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Abstract: Mitochondria play an important role in the development of sperm, yet the mechanisms
regulating their function in sperm remain poorly understood. The development of a method to
regulate the expression of a target gene in the mitochondria of the sperm is an essential step in this
line of research. In this study, we attempted to generate a system to express the transgene in the
mitochondria of the sperm. As a proof of concept, we generated the transgenic mice expressing green
fluorescent protein (GFP) fused with a mitochondrial localization signal (MLS) driven by PGK2
promoter which expresses the transgene in the sperm. Although the PGK2 promoter has been
previously demonstrated to drive gene expression in spermatocytes and spermatids, the novelty of
our method is the combination of the PGK2-driven MLS-GFP expression to study the mitochondria
in vivo. We established two founder lines of transgenic mice by pronuclear microinjection, and MLS-
GFP expression was confirmed in the mitochondria of the sperm cells by fluorescence microscopy
and flow cytometry. Therefore, we provide a novel platform for studying mitochondrial function in
sperm where the GFP can be replaced with other genes of interest to study their effect on
mitochondria. These results may also help in understanding mitochondrial inheritance, and
mitochondrial dysfunction in vivo.
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Introduction

Mitochondria are dynamic organelles and play a crucial role in the metabolism of spermatozoa.
They are implicated in various many cellular functions such as oxidative phosphorylation and
calcium homeostasis which are important for function of sperm [1-3,7]. The mitochondria in
spermatozoa regulates important functions relating to human fertility and infertility [27,12,28]. The
genetic modification of mitochondria and its role in sperm development and in spermatogenesis has
gained significant attention in recent years. The understanding of the function of mitochondria in
sperm cells may provide critical insights into the molecular basis of male infertility [18,35,13]. Recent
reports suggested that male infertility is associated with a loss of mitochondrial proteins in

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202501.0422.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2025

spermatozoa, which induces low sperm motility, reduces OXPHOS activity, and results in male
infertility [18].

The dynamics of mitochondria in sperm, including their distribution, fusion, and fission, are
important for sperm function and viability. During the development of sperm, mitochondria undergo
significant structural and functional changes. The role of mitochondrial fusion and fission in sperm
motility is increasingly understood, as proper mitochondrial dynamics are necessary for the motility
and structural integrity of the sperm tail [10]. The use of various staining dye to label mitochondria
of the sperm such as Mitotracker leads to defect in fertility of sperm. Therefore, fluorescent proteins
may be used for studying the effect of mitochondria in the development of the sperm in vivo.

Previously, the PGK2 promoter has been demonstrated as a testis-specific promoter [34]. The
PGK2 promoter drives expression of transgene in spermatocytes and spermatids in vivo [14,9,16,33].
The combination of GFP with a mitochondrial localization signal (MLS) allows for study of
mitochondria within sperm [17,31,24,5]. This strategy will help to visualize the mitochondria of the
sperm in vivo.

Although the role of PGK2 promoter in spermatogenesis is well established, it isnot used for
studying mitochondrial dynamics of the sperm. In this study, we used the PGK2 promoter driving
the expression of GFP-tagged to a mitochondrial localization signal (PGK2-MLS-GFP) to express GFP
specifically in the sperm in transgenic mice.

Material and methods
Animals

Mice (FVB/]), were obtained from the small animal facility of National Institute of Immunology,
were used for the present study. All animals were kept at 24 + 2°C under 14 h light and 10 h dark
cycle and used as per the National Guidelines provided by the Committee for the Purpose of Control
and Supervision of the Experiments on Animals (CPCSEA). Protocols for the experiments were
approved by the Institutional Animal Ethics Committee. Animals were kept in a hygienic air
condition with suitable humidity and handled by trained personnel. The animals were killed
individually in a separate room by carbon dioxide inhalation in an in-house built carbon-dioxide
device and by cervical dislocation [23].

