	
4.8

	
4.58

	
9.8

	
3.42

	
3.37

	
4.74




	
Stigmastanol

	
0.4

	
0.44

	
1.8

	
0.26

	
0.27

	
0.36




	
Fatty acids + fatty acids esters

	
19.36

	
20.94

	
39.73

	
21.92

	
19.89

	
13.79




	
Fatty alcohols

	
7.25

	
6.9

	
12.83

	
8.41

	
7.25

	
5.44




	
Alkanes

	
6.5

	
7.78

	
6.12

	
7.84

	
9.02

	
3.8




	
Other compounds, including:

	
7.6

	
5.41

	
8.96

	
6.11

	
4.09

	
1.3




	
meso-2,3-Butanediol

	
0.97

	
0.33

	
0.5

	
0.47

	
-

	
-




	
3-Hydroksyheptane

	
-

	
-

	
0.28

	
-

	
-

	
-




	
threo-2,3-Butanediol

	
0.65

	
0.34

	
0.7

	
0.61

	
-

	
-




	
Lactic acid

	
0.68

	
0.34

	
0.45

	
0.38

	
0.37

	
-




	
2-Methylpentane-2,4-diol

	
2.92

	
1.78

	
5.89

	
1.49

	
0.95

	
0.47




	
2-Phenylethanol

	
-

	
0.12

	
-

	
0.14

	
-

	
-




	
Linalool

	
-

	
0.15

	
trace *

	
0.4

	
0.19

	
-




	
Glycerol

	
0.8

	
0.67

	
0.7

	
0.7

	
0.73

	
0.19




	
Phytol

	
1.57

	
1.7

	
0.44

	
1.93

	
1.85

	
0.64




	
Unidentified compounds

	
0.67

	
0.77

	
0.36

	
1.24

	
0.81

	
-








* below 0.1% TIC.
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