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Abstract

:

The adaptability of phytophagous insects to different host plants is a key determinant of their population propagation. Understanding the feeding behaviour and population dynamics of insects is crucial for elucidating host adaptability and screening for insect-resistant germplasms. Here, we investigated Toxoptera aurantii (Hemiptera: Aphididae) adaptability using electropenetrography and assessed its population growth on seven tea cultivars: Huangjinya (HJY), Qianmei601 (QM601), Fudingdabaicha (FD), Longjing43 (LJ43), Qiancha1 (QC1), Qiancha8 (QC8) and Qiancha10 (QC10). The results showed that the feeding behaviour of T. aurantii differed significantly depending on the tea cultivars. The initial probing of T. aurantii on HJY was the earliest among the seven host plants. Aphids on QC1 and QC10 displayed an increased duration of stylet probing and decreased ingestion of phloem sap, whereas a contrasting trend was observed for aphids on HJY. In addition, the mechanical resistance of T. aurantii fed on HJY and QM601 during the probing phase was significantly lower than that of aphids fed on other cultivars. Population dynamic parameters revealed that the growth rate of T. aurantii reared on HJY was the fastest, and its population quantity within 15 days was markedly higher than that of aphids fed on other cultivars. These findings demonstrate that HJY is the most suitable host plant, whereas QC1 and QC10 are less suitable hosts for T. aurantii, although the aphids successfully survived on all the selected tea cultivars. Our results provide valuable information for the biological control of T. aurantii using resistant tea varieties.
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1. Introduction


Plants in natural ecosystems have developed complex and effective defence systems to resist infestation by phytophagous insects following their long-term coevolution with the insects, which, in turn, has affected insect behaviour, population dynamics and distribution [1,2]. Previous studies have shown that there is specificity between insects and plants, and the adaptability of insects to host plants is usually affected by the physical structure, nutrient composition and the content of secondary substances of the host [3,4,5]. Phytophagous insects exhibit various adaptation strategies to host plants, such as through their feeding habits, physiological responses and fecundity [6,7]. Generally, insects preferentially settle and oviposit on the most suitable hosts to facilitate larval growth [8]. Adaptability determines the performance of insects under the pressure of natural selection. The evaluation of insect adaptability involves various ecological indicators, including larval development time, mortality rate, pupal weight and fecundity [9]. Thus, investigating the biological characteristics of insects on various host plants enhances our understanding of their adaptability, which is also the premise of screening for insect-resistant germplasm resources.



The tea plant (Camellia sinensis [L.] O. Kuntze) is a unique beverage crop globally which is frequently attacked by insect pests during its growing period. The tea aphid, Toxoptera aurantii Boyer de Fonscolombe (Hemiptera: Aphididae), a destructive insect pest with a piercing–sucking mouthpart, seriously threatens tea plants around the world [10]. Owing to its miscellaneous feeding habits and strong invasion capability, T. aurantii has a wide host range, such as tea-oil camellia (Camellia oleifera), citrus, coffee, cocoa and mango, among others, consequently causing substantial economic losses in each production season [10]. Aphids constitute a major group of crop pests that have excellent host adaptability. However, the adaptability of aphids varies greatly among different host plants [11]. Significant differences in developmental time, reproductive capacity and adult longevity have been observed in Aphis fabae Scopoli (Hemiptera: Aphididae) fed on different sugar beet cultivars [12]. According to Han et al., the duration of phloem sap ingestion of T. aurantii on tea plants is considerably longer than that on soybean and wheat plants [13]. Insect–host plant interactions are known to substantially affect the biological characteristics of related organisms. Therefore, the implications of such interactions in integrated pest management have attracted considerable attention among researchers. Unfortunately, there is limited knowledge on the performance of T. aurantii on tea plants.