Transgene Constructs

A total of three constructs were used in this study, and the schematic diagram were provided in
Figure 1A. The EGFPN: vector was used, and in this vector, mitochondrial localization signal of
coxvil gene
(TCCGTCCTGACGCCGCTGCTGCTGCGGGGCTTGACAGGCTCGGCCCGGCGGCTCCCAGTGC
CGCGCGCCAAGA) (MLS) was added just before the coding sequence of EGFP transgene. The CMV
promoter from this vector was later replaced by PGK2 promoter of mice (1kb upstream region from
the start codon of PGK2). The PGK2 promoter, a testis-specific promoter, was used to drive the
expression of a green fluorescent protein (GFP) tagged to a mitochondrial localization signal (MLS).
Cloning was performed using the standard method as described previously [19]. The sequences of
the construct were provided in the Supplementary data.
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Figure 1
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Figure 1. Validation of MLS sequence in Hek293 cells. (A) A schematic diagram of the constructs used in this
study. (B) Hek 293 cells were transfected with CMV-GFP control and CMV-MLS-GFP; and costained with

mitotracker red dye. The images were analyzed 24h after transfection. Scale bar: 10um.

Validation of the Mitochondrial Localization Signal

HEK293 cells were transfected with the CMV-GFP-MLS plasmid using Lipofectamine 2000
(Invitrogen) following the manufacturer’s recommendation. After the transfection, cells were
incubated for 24 hours and then analyzed for GFP expression and mitochondrial localization as
previously described [19]. The mitochondrial-specific dye, MitoTracker Red, was used to stain the
mitochondria, and the colocalization was evaluated for the GFP signal to determine the
mitochondprial targeting of the MLS.

Pronuclear Microinjection of Transgene Cassette and Oviductal Embryo Transfer

This method was performed as described previously by us [20]. Transgenic mice were generated
via pronuclear microinjection [11,8,4]. For pronuclear microinjection, female mice were super-
ovulated using PMSG and hCG followed by cohabitation with male mice. Oviducts were collected
from donor mice (euthanized by cervical dislocation) and placed into Brinster’s Modified Oocyte
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Culture Media (BMOC) containing hyaluronidase (1 mg/mL). Embryos were collected and
transferred to the 60 mm dish contain 100 pL drops of BMOC overlaid with mineral oil. Linearized
transgene cassette (PGK2-MLS-EGFP) was prepared at a final concentration of 4ng/ul for
microinjection. DNA was microinjected into the male pronucleus of fertilized eggs using Narishighe
micromanipulator. Each manipulated embryo was then transferred into the pre-incubated BMOC
containing dish and maintained at 37°C in a 5% CO: incubator. Embryos were incubated till 2-cell
stage. Pseudo-pregnant female mice were generated by mating with vasectomized male mice. 2-cell
stage embryos were transferred into the ampulla of the oviduct of pseudo-pregnant recipient mice.
Approximately 20 microinjected embryos were transferred in the oviductal ampulla. After the
gestation period (21 + 2 days), recipient pups were born. Pups born were analyzed for transgene
integration by PCR.

Establishment of Transgenic Lines

Two founder mice expressing PGK2-GFP-MLS were screened through PCR [19,29]. The founder
mice were mated with wild-type females to establish the separate transgenic lines, and the transgene
integration in the progeny was evaluated by PCR.

Fluorescence Microscopy

Fluorescence microscopy was employed to confirm GFP expression in the mitochondria of
sperm cells. Sperm from transgenic mice were isolated by standard methods and immediately
imaged using a confocal microscope [19].

Flow Cytometry Analysis

The sperm were isolated from the cauda epididymis from the wild-type mice and transgenic
mice. Samples were analyzed by a flow cytometer (FACS caliber, BD Biosciences). Data were collected
and analyzed using Flow]o software (TreeStar, Inc.) to assess the percentage of GFP-positive sperm
[19].

Results and Discussion
Validation of MLS Functionality in Hek 293 Cells

The MLS sequences for mitochondrial targeting were used previously [25,31,5]. Previously, the
importing signal of the mitochondrial cytochrome c oxidase subunit VIII was shown to be targeting
the GFP to the mitochondria in Hela cells [21,22]. The mitochondrial targeting ability of the MLS of
COXVIII gene was validated by expressing the CMV-MLS-GFP construct in HEK 293 cells. We
observed a colocalization of GFP with mitochondrial markers suggesting that the MLS was functional
in our studies (Figure 1B). As a control, we used the CMV-GFP construct without MLS.

