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Abstract

:

The Phytoseiulus persimilis specialized in preying on Tetranychus species, with particularly strong predation capability against Tetranychus urticae. To investigate the morphology of female reproductive structures and effects of different gravid times on structures of oocytes and embryos in Phytoseiulus persimilis, we employed paraffin sectioning, transmission electron microscopy (TEM), and scanning electron microscopy (SEM) on the model species of predatory mite Phytoseiulus persimilis. The female adult possessed several reproductive organs, including paired solenostomes, major ducts, embolus, calyces, and vesicles within the sperm-access system, as well as lyrate organ and the ovary. Furthermore, the reproductive system also encompassed the uterus, vagina, and genital pore, which were involved in egg development and expulsion. The solenostomes were situated between the third and fourth legs, and they were scarcely discernible in virgin, but they became apparent during mating. The occurrence of mating significantly influenced the nucleus of lyrate organ. In virgin, the nucleus exhibited underdeveloped morphology, whereas in mated individuals, it was well-formed. However, the duration of mating did not impact its development. The cellular structure of the ovary was solely associated with the stage of the surrounding oocyte and was not directly linked to mating occurrences. The uterus was barely visible outside of mating periods but became observable 12 h after mating when eggs were present within the body. At this point, it opened in preparation for egg laying when both the vagina and reproductive opening were open. Positioned in front of the vesicle but behind the ovary was the lyrate organ, with its lower part housing the uterus. The vagina was connected to the genital pore. No significant difference was observed in oocyte morphology between the virgin ovaries and the mated. Oocyte development occurred through four stages: during stage I (4–9 h after mating), yolk accumulation took place; stage II (10 h after mating) involved egg relocation; stage III (12–13 h after mating) was marked by eggshell formation; finally, at stage IV (14–16 h after mating), embryonic development commenced, leading to egg deposition. The fusion of sperm and egg occurred approximately 9–10 h after mating. These findings established a solid foundation for investigating the Phytoseiid reproductive mechanisms.
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1. Introduction


Phytoseiulus persimilis, a pivotal predator of spider mites, had served as an efficacious biocontrol agent for nearly half a century [1]. Although extensive research has been conducted on its biology and ecology [2,3,4], investigations into the ultrastructure of its reproductive system remain limited and outdated, primarily attributed to the works of Alberti and Nuzzaci [5,6]. The female reproductive system in Phytoseiidae encompassed paired gonads, a uterus, and a vaginal duct [7]. The gonads consisted of ovaries where germ cells underwent development alongside a lyrate organ comprising supportive and nutritive tissues [7]. Unlike other Dermanyssina species that employ follicular sperm-entry systems, Phytoseiidae exhibited a distinct sperm-access apparatus involving paired solenostomes, major and minor ducts, a plug, calyx structures, and vesicles [8].



After mating, oocytes underwent four distinct stages characterized by changes in structure and organelle abundance, leading to progressive maturation. Notably, during stage III, the cell membrane exhibited yolk droplets and small protrusions. In stage IV oocytes, peripheral cytoplasm revealed numerous yolk granules and large vesicles, indicating further maturation. Additionally, potential sperm cells might also be present in the ovaries [7].



Research on Phytoseiidae has investigated the occurrence of haploid males and diploid females [9,10,11,12]. Toyoshima’s study focused on egg development in female Ph. persimilis, revealing that two pronuclei appear in the egg 9 h after mating, fused by 12.7 h, and the pronuclei of the second egg began merging by 13.5 h [13]. However, existing research primarily examined the reproductive aspects of female Phytoseiidae with limited emphasis on Ph. persimilis, specifically. Furthermore, the available literature predominantly described internal reproductive structures without comprehensive coverage of overall morphology or the effects of different gravid durations on structures or spatial relationships between structures. The scarcity of studies investigating processes related to egg formation and sperm–egg fusion within eggs resulted in insufficient evidence for accurately estimating timing during egg and embryo development stages. By employing three imaging techniques to explore structural morphology and dissecting female mites at different mating times to observe egg formation, it is possible to obtain a more precise estimation of sperm–egg fusion and embryo development timelines. Our study aimed to provide insights into haploid males within the Phytoseiidae family while advancing our understanding of morphological structures, potentially enhancing the efficacy of predatory mites in biological control.




2. Materials and Methods


2.1. Rearing Conditions for Phytoseiulus persimilis


The Ph. persimilis colony has been reared on Tetranychus urticae for more than 10 years in the Lab of Predatory Mites, Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing, China. The T. urticae colony was maintained on bean seedlings [14]. We planted 23 bean seedlings (Phaseolus vulgaris L.) in a box (35 × 22.5 cm) and reared spider mites on the bean leaves 1 week later. The rearing conditions are 25 ± 1 °C, 70 ± 5% RH, and L:D = 16:8 h.