The use of resistant tea germplasm is the most effective, economical and eco-friendly method of controlling insect pests. The level of plant resistance can be reflected by the adaptability of insects towards hosts. Previous studies have shown that insects improve their adaptive ability to host plants primarily through their selection behaviour and feeding habits; therefore, elucidating the feeding behaviour of insects is essential for revealing host resistance mechanisms [14,15]. To overcome the defensive traits of plants, phytophagous insects have evolved different types of mouthparts to adapt to complex environments. For example, aphids are insects with small piercing–sucking mouthparts that feed by inserting their slender mouthparts into phloem cells, the food conduits of plants. The electrical penetration graph (EPG) technique can accurately record the duration and frequency of each behaviour of aphid stylets within plant tissues, such as cell puncture, salivation, xylem sucking and phloem sucking [16]. EPG waveforms can reveal the position of the piercing–sucking insect stylet in plant tissues, thereby providing detailed information regarding plant resistance [17]. Currently, the EPG technique has been widely used to assess the host specificity of phytophagous insects because of its accuracy and efficiency [18,19,20]. Population dynamics is a key index in determining insect fitness on host plants. The adaptability of insects to host plants can be comprehensively evaluated by combining feeding behaviour with population dynamics [5]. Our recent study showed variations in the feeding selectivity of T. aurantii for different tea varieties [21]. However, T. aurantii adaptability to various tea cultivars remains unknown.



Therefore, this study evaluated T. aurantii adaptability by recoding its feeding behaviour on seven tea cultivars using the EPG technique. Furthermore, the population growth rates of T. aurantii on the different tea cultivars were analysed. This study provides valuable insights for screening aphid-resistant tea germplasm resources and formulating management strategies for T. aurantii.




2. Materials and Methods


2.1. Aphids


T. aurantii specimens were collected from tea plantations in Guiyang, China (26°45′ N, 106°66′ E) in May 2020 and reared on tea seedlings in a controlled environment chamber maintained at 25 °C ± 1 °C, 70 ± 5% RH, 150–200 μmol m−2 s−1 light intensity (LI) and a 14:10 h light:dark (L:D) photoperiod. Before tests, a wingless adult aphid from the above-mentioned population was transferred onto ‘Fudingdabaicha’ (FD) seedlings (a predominant tea variety in China). After three generations of reproduction, the newly moulted (within 6 h) T. aurantii adults were collected for analysis.




2.2. Plants


Seven tea cultivars, including Huangjinya (HJY), Qianmei601 (QM601), FD, Longjing43 (LJ43), Qiancha1 (QC1), Qiancha8 (QC8) and Qiancha10 (QC10), were used in the present study. The cultivars were generously provided by Prof. Zhengwu Chen (Institute of Tea, Guizhou Academy of Agricultural Sciences). All hosts were 2-year-old plants cultivated in plastic pots (D 16 cm × H 28 cm) under controlled conditions in an environment chamber (25 °C ± 1 °C, 70 ± 5% RH, 150–200 μmol m−2 s−1 LI and a 14:10 h L:D photoperiod) during spring.




2.3. EPG Recording


Feeding activities of T. aurantii on the different tea cultivars were recorded using a DC-EPG device (Giga-8 EPG amplifier; Wageningen, The Netherlands). Same-sized apterous adult aphids that emerged within 6 h of moulting were selected for the experiment. Aphids and tea plants were connected to the insect and plant electrodes of the EPG device, respectively. The insect electrode was a gold wire (12.5 µm diameter and 2–3 cm length). The gold wire terminal was dipped in silver glue drops when connecting aphids and then carefully attached to the pronotum of adult aphids. After 1 h of starvation treatment, the wired aphids were subsequently connected to the DC-EPG probe and placed individually on the abaxial surface of the tender tea leaves. The plant electrode was a copper nail (2 mm diameter and 10 cm length) and was inserted directly into the potting soil, where the tea seedlings were grown. The EPG system was placed in a Faraday cage to prevent interference due to external electrical noise. The feeding behaviour of T. aurantii was recorded at 09:00 every day for 6 h. The experiment was performed at a constant temperature of 25 °C ± 1 °C, 70 ± 5% RH and 150–200 μmol m−2 s−1 LI. Fifteen effective repetitions were obtained for EPG parameter analysis. Seven tea cultivars were stochastically arranged in the Faraday cage. EPG signals were stored on a computer through A/D card (DI-710, Dataq Instruments Inc., Akron, OH, USA) and WinDaq Lite Acquisition software ver 2.40 (Dataq Instruments Inc., Akron, OH, USA). The EPG waveforms were recorded and analysed during 6 h of T. aurantii feeding using the software Stylet+ (downloaded from http://www.epgsystems.eu/, accessed on 6 August 2022). EPG parameters were processed automatically using Excel Workbook 4.4.3 [22].




