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Male Infertility & Semen Evaluation
Andrology in The Age of Precision Medicine and Agriculture

Peter Sutovsky



Andrology

Andrology (from Ancient Greek: 
ἀνήρ, anēr, genitive ἀνδρός, 
andros, "man"; and -λογία, -
logia) is the medical specialty 
that deals with male health, 
particularly relating to the 
problems of the male 
reproductive system and 
urological problems that are 
unique to men.



Fertility
The state or quality of being 
fertile.
Biology: the ability to produce 
offspring; power of reproduction.
The birthrate of a population.

Clinical definition: Ability of a couple to achieve a 
clinical pregnancy after 12 months of regular 
unprotected sexual intercourse.



Factors Affecting Livestock 
Fertility/Reproductive Performance

Health/disease, body condition & age
Herd size
Reproductive management & technology
Nutrition/feed (balance, toxicants)
Genome/genomic selection
Climate (heat stress)
Photoperiod
Environment



Market Need/Opportunity
Total cattle in the world in 2021 was 1.468 billion head

Annual semen sales:
• $1.5 billion (dairy)
• $250 million (beef)
• $600 million (swine)

Trend & Hotspots:
• Genomics
• Sexed semen
• Bulls: Pubertal sire collection (no BSE) 
• Boars: Single sire AI (no semen pooling)

One extra piglet/litter would add $135 million/year to US 
swine industry



ART in Wildlife 
Management,  

Fertility 
Preservation & 

Nature 
Conservation



Dual Purpose With Dual Benefit
Large animal models for biomedical 
research:

• Anatomical and genetic similarity to 
humans

• Genetic modification becoming routine
• Cost efficient and ethically more 

acceptable compared to non-human 
primates

• Ample fertility records from AI 
(reproductive research)

One health, one medicine

Cover by Dalen Zuidema & Peter Sutovsky
University of Missouri



Est. 20% of US population are 
affected by infertility

~300,000 infertility treatment-
cycles/year realized in USA 
(2018); >500,000/year in 
Europe; annual expenditure on 
fertility services in US: >$2.2 
billion

Steadily increasing cycles/year 
but stagnant success rate 
(~30%)

Human Infertility



Fertility Status as a Marker for 
Overall Health*

*Program supported by US National 
Institutes of Health 
Chronic conditions such as cancer, 
diabetes, cardiovascular disease and 
obesity can impair fertility (somatic-
reproductive comorbidities)
Less is known about the extent to which 
fertility status can impact or act as a 
marker for overall health
Andrology: spermogram could serve as a 
sentinel of somatic disease



Livestock animal reproductive efficiency, and 
the success rate and safety of human ART* can 

be improved by new technologies for semen 
analysis, handling and purification 

*Assisted Reproductive Therapy



Oldest animal sperm discovered 
in 100-million-year-old amber

Paleontologists discovered the sample in the reproductive tract of an ancient female 
crustacean encased in resin -- one of several samples of ostracods from Myanmar. 
The previously unknown species of crustacean, now named Myanmarcypris hui, 
resembles a modern day mussel. 



First (Human) Sperm Observations 
Van Leeuvenhook & Hamm 1677-79



First Fertility Test

Take two new earthen pots, each by itself; and let the woman make water 
in the one, and the man in the other; and put in each of them a quantity of 
wheat bran, and not too much, that it be not thick, but be liquid or running; 
and mark well the pots for identification, and let them stand for ten days 

and ten nights, and thou shalt see in the water that it is in default small live 
worms; and if there appear no worms in either water, then they be likely to 

have children in process of time when God will.

~Common medieval fertility test, often attributed to the female physician, Trota of Salerno  (Trocta/Trotula; 
1050-1097)

De curis mulierum (On Treatments for Women)
Practica secundum Trotam (Practical Medicine According to Trota)



Conventional Semen 
Analysis 1909



A careful 
Microscopic 
examination 
is a valuable 
aid in 
determining 
the nature of 
chronical 
diseases of 
generative 
organs



Spermatorrhea – seminal 
weakness

“may be a result of marital excess”



Conventional Semen Analysis 2015

Front line semen assessment 
(volume, density, color, swirl)
Sperm Count
Motility
Appearance/Morphology
Contaminants (Leukocytes, 
spermatids, epithelial cells, 
residual bodies, cellular debris).