2.2. Sample Collection


A batch of newly laid eggs was obtained from a laboratory-reared population of Ph. persimilis. The eggs were individually transferred to small breeding chambers and reared until adulthood. Female and male adult mites were then paired for mating. After mating, female mites were collected at 17 time points ranging from 0 to 16 h post-mating, with 20 mites collected at each time point. These mites were placed in a 4% formaldehyde fixative solution (Shanghai Macklin Biochemical Technology Co., Ltd., Shangai, China) for paraffin section sample preparation (HE) [15].



Additionally, 100 female mites were collected immediately after mating and soaked in lactic acid (Beijing Hwrk Chemical Technology Co., Ltd., Beijing, China) for 24 h for scanning electron microscope (SEM) [16]. Female mites that were either unmated or collected at 4, 10, and 12 h post-mating, with approximately 50 mites at each time point, were placed in fixative solution for transmission electron microscope (TEM) [17].




2.3. Paraffin Section Sample Preparation (HE Staining) [15]


	
Tissue Fixation: Fixed the mite samples in 4% formaldehyde solution for 24 h.



	
Ethanol Dehydration: Dehydrated the mite tissue stepwise by soaking it in ethanol solutions (Sinopharm Chemical Reagent Co., Ltd., Shangai, China) of increasing concentrations (70%, 80%, 90%, 95%, 95%, 100%, and 100%) for 40 min each.



	
Tissue Clearing: Immersed the mite tissue in three glass jars filled with xylene (Beijing Chemical Works, Beijing, China), soaking in each jar for 1 h.



	
Wax Impregnation: Immersed the mite tissue in three glass jars filled with paraffin (Beijing Rhawn Chemical Reagent, Beijing, China), soaking in each jar for 1 h.



	
Embedding: Poured melted paraffin into a metal mold, then placed the wax-impregnated tissue flat at the bottom of the mold, ensuring the cutting surface is facing downward. After the paraffin solidifies, removed the embedding mold. Once the paraffin was completely cooled and hardened, trimmed the wax block, leaving an appropriate amount of paraffin around the tissue for sectioning.



	
Sectioning: Fixed the pre-cooled wax block onto a microtome (Zhejiang Jinhua Kedee Instrumental Equipment Co., Ltd., Jinhua, China). Aligned the cutting surface of the wax block parallel to the blade. Rotated the wheel to advance the block, adjusting the section thickness to 5 µm, and cut uniform sections, which were then placed into a slide flotation bath with water at about 45 °C. Spread the section flat on the water surface before mounting.



	
Mounting Sections: Picked up the section on the slide and air-dried slightly. The sections were placed in a 60 °C oven (Shanghai Jinghong Instrument Equipment Co., Ltd., Shanghai, China) for 3 h.



	
Deparaffinization: Gradually deparaffinized the sections by soaking them in the following solutions in sequence for the indicated times: xylene for 5 min, xylene for 5 min, absolute ethanol for 5 min, absolute ethanol for 5 min, 95% ethanol for 5 min, and 75% ethanol for 5 min, followed by washing the sections in water.



	
HE Staining: Immersed the deparaffinized sections in hematoxylin-staining solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) for 10 min, then rinsed them with tap water. Differentiated the staining by immersing the sections in 1% hydrochloric acid alcohol (Beyotime Biotechnology, Shanghai, China) for a few seconds to remove excess hematoxylin from the cytoplasm. Rinsed again with tap water. After rinsing, immersed the sections in a bluing solution for 5–10 min. After bluing, immersed the sections in eosin-staining solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) for 3 min, and, finally, rinsed with tap water to complete the staining.



	
Dehydration and Mounting: Cleared the stained sections by immersing them in the following solutions in sequence: 75% ethanol for 1 min, 95% ethanol for 1 min, absolute ethanol for 5 min, absolute ethanol for 5 min, xylene for 5 min, and xylene for 5 min. After clearing, mounted the sections with neutral resin (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China).







2.4. Sample Preparation for Scanning Electron Microscopy (SEM) [16]


	
Tissue Fixation: Fixed the mites in 2.5% glutaraldehyde solution (Sigma-Aldrich, Shanghai branch, Shanghai, China) at 4 °C for 12 h.



	
Buffer Washing: Washed the samples three times with 0.1 M phosphate-buffered saline (pH 7.4) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), with each wash lasting 10 min.



	
Gradient Dehydration: Dehydrated the samples sequentially using ethanol solutions of increasing concentrations (50%, 70%, 80%, 90%, 95%, and 100%) for 10 min each.



	
Drying: Dried the samples using a critical point dryer (Leica EM, CPD300, Berlin, Germany).



	
Removing the Dorsal Plate: Used a #0 insect needle under a microscope to remove the dorsal plate of the female mites (Chongqing Optec Instrument Co., Ltd., Chongqing, China).



	
Mounting: Mounted the samples in an appropriate orientation on a black double-sided conductive adhesive, ensuring that the dorsal side of the mite is facing up.



	
Gold Coating and Observation: Placed the prepared samples in a small ion sputter coater (Leica EM, ACE600, Germany) and applied a 4 nm layer of platinum. After coating, observed the samples under a scanning electron microscope (Hitachi, Regulus 8100, Tokyo, Japan) at 3 kV voltage.