2.4. Population Dynamics


The population dynamics of T. aurantii on different tea cultivars were investigated using a non-free choice method as described by Jiang et al. [5]. Briefly, each plant was kept in a separate plastic tray (20 cm in diameter) filled with water (3 cm in depth) to prevent aphids from spreading among the host plants. Five newly moulted apterous T. aurantii adults were placed on the abaxial surface of the tender leaves of one plant from each tea cultivar (10 plants per variety) using a small hair paintbrush. The population of aphids on tea seedlings was recorded every 3 days for 15 days. The experiment was performed in a greenhouse, as mentioned previously, with three replicates for each tea cultivar.




2.5. Statistical Analysis


The waveform patterns of T. aurantii were identified using a previously described method [23]. All statistical analyses were performed using IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA). Prior studies have shown that some EPG parameters do not conform to the normal distribution [24,25]. Thus, normality and homogeneity of variances were checked before analysis. The duration and percentage of EPG parameters that did not conform to the normal distribution were log10(n + 1)- and arcsine-transformed, respectively. Statistical comparisons of variables of the seven host plants were performed using one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test at 0.05 level (p = 0.05).





3. Results


3.1. Feeding Behaviour of Toxoptera aurantii on Seven Tea Cultivars


According to the results, seven distinct EPG waveforms associated with T. aurantii piercing and sucking activities were observed on all host plants tested: non-penetration behaviour (waveform np), intercellular stylet pathway (waveforms A, B and C), potential drop (waveform pd), stylet penetration difficulties (waveform F), xylem ingestion (waveform G), phloem saliva secretion (waveform E1) and phloem sap ingestion (waveform E2) (Figure 1). A total of 20 EPG parameters were selected for comparison in this study (Table 1 and Table 2). The results showed significant differences in the feeding activities of T. aurantii among seven tea cultivars.



3.1.1. Probing Stage EPG Parameters of Toxoptera aurantii


The spying path phase parameters presented in Table 1 indicate that QC1 and QC10 exhibited a remarkable effect on the probing activities of T. aurantii. The number of probes on QC1 and QC10 was significantly higher than those on HJY, QM601, FD, QC8 and LJ43. T. aurantii on QC8 had the longest total duration of waveform np. The time to first probe from the start of the EPG recording was significantly shortened on HJY compared with that on others. There were no differences in the duration of the first probe, number of pd, average duration of pd, number of G and total duration of G among the seven tea cultivars (Table 1). The aphids on QC1 and QC10 displayed more frequent numbers of probes to the first E1 than those on HJY and QM601. Moreover, the number of short probes increased when aphids fed on QC1 and QC10. The total duration of C on QC1 was the longest, whereas the opposite was found on HJY. The number and duration of waveform F was significantly lower on HJY and QM601 compared with the other tea cultivars (Table 1).