Semen Parameters - Livestock

 Past: Sires with poor semen quality eliminated during breeding 
soundness evaluation 

 Present: Emphasis on genetic value, not fertility



Do ConventionalSemen
Parameters Reflect Fertility?

Yes, but to a limited extent…

Why? Because…



Spermatozoa- The Good, The Bad 
and The Ugly

STARRING Peter Sutovsky, PhD
As

BLONDIE “The Good” (Sperm GUY)

PRODUCTION: DIVISION OF ANIMAL SCIENCES AND THE Departments of Obstetrics,  Gynecology and Women’s Health, University of Missouri, 
Columbia, MO, USA



BAD & UGLY

Do You 
Feel Lucky, 
Punk?

Multinuclear –
multiflagellar sperm 
defect in bull



Diadem
(Crater Defect)

Head-Tail 
Junction 
Abnormalities

Coiled 
principal 

piece (“Dag” 
defect)

Tail Stump 
Defect

Distal Midpiece 
Reflex

Cytoplasmic 
droplet

Livestock Animal 
Sperm Defects



ALL GOOD?



Goal:

Provide new tools and fertility markers for 
farm animal semen evaluation and 
diagnostics of human male infertility



Improved Semen Quality Assays: 
What to Consider:

Objective: evaluation is not based on subjective judgment
Universal; recognizes multiple types of semen abnormalities
Detects hidden sperm abnormalities
Correlates with fertility
High throughput 50-500 samples /day per technician
Representative of a sperm sample: measures 10-20,000 cells in 
each semen sample as opposed to 100-200 cells/sample capacity of 
microscopic evaluation
Measurements are not distorted by sperm damage during collection, 
storage and thawing 
Low cost: ready to use technology; probes & reagents are 
commercially available or easy to produce on a large scale
Combined/multiplex tests with other related assays possible



Objective Semen Evaluation Methods
1. Automated morphometry & motility (CASA, IVOS)
2. Viability tests (HOS, Eosin-nigrosin, trypan blue, live/dead 

kit, vital mitochondrial stains*)
3. Acrosomal Integrity
4. HOS
5. DNA/chromatin structure tests (SCSA, TUNEL*, Comet, 

FISH, Hallo, Sperm Protamination)
6. Sperm capacitation assays (Ca-influx)
7. Fertility-associated sperm proteins 
8. Sperm-defect associated proteins
9. NEW: Postranslational (sperm) protein modifications 

(oxidation, acetylation, methylation, protamine index) 

*ANALYZED BY FLOW CYTOMETRY



Integrated Computer Assisted Semen 
Analysis (CASA)

IVOS/CEROS systems:

Counts:
– Total, Motile, Progressive 
– % Motile, % Progressively Motile 
– Rapid, Medium, Slow and Static Cells 

Concentrations
– Total, Motile, Progressive (millions/ml) 
– Rapid, Medium, Slow and Static Cells (millions/ml) 

Mean Values and Morphometry
– VAP: Smoothed Path Velocity (microns/sec) 
– VCL: Track Velocity (microns/sec) 
– VSL: Straight Line Velocity (microns/sec) 
– ALH: Amplitude of Lateral Head Displacement (microns) 
– BCF: Beat Cross Frequency (hertz) 
– LIN: Linearity (ratio of VSL/VCL) 
– STR: Straightness (ratio of VSL/VAP) 
– Elongation: head shape (ratio of minor to major axis of sperm head) 
– Area: head size (square microns) 