2.5. Sample Preparation for Transmission Electron Microscopy (TEM) [17]


	
Tissue Fixation: Prepared a fixative solution by adding Tween 100 (600 µL per 1 L) (Sinopharm Chemical Reagent Co., Ltd., China) and sodium chloride (0.9 g per 1 L) (Sinopharm Chemical Reagent Co., Ltd., China) to a 3.5% glutaraldehyde solution with pH 7.2. Placed 5 mL of this fixative solution in a centrifuge tube and fixed the mite samples for 48 h.



	
Washing: Washed the samples with 0.2 M phosphate buffer, changing the buffer every 15 min, and repeated the wash 15 times.



	
Osmium Tetroxide Fixation: Fixed the tissue with 1% osmium tetroxide (Structure Probe, Inc., West Chester, PA, USA) for 2 h.



	
Washing: Performed continuous washes with 0.2 M phosphate buffer, 3–4 times.



	
Dehydration: Dehydrated the samples sequentially in ethanol solutions of increasing concentrations (30%, 50%, 60%, 70%, 80%, 90%, 95%, and 100%), with each step lasting 5–8 min.



	
Ethanol-Acetone Substitution: Substituted ethanol with acetone (Sinopharm Chemical Reagent Co., Ltd., China), 4–5 times, each for 15 min. Retained a small amount of acetone solution.



	
Resin Embedding: Added pure resin to the acetone, mixed thoroughly with a toothpick, and soaked the samples for 12 h.



	
Polymerization: Placed the resin-embedded samples in an oven at 35 °C and baked for 2–3 weeks.



	
Sectioning: Cut the samples into thin sections of approximately 80–100 nm using a microtome (Leica, EM UC7, Tokyo, Japan).



	
Staining: Stained the sections with uranyl acetate (Sigma-Aldrich, Shanghai branch, China) and led citrate (Sigma-Aldrich, Shanghai branch, China) for about 1 h.








3. Results


3.1. Female Reproductive Structures


3.1.1. Solenostome, Major Duct, Embolus, Calyx, and Vesicle


The female possessed a pair of solenostomes located between the third and fourth pairs of legs on each side of the body. These solenostomes facilitated the insertion of the male mites’ spermatodactyl during mating for sperm transfer. The solenostomes of virgins were barely discernible, thus necessitating observation through the separation of mating pairs. Furthermore, it was observed that the spermatodactyl (broken) of the male was detached within the solenostomes (Figure 1).



The major duct was directly connected to the solenostomes and extended internally. The duct surface exhibited smoothness and some folding patterns. It maintained a regular shape characterized by thick, dense walls composed of multiple layers of cuticle. The cuticle appeared smooth, while the lumen within the duct was filled with a high-density material (Figure 2C).



The embolus connected the calyx and the major duct, starting from the major duct to the calyx. It was shorter in diameter and length than the major duct and calyx (Figure 2D).



Compared with both emboli and major ducts, an elongated calyx exhibits a folded surface structure (Figure 2E). The calyx exhibited a thick, uniform cuticle that typically assumed a circular shape but might display additional folds due to adjacent tissue pressure. At 10 and 12 h post-mating, the calyx exhibited content, with the presence of mitochondria observed in the calyx at 12 h post-mating (Figure 3B,D).



The diagram depicted the vesicle of a recently mated female, as observed under an SEM, exhibiting a folded surface in an unfilled state. This structure remained imperceptible under TEM (Figure 2F). However, at 4, 10, and 12 h post-mating, the vesicle became filled with densely packed material (Figure 3). Females might manifest two states for their vesicles filled or unfilled. The wall of the smaller vesicle exhibited multiple layers of cutin, and the contents were densely packed (Figure 3F).




3.1.2. Lyrate Organ and Ovaries


After hematoxylin and eosin staining, the lyrate organ exhibited a predominant bluish-violet hue, while the ovaries displayed lighter bluish-violet. The centrally located lyrate organ was characterized by its large size and division into left and right parts, forming an incomplete saddle shape (Figure 4). The comparison of the lyrate organ within females at different mating times revealed that the lyrate organ at all mating stages contained nuclei. These nuclei were relatively large, with prominent nucleoli, irregular chromatin, and a large number of mitochondria. There was also evidence of nuclear fusion within lyrate organs (Figure 5). However, the nuclei showed differences between mated and unmated females. In virgins, the nuclei were underdeveloped, filled with heterochromatin, dispersed chromatin, and no nucleoli, and surrounded by numerous mitochondria (Figure 5A). In contrast, 4 h, 10 h, and 12 h after mating, the nuclei of the lyrate organs were well-developed, with prominent nucleoli, more condensed chromatin, no mitochondria inside the nuclei, and mitochondria uniformly distributed throughout the organs (Figure 5B–D).