3.1.2. Phloem-Stage EPG Parameters of Toxoptera aurantii


The T. aurantii stylet could reach the phloem to ingest sap on all seven host plants within 6 h of the EPG recording period. No significant differences were observed in the number of E1, total duration of E1 and number of sustained E2 (Table 2). The duration of first E was the shortest on QC10, which was significantly shorter in comparison with that on HJY, QM601, FD and QC8. The number of E2 on QC1 and QC10 was significantly lower than that on HJY. T. aurantii took significantly more time from the first probe to the first E2 on QC1 than on HJY and QM601. The total duration of waveform E2 of aphids on HJY was the longest, whereas that of aphids on QC1 was the shortest (Table 2).




3.1.3. Proportion of Each Waveform of Toxoptera aurantii


In the current study, the proportions of average (n = 15) durations of the different feeding waves of tea aphids on the seven test plants are illustrated in Figure 2. The proportion of waveform C when T. aurantii fed on QC1 and QC10 was significantly higher (51.00% and 47.76%, respectively) than that when fed on HJY (29.82%). The proportion of waveform G and E1 did not differ among the seven tea cultivars. The proportion of waveform F of aphids on HJY and QM601 was obviously lower than that of aphids on other tea cultivars. However, HJY emerged with the highest value of 55.68% in waveform E2, and QM601 appeared with the value of 37.64%, both of which were significantly higher than QC1 (23.52%), QC10 (25.66%) and LJ43 (32.25%).





3.2. Population Dynamics of Toxoptera aurantii on Seven Tea Cultivars


The population quantity of aphids fed on the seven tea cultivars within 15 days are shown in Figure 3. The X- and Y-axes represent the time of T. aurantii infestation and the aphid population count, respectively. The results showed that T. aurantii populations on different tea cultivars increased with time, with the aphid population on HJY exhibiting the fastest growth rate. On day 3, the T. aurantii population on HJY significantly exceeded that on other tea plants. Additionally, the T. aurantii population on the seven tea cultivars increased rapidly on day 9, with the population on HJY being the highest. The aphid populations on all cultivars peaked on day 12, with a total of 370.67 ± 11.02 aphids observed on HJY, a count significantly higher than that observed on QC1 (149.33 ± 11.61) and QC10 (153.67 ± 5.61). On day 15, the population number on all test plants decreased slightly, but there were significant differences among the seven tea cultivars.





4. Discussion


Prior studies have revealed that a broad host range plays an essential role in outbreaks of phytophagous insects [26,27]. However, the mechanism of insects’ extensive host adaptability is still unclear. Studying the adaptation mechanism of phytophagous insects to hosts provides novel concepts for comprehensive pest management, which is of great significance in the integration of agriculture, chemical and biocontrol measures and in the maintenance of ecological balance. Different plant species have substantial impacts on insect performance [28,29,30]. Therefore, it is essential to accurately understand the adaptability of insects to different hosts to design effective, economical and environmentally friendly pest control strategies. In the present study, the adaptability of T. aurantii to seven tea cultivars was evaluated based on their feeding activities and population dynamics.



Suitable host plants are fundamental for insect settlement and reproduction, and the feeding selectivity of phytophagous insects for different host plants is a crucial behavioural adaptation strategy [31]. The EPG technique plays an important role in investigating the correlation between sucking insects and host plants. The techniques can reveal the subtle variations in the feeding behaviour of sap-sucking insects within plant tissues. This study used the EPG technique to monitor the feeding activities of T. aurantii on seven tea cultivars. The results showed that T. aurantii on the tea plants used in our experiment exhibited seven EPG waveform types, including the np, C, pd, F, G, E1 and E2 waveforms. The EPG waveform pattern of T. aurantii was consistent with that observed by Han et al. [13]. Owing to the complex relationship between piercing–sucking insects and host plants, new waveforms are continually being identified and described. These findings confirm that EPG waveforms are not only stable but are also diverse [32]. According to a study by Zhou et al., the F waveform was not observed in either Eriosoma lanigerum Hausmann (Hemiptera: Aphididae) or Aphis citricola van der Goot (Hemiptera: Aphididae) when sucking sap from apple seedlings [33]. Therefore, further studies are required to determine whether the variations in aphid EPG waveforms are closely associated with the host plants or aphid species.