Bar Chart Distributions
– VAP, VCL, VSL, Elongation, ALH, BCF, LIN, STR 



Flow Cytometry

Flow Cell

Forward Scatter

Side Scatter

Photo 
Detectors

Laser



Histogram & Scatter Diagram



Mito Potential

Viability - Live/Dead

ROS

SCSA – Chromatin 
Structure

TUNEL – DNA Damage

Acrosomal Integrity – PNA
lectin

Vital Stains and DNA Stains



Sperm Capacitation Status
Endows spermatozoa with FERTILIZING ABILITY
Spermatozoa do not capacitate naturally until they bind to oviductal 
sperm reservoir epithelium
Premature capacitation kills spermatozoa
Associated with Ca-influx in sperm
Measured by fluorescent Ca-dyes Fluo-3/Fluo-4 (flow cytometry) or by 
chlorotetracycline (epifluorescence microscopy)

Non-cap. Cap.



• Quick one step live sperm staining, 
detects & quantifies premature 
capacitation

• Also detects & quantifies death 
spermatozoa

• Indicates sperm ability or readiness to 
undergo timely capacitation

Before 
capacitation

After
capacitation

Fluorescence Intensity

NON-CAPACITATED

CAPACITATED

DEAD

Zinc Signature of Capacitation

Kerns E et al 2018 Nature Communications



Zinc Signature Changes During In Vitro Capacitation 
(IVC)

Kerns et al., 2018, Nat Comm



Zinc Efflux Alters Zincoprotein
Activities

Zinc release can 
inactivate or 
activate a 
zincoproteins, 
and change 
their affinity for 
zinc binding 
matrices

Matrix metalloproteinase MMP2 and MMP9
zymography. Inhibition of MMP activity is indicated by
the absence of bands at 92 and 72 kDa. Lanes: 1)
Trophoblast cell line control, 2) Boar sperm SDS after
NP40 extraction, 3) Boar Sperm NP40 extr., 4) Bull
sperm NP40 extr., 5) Boar sperm SDS extraction.



Does Semen Sexing Affect Zinc 
Signature?

• Same bull, same ejaculate
• ½ neat, ½ XY-sorted

Control                            Sexed

(Zn2+ fluorescence in sperm head)



Co-Management of Sperm Mitochondrial Health 
and Zinc Signature

(Fertilization)

Managing the Sperm Zinc Signature

Traditional Semen Handling

Capacitation Time Clock and Sperm Lifespan



Seminal Plasma:

Produced by male accessory sex glands, rich in Zn2+

Semen extension dilutes Zn2+ ions in seminal plasma

FUNCTIONS:

Alkaline pH for neutralization of vaginal environment

Induction of sperm progressive motility ( activates sperm soluble adenylate cyclase/SACE, elevates cAMP)

Formation of vaginal /copulatory plug (rodents)

Protease inhibitors, prostaglandins, growth factors, immuno-suppressors are present in seminal plasma

Protective coating of sperm surface (spermadhesins/binder of sperm proteins)

Induction of CD removal (boar)

Induction of ovulation (alpaca, beta-nerve growth factor)

Sperm surface-binding proteins required for sperm binding to oviductal sperm reservoir (e.g. BSPs in bull, spermadhesins in boar)

Seminal plasma may influence gene expression in uterine epithelia directly and indirectly regulate embryo development through uterine 
secretion of embryotrophic growth factors (Bromfield et al., 2014, PNAS 111:2200-5.)



Zinc Reloading
Prevents spontaneous 
capacitation of extended 
livestock semen

Extend shelf life and fertility 
of liquid semen, refrigerated 
or stored at RT 

Cold be also useful for 
sperm prep in human ART

Day 21 RT



Zincoproteome of Mammalian Sperm 
Capacitation 

Increased                                                Decreased

Affinity of zinc-containing/interacting proteins to zinc-binding protein 
purification matrices before vs. after sperm capacitation



OMICS
Sperm transcriptome/mRNA & miRNA analysis in semen:              
Ejaculated spermatozoa contain a complex repertoire of 
mRNAs that could be used as a non-invasive proxy for 
investigations of testis-specific infertility. (Ostermeyer et al., Lancet. 