Generation of Transgenic Mice

To determine the in vivo implications of MLS sequence in the germ line lineage, we generated
two transgenic mouse lines using pronuclear microinjection. For this, we used the PGK2-MLS-GFP
construct. The tissue-specific activity of the PGK2 promoter was previously demonstrated to drive
post-meiotic gene expression in the male germline [34]. We are providing a diagram of the generation
of the transgenic line (Figure 2). The transgene integration in the two different founders and in their
progenies were confirmed by PCR (Figure 3).
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Figure 2
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Figure 2. A schematic diagram of generation of PGK2-MLS-GFP transgenic mice after embryo transfer.

Figure 3
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Figure 3. Generation of PGK2-MLS-GFP transgenic mice. Detection of transgene by PCR. PCR screening of
progeny generated through pronuclear microinjection. A band size of 258 bp represented the transgene positive
mice. b = blank containing only PCR mastermix, numerical indicated the progeny numbers in the gel. Ppia was

used as a loading control.
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Localization of GFP in the Mitochondria of Sperm

Since, PGK2 promoter will drive the transgene in the male germ line, we evaluated the sperm of
the transgenic mice. We performed the fluorescence microscopy to determine the expression of GFP
fluorescence in the sperm. The GFP signal was observed in the middle piece of the mitochondria
where the mitochondria are localized (Figure 4). Mitochondria in the midpieces of the sperm are
critical for energy production and the motility and previous studies suggest a link between
mitochondrial dysfunction and male infertility [18]. The expression of GFP in the mitochondria of the
sperm do not affect its function [30]. Here we demonstrated the functional importance of
mitochondrial localization sequences in directing proteins to mitochondria of the sperm using a germ
line specific promoter [31,5].

Figure 4

Control PGK2-MLS-GFP mice

Figure 4. Detection of EGFP-positive sperm in the epididymis of the transgenic mice by microscopy. The EGFP
positive sperm was detected by microscopy in the live sperm of the wild-type mice (A) and transgenic mice (B).
Scale bar: 20pum.

Analysis of GFP Expression by Flow Cytometry (FACS)

We performed the FACS analysis of sperm samples to validate the microscopy data. We
observed that GFP-positive sperm in various transgenic mice, suggesting that the efficiency of the
PGK2 promoter in directing mitochondrial GFP expression in vivo (Figure 5). Our data also validated
the microscopy data suggesting that the method is reproducible. This study may help in studies of
mitochondrial health and dynamics in large populations of sperm cells [18]. Our study provides a
platform to investigate mitochondrial biology during spermatogenesis. The specificity of the PGK2
promoter ensures minimal ectopic expression, which is critical for accurate functional analyses [34].
Such advancements address limitations of ubiquitous promoters in transgenic models. Mitochondria
are vital for sperm function and is a major contributor to male infertility [28]. Our studies will help
to study the role of mitochondria in the development of the sperm.
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Figure 5
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Figure 5. Detection of EGFP-positive sperm in epididymis of the transgenic mice by flow cytometry. (A) Scatter
plot of one of the representative sperm samples and the corresponding histogram of wild-type mice. (B) Scatter

plot of one of the representative sperm samples and the corresponding histogram of transgenic mice.

Previously, various groups have shown the different fluorescent protein expression in the sperm
in the transgenic mice [25,6,32]. However, various constitutive promoters were used in these studies.
The integration of a tissue-specific promoter with an MLS sequence enables precise visualization of
mitochondprial architecture and bioenergetics in sperm in vivo. This approach addresses a critical gap
in male reproductive biology, providing insights into mitochondrial dynamics in sperm
development, motility, and fertilization [15,28]. This approach can be used to study the effect of
various mutations caused by environmental stress on mitochondrial function, mitochondrial
dynamics using advanced imaging techniques during spermatogenesis and the role of mitochondria
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in assisted reproduction technologies. These findings may have broad implications for mitochondrial
research, particularly in male infertility and sperm development.
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