Understanding the feeding behaviour of insects on different host plants could facilitate the elucidation of insect-resistance mechanisms in plants [34,35]. Various studies have indicated that the probing behaviour of aphids on plants could be directly affected by external morphological characteristics and the internal organisational structure of the host plant [36,37]. If the resistance factors are located in the epidermis or mesophyll tissues, aphids exhibit a relatively high frequency of interruption during the probing process, and the probing pathway duration is markedly prolonged [38]. Our results demonstrated that the prying feeding behaviour of T. aurantii differed significantly among the seven tea cultivars. Aphids feeding on QC1 and QC10 increased the number of probes as well as significantly extended the total duration of the C wave, but the opposite was observed on HJY. The F-wave represents the waveform that occurs when the aphid stylet encounters mechanical resistance from the host tissue during the probing process [23]. In this study, both the number and total duration of F waveforms exhibited by T. aurantii during the pathway stage were lower on HJY than on QC1 and QC10. According to these results, we speculate that there are physical resistance factors in the leaf epidermal cells or mesophyll tissues in QC1 and QC10, which inhibited the penetration of T. aurantii stylets.



In previous studies, the focus on the interaction between plants and insect pests was primarily directed toward identifying plant resistance to pests, with little attention given to understanding the mechanisms underlying pest adaptation strategies in various plant–pest systems [39]. Aphids are typical phloem-sucking insects; consequently, their feeding behaviours during the phloem phase are crucial indicators for evaluating host suitability [40]. Generally, a short duration of phloem sap absorption by aphids is considered a sign of poor adaptation to the host [41]. In the current study, T. aurantii on QC1 and QC10 exhibited an evidently shorter duration of the waveform E2 than that on HJY. Furthermore, the duration of the first E waveform of T. aurantii on QC10 was the shortest and was obviously lower than that of aphids on other tea cultivars, except for QC1. The feeding activities of aphids can serve as indicators of their preference for specific plant hosts [27], and population dynamics are frequently used to assess the impact of host resistance on aphid behaviours [42]. The findings suggest that integrating these two indexes can improve the accuracy of aphid host adaptability assessments [43]. In the population experiment, our results also revealed that the growth rate of tea aphids on HJY was the fastest, and its population was higher than that observed on other tea cultivars within 15 days. A comparison of the EPG and population parameters indicated that QC1 and QC10 exhibited strong resistance to T. aurantii, whereas HJY was susceptible to attack by T. aurantii. There have been previous reports on the resistance of different tea germplasms to T. aurantii; however, the germplasm materials used by different researchers exhibit marked variation [17,44].



Structure, volatile compounds, nutrients and other factors of host plants can influence the feeding activities of phytophagous insects, with the physicochemical properties of plant leaves playing key roles [45,46]. Gao et al. reported that the inherent physical properties of the tea plant were the primary barriers to attack by T. aurantii and that the aphid population ratio was significantly negatively correlated with the thickness of the lower epidermis, cuticle and palisade tissues [47]. Aphids have a habit of tentatively feeding when selecting host plants, and the nutrient composition of plant tissues is a key factor that influences the process during aphid colonisation [48]. Presently, most studies demonstrated that insect feeding behaviour is positively correlated with the amino acid and sugar contents in host plant tissues; however, caffeine and polyphenols are anti-feeding compounds that deter insect feeding, inhibiting their growth and development, in turn [49,50,51]. In our previous study, marked differences were found in the physicochemical properties of leaves among the seven tea cultivars. The palisade tissue and lower leaf epidermis of QC1 and QC10 were thicker, and the caffeine and polyphenol contents were higher than those of the other tea cultivars; however, the free amino acid contents in QC1 and QC10 were lower than those observed in other tea cultivars [21]. Thus, we infer that tea plant resistance to T. aurantii is closely associated with the physicochemical properties of its leaves; the palisade tissue and lower epidermis thickness are the main physical barrier factors of tea plants against aphid feeding stress; and the contents of caffeine, tea polyphenol and free amino acids are the main nutritional factors.