The ovary contained numerous somatic cells, and their morphology was mainly related to the stage of the surrounding oocytes, rather than the mating status. Compared to unmated females, we found that early-stage oocytes, 4 h, 10 h, and 12 h after mating, were surrounded by somatic cells with large nuclei but no prominent nucleoli. The cytoplasm was underdeveloped and contained abundant heterochromatin. Each oocyte was accompanied by two-to-three of these somatic cells. In later stages, the surrounding somatic cells increased in size and had dense cytoplasm with prominent nucleoli (Figure 6). At 10 h post-mating, an electron-transparent tissue was observed at the bottom of the ovary, featuring a circular structure with rich granular material in mitochondria and endoplasmic reticulum (Figure 7).




3.1.3. Uterus, Vagina, and Genital Pore


When unfertilized, the uterus contracted (Figure 8A). After fertilization, it expanded to accommodate developing eggs (Figure 8B). Twelve hours after mating, eggs were present in the uterus (Figure 8C), and the uterine epithelium compressed into a thin layer and contained mainly endoplasmic reticulum and mitochondria (Figure 9A,B).



The vagina is connected to the uterus. After the eggs matured in the uterus, the reproductive plate opened, allowing the eggs to be expelled through the vagina (Figure 9C).





3.2. Spatial Relationships between Structures


The posterior part of the lyrate organ was enclosed and connected to the ovary, forming a surrounding structure. The anterior part of the lyrate organ was adjacent to and closely connected with the vesicle, which was enveloped and embedded within it (Figure 4 and Figure 10A,B). Positioned beneath the ovary, the uterus expanded when filled with eggs, occupied almost all of the abdominal cavity, and exerted pressure on the periphery of the lyrate organ (Figure 8B and Figure 10C).




3.3. The Development of Oocytes at Different Mating Times


In the ovaries of unmated female mites, four oocyte developmental stages were visible, including stage I, stage II, stage III, and stage IV. Within the ovaries, multiple oocytes in stage I were present. These cells exhibited significantly large nuclei that occupied almost the entire oocyte volume. A notable characteristic feature of these stage I oocytes was the presence of Star heterochromatin within their nuclei. Furthermore, cup cells surrounded the stage I oocytes (Figure 11A,B).



Oocytes at developmental stage II were larger in size and possess a homogeneous nucleolus. The nuclear volume decreased compared to that of stage I oocytes during this phase. Numerous organelles included free ribosomes, and irregularly shaped mitochondria appeared within the ooplasm (Figure 11C).



At developmental stage III, the oocyte volume further increased. In comparison to stage II, there was a greater diversity and abundance of organelles, including substantial amounts of endoplasmic reticulum and mitochondria. At this stage, the oocyte was enveloped by two cup cells: one located at one pole of the oocyte and the other encircled the oocyte with a prominent nucleolus (Figure 11D).



During developmental stage IV, the oocyte attained its maximum size, exhibiting abundant cytoplasm and harboring the highest number of organelles among all four stages. It was replete with numerous mitochondria, endoplasmic reticulum structures, and free ribosomes (Figure 11E). The presence of oocytes at all four developmental stages in unmated female mites indicated that even in an unmated state, oocyte development initiates. With exception to stage I, where multiple oocytes were observed simultaneously, our study revealed only one single oocyte present during each subsequent stag.



Observations of Ph. persimilis 4 h after copulation revealed that oocytes at four different developmental stages were still present in the ovaries, with morphology similar to that of unmated mites. The presence of oocytes at various developmental stages remained consistent in the ovaries regardless of mating status, with no notable disparities observed between mated and unmated mites (Figure 12). After copulation, the ovaries exhibited oocytes at various stages of development. By 7 h post-copulation, the ovaries contained two oocytes and two developing eggs. At 10 h post-copulation, two oocytes and two developing eggs could be observed. At 12 h post-copulation, the ovaries contained three oocytes and two developing eggs (Figure 13).




3.4. Egg Formation


3.4.1. Development of the First Egg (Figure 14)


Observations were conducted on Ph. persimilis at 18 different time points, ranging from the unmated state to the first egg laying, using paraffin-sectioning techniques. In unmated female mites, the uterus was not visible.



At 1 h post-mating, a distinct space became apparent in the ovaries. However, no egg formation was observed. By 2 h post-mating, oocytes begin entering the yolk development phase, characterized by yolk granules aggregating around a contracted nucleus. At 4 h post-mating, eggs exhibited enlarged and densely packed yolks without any gaps as they started growing outward from the ovary towards the dorsal side.



By 6 h post-mating, the yolk continued to enlarge, and the egg remained positioned towards the dorsal side. From 7–9 h after mating, a critical period for yolk development in the first egg ensues. During this time frame, yolk synthesis occurred while the egg underwent rapid growth on its dorsal side. Although surrounded by a membrane, an irregular shape was observed due to the absence of a fully formed eggshell.



At 10 h post-mating, the first egg transitions from its initial dorsal position to reside within the uterus in the abdominal area. The presence of numerous yolk and lipid droplets could be noted. However, the complete formation of an eggshell had not yet occurred. Notably, four cells were discernible at the center of the egg, as indicated by black arrows in accompanying images. Subsequent to entering into the uterus, ongoing developmental processes continue within these eggs. Around 12–13 h of post-mating marked the initiation of eggshell formation, which imparts the final shape upon each individual egg. Following the completion of eggshell formation, extensive cell division commenced within each embryo, signifying the onset of embryonic development.