2002; 360:772-7) Also includes sperm epigenome.

Spermatozoa carry small non-coding RNAs that could affect 
female reproductive system & zygote

Proteomics: Sperm proteomes differ between fertile and 
infertile males 

Metabolomics: Sperm and seminal plasma metabolite profile 
reflects fertility



Protein 
Biomarker 
Identification

P62 UBB

Defective Normal

• Comparing Normal
vs. Defective
Sperm Fractions 
After Gradient 
Separation



1-13

Infertile

14-21

Fertile

Surface-Enhanced Laser Desorption/Ionization (SELDI)

Sperm Quality 
Biomarkers: 

Identification by 
Comparing Fertile 
vs. Infertile Sperm 
Sample



Negative Markers of Male Fertility
Ubiquitin (UBB)

15-lipoxygenase (15LOX) 

Spermatid-Specific Thioredoxin 3 (SPTRX3)

Lens culinaris agglutinin (LCA) and PNA-lectin-
binding sperm glycans

PAWP, Aggresome (AGG)

Nuclear protamines, acetylated histones



Ubiquitin – Too Much Bad 
Protein

Normal Histogram Abnormal Histogram



Postacrosomal Sheath WW-Domain-
Binding Protein (WBP2NL/PAWP)

• Resides in the post-acrosomal sheath 
of the sperm head perinuclear theca 
(PT)

• Promotes oocyte activation and 
pronuclear development during 
fertilization

• Present in normal sperm but 
abnormal sperm may have elevated 
levels of PAWP



Gating of Low, Medium and High 
PAWP in Bull Spermatozoa

Low/no PAWP    Medium/Optimal PAWP High/Excess PAWP



PAWP-Candidate Breast Cancer 
Marker

Nourashrafeddin et al., Biomark Cancer 
2015;7:19-24

Nourashrafeddin et al., Pathol Oncol Res. 
2015; 21(2):293-300 

Wang  et al., Cancer Epidemiol Biomarkers 
Prev. 2015 PMID: 26070530

Wang et al., 2015



Beginning by Sherstin Schwartz

   


(The Future is Now)



ImageStream-Flow Cytometer & 
Microscope in One Box

Amnis Corp., Seattle WA [Buckman et al., 2009, Systems Biol. Reprod. Med., 55(5-6):244-251] 
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Population Statistics

Population Count %Gated
R1 5099 100
R3 & R1 4567 89.6
R2 & R1 319 6.26

Normal Sperm (R3)          Defective Sperm (R2)





FlowSight DAPI+ LCA



AI & Machine Learning

“Face ID” for spermatozoa



Step 1 - BIOMARKER DISCOVERY
Cell biology, proteomics, genomics, polymorphism identification, infertility screening, 

fertility analysis in animal models propagated by artificial insemination, knock-out 
animals.

Step 2 - BIOMARKER VALIDATION
Cell biology, immunocytochemistry, biochemistry, CASA, flow cytometry, infertile couple 

screening, low-fertile sire screening in livestock models. Antibodies & fluorescent probes are 
required.

Step 3 - MACHINE LEARNING
IBFC – association of infertile biomarker phenotypes with advanced multifactorial sperm 

morphometry patterns.

Step 4 - APPLICATION
Limited/No probes required (“label-free”)

Male infertility diagnostics Single sperm selection 
for ICSI

Biomarker Development Workflow



Sperm Genomics – SNPs, INDELS Affecting 
Spermatogenesis, Sperm Structure and Sperm 

Function

WT1                 mutant 1           mutant 2                 WT2

Unique sperm phenotypes associated with 
predicted  loss of function (LOF) affecting 

sperm quality/male fertility



Haplotypes Associated With Bull Fertility

255 AI sires with varied semen 
quality Cooperative Dairy DNA 
Repository aligned to NCBI 
sequences over 2,500 bull 
genomes 

Variants were called and the 
variant data were submitted to 
the 1000 Bull Genomes Project
for inclusion in the global variant 
dataset which will be derived from 
approximately 4,000 genomes

Master list of candidate single 
nucleotide polymorphisms 
(SNPs) affecting bull fertility will 
be used for construction of 
genotyping microarrays.