5. Conclusions


This study evaluated the host adaptability of T. aurantii to seven tea cultivars. Analysis of the EPG parameters and population dynamics of T. aurantii revealed that HJY was the most suitable host plant, whereas QC1 and QC10 were less suitable hosts, although the aphids successfully survived on all seven of the tea cultivars. The findings of the current study provide valuable insights for the selection of effective germplasms for breeding aphid-resistant tea plant varieties. Tea is a perennial crop, and its resistance to insect pests is influenced by a complex regulatory network. Therefore, studying the resistance mechanism of tea plants to aphids requires further attention to relevant resistance traits and associated genes.
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Figure 1. Electrical penetration graph (EPG) waveforms of Toxoptera aurantii. (a) An overview of waveforms during the probing process; (b) stylet penetration difficulties (waveform F); (c) xylem ingestion (waveform G); (d) phloem saliva secretion (waveform E1); (e) phloem sap ingestion (waveform E2). 
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Figure 2. The average proportion of time for each waveform of Toxoptera aurantii probing on seven tea cultivars for 6 h. (a) Proportion of duration of C wave; (b) proportion of duration of G wave; (c) proportion of duration of F wave; (d) proportion of duration of E1 wave; (e) proportion of duration of E2 wave. Different letters in the column chart indicate significant differences between treatments at p < 0.05 (Tukey’s HSD test), whereas the same letters indicate non-significant differences. 
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Figure 3. Population dynamics of Toxoptera aurantii on seven tea cultivars. Different letters in the column chart indicate significant differences between treatments, which were detected with Tukey’s HSD test at p < 0.05. 
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Table 1. Non-phloem-phase electrical penetration graph (EPG) parameters of Toxoptera aurantii fed on seven tea cultivars.
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	EPG Parameter
	HJY
	QM601
	FD
	QC8
	QC1
	LJ43
	QC10





	Number of probes
	2.87 ± 0.32 c
	4.93 ± 0.64 b
	5.73 ± 0.78 b
	5.67 ± 0.69 b
	9.00 ± 0.83 a
	6.33 ± 0.83 b
	9.53 ± 0.80 a



	Sum time of np

wave (min)
	65.32 ± 7.89 b
	59.02 ± 9.49 b
	60.50 ± 7.48 b
	89.35 ± 11.19 a
	50.34 ± 7.21 b
	52.19 ± 6.74 b
	47.53 ± 6.76 b



	Time to first probe from start of EPG recording (min)
	3.32 ± 1.12 b
	9.42 ± 1.87 a
	8.76 ± 1.78 a
	9.92 ± 1.38 a
	8.77 ± 2.44 a
	10.50 ± 1.97 a
	11.46 ± 2.19 a



	Duration of 1st probe (min)
	39.25 ± 5.18
	43.14 ± 4.68
	41.76 ± 5.97
	43.71 ± 5.98
	33.15 ± 4.84
	29.65 ± 5.26
	37.56 ± 5.34



	Number of probes to the 1st E1
	2.53 ± 0.26 c
	3.67 ± 0.44 bc
	4.60 ± 0.54 ab
	4.53 ± 0.47 ab
	6.20 ± 0.76 a
	4.87 ± 0.62 ab
	6.00 ± 0.87 a



	Number of pd
	123.07 ± 9.13
	99.00 ± 10.08
	106.93 ± 10.09
	110.80 ± 6.83
	125.40 ± 11.20
	117.00 ± 15.33
	116.20 ± 8.36



	Mean duration of pd (s)
	5.27 ± 0.22
	5.45 ± 0.16
	5.20 ± 0.21
	5.39 ± 0.13
	5.70 ± 0.25
	5.67 ± 0.20
	5.51 ± 0.21