At 13–14 h post-mating, the egg exhibited cellular concentration at one pole, accompanied by abundant yolk and lipid droplets. By 15–16 h post-mating, cellular migration commenced from their initial position towards the eggshell periphery, forming a contiguous layer in close proximity to it. At 16 h post-mating, the first egg attained maturity with substantial internal contents. The cells aligned along the eggshell circumference, resulting in a discernible blue cell band. At this stage, the internal development of the first egg concludes, and it becomes primed for oviposition. Subsequently, upon the laying of the first egg, the second egg proceeded into the uterus for further maturation.




3.4.2. Development of the Second Egg


After 7 h of mating, the second egg initiated development (Figure 13B). Following an additional 12 h period, three developing eggs became visible: the first egg was located within the uterus, the second egg was positioned near the dorsal side, and the third egg was situated above the uterus but still in the early stages of development (Figure 15A). Upon examination of a female 15 h after mating, it was observed that the first egg resided in close proximity to the abdominal side within the uterus, while the second egg was found outside of it near the dorsal side. Notably, spatial misalignment between these two eggs was evident. Furthermore, when dissecting a section perpendicular to the abdominal plate, only one discernible egg could be observed within the uterus (Figure 16).



Lipid vesicles encircled the second egg completely. Lipid vesicles completely surround this second egg, which might represent an initial phase of eggshell formation since no other membrane structures were apparent. The second egg contained yolk primordial granules, lipids, and particulate matter (Figure 15B,C). Although distinct cells could not be observed yet, membrane structures contained darker and transparent materials, suggesting an incipient cellular formation (Figure 15D).





3.5. Embryonic Development


In Ph. persimilis, at 9 h post-mating, two cells could be seen in the first egg, analogous to the union of sperm and egg cells. Then, 10 h post-mating, the first egg in the uterus showed four cells at its center, suggesting early cleavage divisions. Sperm and egg fusion should occur between 9 and 10 h. By 13 h, the second egg contained a single cell. These could potentially be fused sperm cells derived from the second egg (Figure 17).





4. Discussion


This study identified the reproductive structures in Ph. persimilis females, including paired solenostomes, major ducts, embolus, calyces, and vesicles within the sperm-access system. The unpaired gonads, the lyrate organ, and the ovary were also present. Consistent with previous research, it encompassed the uterus, vagina, and genital pore, which were involved in egg development and expulsion [5,18,19]. Although minor ducts in the sperm access were expected [7], they were not observed possibly due to their delicate structure being damaged or overlooked. Di Palma indicated that solenostomes located deeply within the basal segments of the third and fourth legs were challenging to observe. However, by scanning and separating the mating male mites, we observed the solenostomes in the female. The vesicle in female mites could be in either non-full or full states, which were related to the mating status and the level of sperm content [7]. Additionally, as the mating duration increases, the volume of the vesicle also increases [12]. In Paurocephala sauteri Enderlein, the vesicle’s length and width increased by 1.74 and 1.84 times, respectively, before mating [20]. Similarly, in Diaphorina citri, the vesicle enlarged sequentially before, during, and after mating [21]. The vesicle showed densely packed contents, but it was unclear whether sperm cells were present. Previous studies have indicated the presence of a structure referred to as the “sperm package” or “internal sperm package” within the sperm reception system [22]. In Phytoseiidae, these internal sperm packages were observed in the vesicle during or shortly after mating [7]. Schulten [23] suggested that the internal sperm package gradually diminished within 1–2 days post-mating, while Doss [24] observed its high sclerotization and resistance to destruction even after exposure to lactic acid immersion and heating. Therefore, we hypothesized that the dense material present in the vesicle might correspond to the internal sperm package. In insects like Diaphorina citri, the vesicle expands and contains white sperm packages later in mating [21].



The morphology of the lyrate organs differed from Alberti and Hänel’s description of Dermanyssina’s [19] that mating had a significant impact on the morphology of the nuclei, but the duration of time after mating did not affect the nuclear morphology. But nuclear fusion indicated high ribosome or ribosomal precursor activity [7]. While detailed descriptions were lacking, the organ was believed to aid in nutrient supply [5,25]. Positioned anterior to the vesicle and posterior to the ovaries, the lyrate organ might also play a role in sperm transfer and ovary protection.



The morphology of somatic cells was primarily determined by the stage and distribution of surrounding oocytes within the ovary, rather than their mating status. This suggested that somatic cells predominantly served to support and protect the oocytes. Our research demonstrated no discernible differences in the oocyte state across various mating conditions, indicating that different mating conditions did not exert an influence on somatic cell morphology. From a medical perspective, cup cells were involved in synthesizing and secreting mucins to establish a protective mucosal barrier for epithelial cells [26]. Similarly, in mites, cup cells potentially contributed to nourishing the developing oocytes and facilitating their transportation. The follicle cells in the ovary of Propylea japonica played a crucial role in the formation of the vitelline membrane and eggshell, as they facilitated the transport of vitellogenin from [27]. These follicle cell layers were established early during oocyte development and served a protective function [28,29].