Focus on rare homozygous 
recessive mutations

From Taylor et al., 
2018, Animal   9:2061. 



Identification of a Rare, Fertility Affecting 
Mutation in Bovine Eml5 Gene

Echinoderm microtubule-
associated protein-like 5 
isoform X5 

Rare mutation in WD40 
domain

Repetitive, circular 
solenoid protein domain 
for multi-protein complex 
assembly

Michal Zigo1, Eriklis Nogueira2.3, Karl Kerns1, Miriam Sutovsky1, JaeWoo Kim1, Filip Tirpak4,
Thomas E. Spencer1,5, Jeremy F. Taylor1, Robert D. Schnabel1,6, Peter Sutovsky1,5



Protruding Knobbed Acrosome Phenotype in 
Homozygous Eml5wd40+/+ Mutant Bull 



Selecting the fittest spermatozoa…



...AND getting the Rid of 
The Bad and The Ugly Ones



Semen Purification

Goal: Remove defective spermatozoa from 
semen used or artificial insemination (AI)

Benefits: Increased fertility/pregnancy rate, lower 
dose of spermatozoa per insemination, efficient 

use of genetically valuable sires, possibly 
eliminating the need for semen pooling





Current Methods:

Swim Up
Gradient (e.g. PureSperm, OptiPrep)
Glass wool filtration
Magnetic activated cell sorting (Annexin
5 beads)
Hyaluronan based methods (HA-coated 
dishes)



Surface Ligands in Defective 
Spermatozoa



νᾶνος (nanos) Greek for ‘dwarf’

Nanotechnology: manipulation 
of a matter on an atomic or 
molecular scale

Nanotechnology may refer to a material 
or to a manufacturing process

Applications in medicine, electronics, energy production 
and agriculture

Concerns about toxicity and environmental impact



Head of
defective

sperm

Ubiquitin
(defective sperm only)

PNA/ubiquitin-
binding
antibody

Magnetic
Nanoparticle









Defective sperm 
removed

Normal sperm 
retained

Following depletion . . .



798 AI Services, 466 
Healthy Calves Born 

Odhiambo et al., 2014, Biol. Reprod.,

Nano-depletion 
of acrosome-

damaged 
donkey sperm 
by using lectin 

peanut 
agglutinin 

(PNA)-magnetic 
nanoparticles. 

Yousef MS, et al. Theriogenology. 2020

Validation In Livestock Models

Boar Sperm 
Nanopurification

Feugang et al., 2015, JFIV 
Reprod. Med. Genet. 3:145 

 

Purification of 
cryopreserved camel 
spermatozoa 
following protease-
based semen 
liquefaction by lectin-
functionalized DNA-
defrag magnetic 
nanoparticles

Rateb SA, Reprod. Dom. Anim. 2021



https://www.youtube.com/watch?v=ZsFsyFQTljs

http://www.mcrmfertility.com/treatment-options/in-vitro-fertilization-ivf-/selecting-the-
perfect-sperm/nanobead-sperm-selection-process.aspx

https://www.youtube.com/watch?v=ZsFsyFQTljs


SUMMARY

Biomarker based sperm quality assays reveal molecular 
sperm defects undetectable by conventional semen 
analysis
Livestock models propagated by artificial insemination 
are ideal for biomarker development
Omics and biomarker based computer training and 
machine learning will enable label-free, fully automated 
andrological analysis, both in men and male livestock
Pre-selection of fittest spermatozoa is possible through a 
variety of approaches, including nanotechnology



The Oudtshoorn Project



Ostrich Testis
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Thank you for keeping the flame lit

SutovskyP@missouri.edu Sutovsky Lab // University of Missouri

Photo: Histological section of a rat seminiferous tubule

mailto:SutovskyP@missouri.edu
https://cafnrfaculty.missouri.edu/sutovskylab/
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