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Application
Artificial insemination is commonplace in commercial pig breeding, and as such, ensuring sperm sample quality is important to avoid reduced farrowing rates and litter sizes. Semen sample quality control often includes tests of sperm motility and sperm morphology using computer assisted semen analysis (CASA) systems that calculate semen parameters from microscopy data. While motility is well studied, it is harder to detect variation in morphology; most analysis considers overall sperm width and height, area, and presence of vacuoles, acrosomes or tail abnormalities. Here, we demonstrate the use of high-throughput nuclear morphometric analysis of boar sperm to identify subtle sperm shape phenotypes, demonstrating progressive abnormalities. The specific phenotypes identified suggest aspects of spermiogenesis that may be disrupted in the production of these sperm and indicate future avenues to investigate the functional impacts of genetics and environment on pig sperm quality.	Comment by Skinner, Benjamin M: Check/replace as needed
Introduction
Sperm shape is known to play a role in male fertility, affecting fertilisation rates (e.g Coetzee et al. 1998). However, since sperm are asymmetric cells, detailed shape analysis requires correct orientation and identification of key landmarks, which has limited the scale of most studies. Studies in pigs have been limited, finding some association between sperm morphology and litter size ((Barquero et al., 2021), but more detailed studies are needed. We previously developed high-throughput image analysis methods for mouse sperm (Skinner, 2022; Skinner et al., 2019), enabling automated recognition and morphological analysis of asymmetric cell nuclei within an image. Since the majority of a sperm head is taken up by the nucleus, we can examine nuclear shape as a proxy for overall sperm head shape using nuclear stains to generate images amenable to automated image analysis. Here, we investigate the use of this method for characterising boar semen samples.
Materials and Methods
94 boar sperm samples were imaged in this study. Fresh ejaculates were collected by JSR Genetics Ltd, fixed with 3:1 methanol:acetic acid, and nuclei stained with DAPI. Images were captured on an Olympus IX83 fluorescence microscope at 100x magnification with at least 200 nuclei per sample. Images were analysed in Nuclear Morphology Analysis (NMA) v2.2.1 (Skinner 2022) and data was further processed in R (v4.4.0). The analysis converts the outline of an object into linear profiles of internal angle, diameter and radius, allowing consistent detection of landmarks. Nuclei were oriented by the tail attachment region at the base, characterised by a ‘dimple’ in the nucleus. (Figure 1A, reference point 1). Cells with abnormal phenotypes were detected by identification of outlier cells in either of the angle, radius or diameter profiles.	Comment by Katie.Harvey: A different version is mentioned earlier in the text - just checking this is correct.	Comment by Skinner, Benjamin M: Version
Results
We analysed 21002 nuclei in total. We aggregated outlier nuclei with similar shape profiles to identify continuous phenotypes, iteratively grouping nuclei with the greatest differences to normal profiles. This amalgamation of outlier shapes yielded a normal phenotype group (85% of nuclei), intermediate phenotype group (13%) and extreme phenotype group (2%). Example images showing the progressive phenotypes from normal to extreme are shown in Figure 1. We found two main paths of abnormality: firstly, basal compression and failure to elongate (Figure 1A; 7.75%); secondly, basal compression and abaxial tail attachment (Figure 1C; 6.25%). We also saw within the intermediate phenotypes minor tapering and formation of spikes in the basal region (Figure 1B 1%). We looked at the frequency of abnormal sperm per sample via ordinal logistic regression, and saw no association with breed (p>0.05); however, some collection dates had higher frequencies of abnormal sperm (p<0.001).	Comment by Skinner, Benjamin M: confirm	Comment by Skinner, Benjamin M: Proportions of these? 	Comment by Skinner, Benjamin M: These don’t add up to the 15% of abnormal sperm
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Figure 1. Example DAPI stained images of progressively abnormal sperm phenotypes. A) short progressing to compression around the base of the nucleus and a pyriform phenotype; B) extrusion of nuclear DNA forming a spike near the base of the nucleus with some tapering; C) abaxial compression around the base of the nucleus, leading to a pyriform phenotype.
Conclusions
We demonstrate that high-throughput morphometric analysis of pig sperm nuclei can reveal  morphological abnormalities that are not detected by conventional semen analysis. Our initial findings suggest breed may be less important than environment in ejaculate quality. Further study is needed to understand how these phenotypes develop, and the functional consequences for boar fertility. 	Comment by Anonymous: Link back to potential use in other species and humans here.
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