The state of the uterus underwent changes during egg development: it contracted and became inconspicuous in the absence of eggs but expanded and compressed the uterine epithelium when eggs were present. The vagina was connected to the uterus, and once the eggs were fully developed, the genital plate opened for egg deposition. However, these reproductive structures differed from Di Palma’s descriptions for Dermanyssina [30].



In females, the ovaries contained oocytes at four developmental stages regardless of mating status. The morphological structure of oocytes was similar under different mating conditions, and the morphology matched Di Palma’s descriptions [7]. Oocytes in females underwent all four stages of development before and after mating, indicating that they must reach a specific level to become sperm-receptive. Moreover, oocyte development in females was regulated by the female itself and remained unaffected by mating. Early-maturing oocytes were fertilized, developed into eggs, and migrated to the uterus, which might explain why mating status had no impact. Consequently, this balance within the ovary ensured readiness for fertilization. If mature oocytes in unmated females remained unfertilized, they might either undergo apoptosis or be reabsorbed. Zhao’s study on Phenacoccus solenopsis Tinsley found no significant morphological differences in the ovaries between the mated and unmated females [31]. In mated females, oocytes absorb nutrients from surrounding nurse cells to develop into embryos and complete reproduction, whereas, in unmated females, unfertilized oocytes might either be reabsorbed or fail to develop further. Apoptosis during oogenesis aided insects in maintaining reproductive efficiency under unfavorable conditions [32,33], while in fruit flies, apoptosis checkpoints ensured proper cell development [32].