	Number of short probes (C < 3 min)
	2.53 ± 0.35 b
	3.00 ± 0.45 b
	4.33 ± 0.60 b
	4.40 ± 0.81 b
	6.47 ± 0.18 a
	4.13 ± 0.59 b
	6.60 ± 0.89 a



	Total duration of C (min)
	84.45 ± 7.65 d
	109.10 + 10.73 cd
	116.89 ± 12.52 bc
	98.87 ± 8.98 cd
	151.82 ± 9.49 a
	125.91 ± 9.75 abc
	143.80 ± 12.95 ab



	Number of G
	0.93 ± 0.18
	1.00 ± 0.20
	0.87 ± 0.17
	1.13 ± 0.19
	1.07 ± 0.25
	1.20 ± 0.26
	1.07 ± 0.18



	Duration of G (min)
	14.35 ± 3.06
	20.80 ± 3.48
	16.68 ± 3.67
	15.93 ± 2.99
	18.51 ± 3.74
	22.53 ± 3.70
	16.60 ± 4.28



	Number of F
	0.60 ± 0.16 c
	1.00 ± 0.24 bc
	1.87 ± 0.36 a
	2.00 ± 0.32 a
	1.93 ± 0.30 a
	2.07 ± 0.27 a
	2.13 ± 0.34 a



	Duration of F (min)
	12.77 ± 2.87 b
	15.42 ± 3.00 b
	36.60 ± 6.24 a
	33.71 ± 5.67 a
	41.51 ± 5.70 a
	39.10 ± 6.51 a
	45.60 ± 5.72 a







Data are presented as means ± standard error. EPG parameters followed by different letters in the same row were significantly different between treatments (Tukey’s HSD test: p < 0.05), whereas the absence of letters for some rows indicates non-significant differences.
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	EPG Parameter
	HJY
	QM601
	FD
	QC8
	QC1
	LJ43
	QC10





	Number of E1
	1.47 ± 0.19
	1.93 ± 0.23
	2.07 ± 0.27
	1.87 ± 0.22
	1.73 ± 0.21
	2.13 ± 0.36
	2.00 ± 0.20



	Duration of 1st E
	96.60 ± 7.86 a
	70.06 ± 10.22 a
	53.92 ± 10.18 bc
	56.12 ± 9.37 bc
	37.39 ± 5.25 cd
	45.50 ± 5.27 cd
	29.87 ± 5.06 d



	Total duration of E1 (min)
	14.90 ± 2.02
	13.99 ± 2.35
	17.50 ± 2.03
	15.67 ± 2.04
	16.94 ± 2.04
	13.83 ± 2.18
	19.55 ± 2.31



	Number of E2
	2.00 ± 0.26 a
	1.73 ± 0.21 ab
	1.47 ± 0.19 ab
	1.53 ± 0.19 ab
	1.40 ± 0.16 b
	1.67 ± 0.21 ab
	1.33 ± 0.16 b



	Time from 1st probe to 1st E2
	84.52 ± 9.55 c
	96.72 ± 11.92 bc
	114.21 ± 11.59 abc
	103.64 ± 11.34 abc
	131.56 ± 12.16 a
	120.59 ± 13.50 ab
	126.47 ± 11.43 ab



	Number of sustained E2 (>10 min)
	1.33 ± 0.19
	1.20 ± 0.17
	1.00 ± 0.17
	1.07 ± 0.18
	1.13 ± 0.19
	1.27 ± 0.23
	0.87 ± 0.17



	Total duration of E2 (min)
	156.92 ± 10.38 a
	132.54 ± 12.38 ab
	102.33 ± 12.22 bc
	96.60 ± 11.07 cd
	68.71 ± 11.07 d
	95.34 ± 11.56 cd
	75.80 ± 12.47 cd







Data are presented as means ± standard error. EPG parameters followed by different letters in the same row were significantly different between treatments (Tukey’s HSD test: p < 0.05), whereas the absence of letters for some rows indicates non-significant differences.
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