The mechanisms underlying the occurrence of position shifts during egg development and the establishment of positional relationships between the first and second eggs remained elusive. It had been noted that the synthesis and secretion of the eggshell were facilitated by uterine glands [7]. Our observations showed that 10 h after mating, the first egg had four centrally positioned cells. Toyoshima described that 10 h after mating, two nuclei appeared in the egg and fused by 12.7 h, and combined pronuclei were visible by 13.5 h [13]. However, our observations revealed some temporal discrepancies to Toyoshima’s findings. Specifically, we observed two cellular structures at the center of the first egg 9 h after mating, indicating imminent sperm–egg fusion. By 10 h post-mating, the presence of four cells within the egg suggested successful fertilization and cell division occurring. Consequently, we estimated that fusion occurs between 9 and 10 h post-mating, which was earlier than Toyoshima’s estimated timeframe of 13.5 h. Our study demonstrated that, at this time point, there were already two cells present within the egg, implying that both fusion and cell division had commenced prior to Toyoshima’s proposed timeline for embryonic development initiation. These variations might potentially arise from differences in rearing conditions, as well as individual variability. In summary, we investigated the morphological characteristics of various reproductive structures in female mites and examined their alterations under different mating conditions. Firstly, all reproductive structures were observable within the female mite’s body following mating. However, under unmated conditions, apart from the lyrate organ and ovaries, other reproductive structures were scarcely detectable through electron microscopy. Secondly, only the nucleus of the lyrate organ was affected by mating without any impact on the morphology of other reproductive structures. Finally, no significant changes in the morphology of these reproductive structures were observed at different time points after mating. The morphology and structure of oocytes in the ovaries of females remained similar after mating, exhibiting no significant differences compared to those in the unmated state. The development of the egg occurs within 0 to 16 h post-mating, encompassing four stages: nutrient accumulation (4–9 h), relocation of the egg (around 10 h), formation of the eggshell (12–13 h), and early embryogenesis, leading to oviposition (14–16 h). Embryonic development occurred at 9 h post-mating, while two cells could be seen in the first egg, analogous to the union of sperm and egg cells. Then, 10 h post-mating, the first egg in the uterus showed four cells at its center, suggesting early cleavage divisions. Sperm and egg fusion should occur between 9 and 10 h. By 13 h, the second egg contained a single cell. These could potentially be fused sperm cells derived from the second egg.
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Figure 1. (A) SEM of the solenostomes of Ph. persimilis at 0 h after mating. Scale bar: 100 μm. (B) A part of the chelicerae that was severed inside the Solenostome of Ph. persimilis during mating. Scale bar: 20 μm. White arrow: solenostomes. 
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Figure 2. SEM of female sperm-access system at 0 h after mating. (A) The interior of Ph. persimilis. Scale bar: 100 μm. (B) Sperm-access system. Scale bar: 40.0 μm. (C) Major duct. Scale bar: 5.00 μm. (D) Emnolus. Scale bar: 5.00 μm. (E) Calyx. Scale bar: 10.0 μm. (F) Vesicle. Scale bar: 10.00 μm. Abbr: cal, calyx; emb, embolus; Md, major duct; V, vesicle; III, IV: the third and the fourth leg. 
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Figure 3. TEM of sperm-access system. (A) The vesicles at 4 h post-mating exhibited enhanced wall thickness and increased density within them. Scale bar: 2 μm. (B) After 10 h of mating, the vesicle, major duct, calyx, and vesicle were simultaneously observable, with the vesicle also containing high-density material. Scale bar: 2 μm. (C) Calyx and vesicle were observed in female individuals 12 h after mating. Scale bar: 10 μm. (D,E) The calyx, observed 12 h after mating, exhibited a thick cuticle and a substantial presence of mitochondria. Scale bar: 2 μm; 0.5 μm. (F) The vesicles at 12 h after mating, in contrast to those observed at 4 h and 10 h after mating, exhibited the presence of a small vesicle characterized by a thick wall and were additionally filled with high-density material. Abbr: cal, calyx; Md: major duct; MI: mitochondria; V: vesicle. 
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Figure 4. Paraffin section of ovary and lyrate organ in Ph. persimilis female at 12 h after mating. (A) The ovaries were positioned adjacent to the posterior region of the lyrate organ and are enveloped, as observed in a transverse view parallel to the abdomen. Scale bar: 75 μm. (B) Transverse section image perpendicular to the abdomen also revealed that the ovaries were surrounded by lyrate organ. Scale bar: 75 μm. Abbr: lo, lyrate organ; ov, ovary. 
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Figure 5. TEM of lyrate organ of Ph. persimilis. (A) The lyrate organ of unmated female mites exhibited an underdeveloped cell nucleus at this stage, characterized by the absence of a prominent nucleolus and dispersed heterochromatin within the nucleus. Additionally, mitochondria were predominantly localized in close proximity to the cell nucleus. Arrows show nuclei fusing with each other. Scale bar: 2 μm. (B–D) These were the lyrate organs of female mites at 4 h, 10 h, and 12 h post-mating. Throughout these three stages, the cell nuclei progressively undergo complete development with intact morphology and well-defined boundaries. The nucleoli exhibited distinct characteristics, accompanied by heterochromatin aggregation within the nucleus. Fusion phenomena between cells have been observed. A substantial number of mitochondria were uniformly distributed in the periphery of the lyrate organs; no intranuclear presence of mitochondria was detected. Scale bar: 2 μm. Abbr: MI, mitochondria; NI, nucleus of lyrate organ. Arrows show nuclei fusing with each other. 
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Figure 6. TEM of the ovary of Ph. persimilis. (A) Somatic cell nuclei surround the early oocytes in the ovaries of unmated female mites. These nuclei exhibited larger size, lack distinct nucleoli, possessed underdeveloped cytoplasm, and contained abundant heterochromatin. Each oocyte was accompanied by two-to-three such somatic cells. Scale bar: 2 μm. (B) The nuclei of somatic cells surrounding the mature oocytes in the ovaries of unmated female mites exhibited an increase in volume, accompanied by a densification of cytoplasm and distinct nucleoli formation. Scale bar: 2 μm. (C) After a 4 h mating period, the somatic cell nuclei surrounding the early oocytes in the ovaries of female mites also displayed incomplete development and exhibited diverse morphologies, characterized by an abundance of heterochromatin within their nuclei. Scale bar: 2 μm. (D) Peripheral somatic cells around the mature oocyte in the ovary of female 4 h after mating. The nuclei of somatic cells had clear boundaries and prominent nucleoli. Scale bar: 2 μm. (E,F) After 10 and 12 h of mating, the somatic cell nuclei surrounding the early oocytes in the ovaries of female mites were observed. These nuclei exhibited a similar structural composition to those found in the early oocytes during the preceding two developmental stages. However, due to ovary compression caused by egg presence within the female mite’s body during these two mating stages, late-stage oocyte development could not be observed. Scale bar: 2 μm. Abbr: lo, lyrate organ; ocI: oocyte of stage I; ocIII: oocyte of stage III; ocIV: oocyte of stage IV; Nc, nucleus of cup cell; NI, nucleus of lyrate cup. 
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Figure 7. TEM of ovary at 10 h after mating of Ph. persimilis. (A) The electron-transparent tissue located below the ovaries contains circular structures. Scale bar: 1 μm. (B) Endoplasmic reticulum in electron transparent tissue. Scale bar: 0.5 μm. Abbr: ER, endoplasmic reticulum; blue circle, granular material. 
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Figure 8. Paraffin section of the uterus. (A) Uterus of unmated female mite. Scale bar: 75 μm. (B) Uterus of female mite 13 h after mating. The white arrow represents the ovary. Scale bar: 75 μm. (C) Uterus of female mite 15 h after mating. Scale bar: 75 μm. Abbr; E1, the first egg; lo, lyrate organ; U, uterus. 
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Figure 9. TEM of lyrate organ at 12 h after mating of Ph. persimilis. (A,B) The presence of eggs in the uterus resulted in compression of uterine epithelial cells, thereby exposing the structures of cell nucleus, endoplasmic reticulum, and mitochondria within these cells. Scale bar: 2 μm; 1 μm. (C) Longitudinal section image perpendicular to the abdomen. After 12 h of mating, when eggs were present in the body, the vagina and genital pore could be observed. Scale bar: 20 μm. Abbr: ER, endoplasmic reticulum; gp, Genital opening; MI, mitochondria; Nu, Uterine epithelial cell nucleus; U, uterus; va, vagina. 
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Figure 10. Position relationship between ovary, vesicle, and lyrate organ. (A) Female mite 4 h after mating. Transverse section image parallel to the abdomen. The posterior half of the ovary was adjacent to the uterine organ and surrounded by it. Scale bar: 20 μm. (B) Female mite 4 h after mating. Transverse section image perpendicular to the abdomen. The vesicle was situated within the lyrate organ, and it was enclosed by the anterior portion of the lyrate organ Scale bar: 5 μm. (C) Female mite 12 h after mating, the presence of the first egg in the uterus was evident, exerting pressure on the uterine organ towards the body’s periphery. Scale bar: 20 μm. Abbr: E1, the first egg; lo, lyrate organ; ov, ovary; U, uterus; V, vesicle. 
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Figure 11. Oocyte in ovary of unmated female. (A) It could be seen that the oocytes were in four developmental stages. Scale bar: 5 μm. (B) Oocyte of stage I: The cell nucleus was relatively large, containing star-shaped heterochromatin within and cup cells surrounding the oocyte. Scale bar: 1 μm. (C) Oocyte of stage II: The nucleolus was homogeneous, and there were mitochondria inside the cell. (D) Oocyte of stage III, encompassing a substantial quantity of endoplasmic reticulum and mitochondria. (E) Oocyte of stage IV: The cell was abundant in mitochondria, endoplasmic reticulum, and free ribosomes. Scale bar: 2 μm. Abbr: Er, endoplasmic reticulum; ocI, oocyte of stage I; ocII, oocyte of stage II; ocIII, oocyte of stage III; ocIV, oocyte of stage IV; No, nucleus of oocyte; Nc, nucleus of cup cell; cc, cup cell, MI, mitochondria. 
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Figure 12. Oocytes in the ovary of female at 4 h after mating. (A) Four stages of oocyte development could be observed within the ovary. Scale bar: 5 μm. The white arrow represented oocyte of stage I. (B) Oocyte of stage I: Each oocyte was surrounded by two to three cup cells. Scale bar: 2 μm. The white arrow represented nucleus of cup cell. (C) Oocyte of stage II: The nucleus of the oocyte forms, and there were mitochondria inside the cell. Scale bar: 2 μm. (D) Oocyte of stage III: No intact oocyte nuclei were observed, possibly due to the slicing process. Scale bar: 2 μm. (E) Oocyte of stage IV: The nucleus of the oocyte was elongated in shape, with heterochromatin present within the nucleus. Scale bar: 2 μm. Abbr: MI: mitochondria; No, nucleus of oocyte; Nc, nucleus of cup cell. ocI, oocyte of stage I; ocII, oocyte of stage II; ocIII, oocyte of stage III; ocIV, oocyte of stage IV. 
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Figure 13. Paraffin sections of Ph. persimilis female at different mating periods. (A,B) After 7 h of mating, two egg cells and two developing eggs were observed in the ovaries. (C) After 10 h of mating, two oocytes and the second polar body in the ovaries. (D) After 12 h of mating, three oocytes and two developing eggs in the ovaries. Abbr: E1, the first egg; E2, the second egg; lo, lyrate organ; yellow circle, oocyte in the ovary. Scale bar: 75 μm. 
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Figure 14. Paraffin sections of Ph. persimilis female at different time after mating. (A) Unmated female mite. (B) 0 h after mating. (C) 1 h after mating. (D) 2 h after mating. (E) 4 h after mating. (F) 5 h after mating. (G) 6 h after mating. (H) 7 h after mating. (I) 8 h after mating. (J) 9 h after mating. (K) 10 h after mating. (L) 11 h after mating. (M) 12 h after mating. (N) 13 h after mating. (O) 14 h after mating. (P) 15 h after mating. (Q) 16 h after mating. (R) 17 h after mating. Scale bar: 75 μm. Abb: lo, lyrate organ; ov, ovary. E1, the first egg; E2, the second egg; black arrow: cells in the first egg. 
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Figure 15. TEM of Ph. persimilis female at 12 h after mating. (A) Three developing eggs could be observed inside the posterior 12 female mites, and the lyrate organ was squeezed to the edge of the body. Scale bar: 20 μm. (B) The second egg was surrounded by lipid vesicles. The arrow pointed to the lipid vesicles. Scale bar: 5 μm. (C) Near the uterus, there was a lipid vesicle on the edge of the second ovum. Scale bar: 2 μm. (D) The second egg had obvious membrane structures, containing a large number of free ribosomes within the structure. Scale bar: 2 μm. Abbr: E2, the second egg; E3, the third egg; lo, lyrate organ; U, uterus; white arrow: lipid vesicles. 
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Figure 16. Paraffin section of the female at 15 h after mating in Ph. persimilis. (A) The first egg was inside the uterus, while the second egg outside the uterus was not visible. (B) The second egg was outside the uterus, while the first egg located inside the uterus was not visible. Scale bar: 75 μm. Abbr: E1, the first egg; E2, the second egg. 
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