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Iqbal Hyder 

Design and functional characterization of a transposon for salivary specific expression of 
recombinant ligninase  

 
SUMMARY 

The major limitation in feed grade utility of cereal straws is the presence of the high amount of 

lignin, a phenolic polymer that binds to holocellulose (cellulose and hemicellulose) making the 

aggregate unavailable for efficient bacterial fermentation in the rumen microbiome. Lignin in 

association with structural carbohydrates accounts for “unavailable/undigested” neutral 

detergent fiber (NDF), and according to an estimate even a 1 unit increase in forage NDF 

digestibility is associated with significant increase in dry matter intake and milk production, 

respectively. In spite of being highly diverse, the rumen microbiome lacks organisms that produce 

ligninase. Though there are thermochemical methods for delignification, they are 

environmentally unsustainable. Considering the importance of delignification both in livestock 

and bioenergy sector, the potential of genetic engineering can be exploited for the generation of 

cattle that express recombinant ligninase to digest fodder with a high content of lignocellulose. 

This would enable the double benefit of addressing the feed shortage in animals, and proper 

utilization of cereal straws in many developing countries. Here, a proof-of-principal for a 

functional ligninase expression in mammalian salivary cells was established. The approach was 

to construct a Sleeping Beauty transposon encoding a his-tagged ligninase cDNA driven by a 

salivary gland promoter, and assessing its functionality in immortalized rat salivary gland cells 

and primary bovine cells. Three different bacterial ligninases were chosen, and synthetic 

constructs codon-optimized gene were then ligated separately into a transposon vector. The 

vectors were then electroporated into immortalized rat salivary gland cells and bovine embryonic 
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fibroblasts, and successfully transfected cells were sorted by a reporter fluorescence. The 

supernatant from the pure population of salivary cells was collected, up-concentrated and was 

subjected to Western blotting, in parallel, the supernatant was subjected to Ni-NTA agarose 

purification. In both supernatant and Ni-NTA purified eluate one of the ligninase proteins, DyP1, 

was detected. To check the functionality of the recombinant ligninase, an aqueous solution of 

model lignin compound, Kraft lignin, was added to the cultured ligninase-expressing salivary cells. 

At a threshold concentration of lignin, a characteristic cell death was observed in DyP1 expressing 

cells, which could be due to putative products derived from digested lignin. The activity of the 

recombinant ligninase was confirmed by photospectrometric analyses. Thus, these data are a 

primary basis for the generation of transgenic ruminants that produce ligninase in the salivary 

Gland. This alternative fodder resource for ruminants may reduce the need of high quality cereals 

for feeding of animals and may reduce the carbon footprints of livestock farming. 
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Iqbal Hyder 

Design und funktionelle Charakterisierung eines Transposons zur speichelspezifischen 
Expression von rekombinanter Ligninase 

 
ZUSAMMENFASSUNG 

Die Haupteinschränkung der Verwendbarkeit von Getreidestroh in Futterqualität ist der hohe 

Ligninanteil, einem phenolischen Polymer, das an Holocellulose (Cellulose und Hemicellulose) 

bindet, wodurch der Komplex für eine effiziente bakterielle Fermentation im Pansenmikrobiom 

nicht verfügbar ist. Lignin in Verbindung mit strukturellen Kohlenhydraten ist für „nicht 

verfügbare / unverdaute“ neutrale Detergensfasern (NDF) verantwortlich, und Schätzungen 

zufolge ist selbst die Erhöhung der NDF-Verdaulichkeit um eine Einheit mit einer signifikanten 

Zunahme der Trockenmasseaufnahme und der Milchproduktion verbunden. Dem 

Pansenmikrobiom mangelt es trotz seiner großen Vielfalt an Organismen, die Ligninase 

produzieren. Es gibt zwar thermochemische Methoden zur Delignifizierung, diese sind jedoch 

nicht umweltverträglich. In Anbetracht der Bedeutung der Delignifizierung sowohl im Tier- als 

auch im Bioenergiesektor kann das Potenzial der Gentechnik für die Erzeugung von Rindern 

genutzt werden, die rekombinante Ligninase für den Verdau von Futtermitteln mit hohem 

Lignocellulose-Gehalt exprimieren. Dies würde den doppelten Vorteil der Bekämpfung des 

Futtermangels bei Nutzieren und der ordnungsgemäßen Verwendung von Getreidestroh in 

vielen Entwicklungsländern ermöglichen. In einem Pilotstudie wurde hier die funktionelle 

Ligninase-Expression in Speicheldrüsenzellen von Säugern etablieren. Der Ansatz bestand darin, 

ein Sleeping Beauty-Transposon zu konstruieren, das ein His-markiertes Ligninase-Konstrukt 

codiert, das von einem Speichelpromotor angetrieben wird, und dessen Funktionalität in 

immortalisierten Speicheldrüsenzellen und in primären Rinderzellen validiert wird. Drei  
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bakterielle Ligninasen wurden ausgewählt, und synthetische condon-optimierte Konstrukte 

wurde dann separat in einen Sleeping Beauty-Transposonvector ligiert. Die Vektoren wurden in 

immortalisierte Speicheldrüsenzellen von Ratten und embryonale Rinderfibroblasten 

elektroporiert, und erfolgreich transfizierte Zellen wurden durch Reporterfluoreszenz sortiert. 

Der Überstand aus der reinen Population von Speichelzellen wurde gesammelt, aufkonzentriert 

und im Western-Blot beprobt. Parallel dazu wurde der Überstand einer Ni-NTA-Agarosereinigung 

unterzogen. Sowohl im Überstand, als auch im mit Ni-NTA gereinigten Eluat wurde eines der 

Ligninase-Proteine, DyP1, nachgewiesen. Um die Funktionalität der rekombinanten Ligninase zu 

überprüfen, wurde die Modell-Lignin-Verbindung, Kraft-Lignin zu den kultivierten Ligninase-

exprimierenden Speicheldrüsenzellen gegeben. Bei einer Schwellenkonzentration von Lignin 

wurde in DyP1-exprimierenden Zellen ein charakteristischer Zelltod beobachtet, der auf Liginin-

Abbauprodukte zurückzuführen ist. Die funktionelle Aktivität des DyP1-Enzyms wurde durch 

photospektrometrische Analysen bestätigt. Somit sind diese Daten eine Grundlage für die 

Erzeugung von transgenen Wiederkäuern, die rekombinante Ligninase in der Speicheldrüse 

produzieren. Diese alternative Futterressource für Wiederkäuer kann den Bedarf an 

hochwertigem Getreide für die Fütterung von Tieren, und die Kohlenstoffbilanz der Tierhaltung 

verringern. 
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Chapter 1: GENERAL INTRODUCTION 

1.1 Importance of Global Ruminant Production  

One of the greatest challenges in this millennium is to feed the growing human population which 

is projected to reach 9.7 billion by 2050, and 11.2 billion by 2100 (United Nations, 2015). The 

Food and Agriculture Organization (FAO) predicts that total agricultural production will need to 

be 60% higher than in 2005. Though the global production system has resulted in increase of 

livestock numbers (Fig. 1), this increase has not always been accompanied by an improved 

availability of feed resources (FAO, 2012). The demand-driven increase in livestock creates a 

"trilemma" that includes nutrition and environmental health (Tilman and Clarke, 2014) and is 

characterized by the impact of livestock farming on the planet, ranging from land and water use 

to greenhouse gas emissions (Layman 2018).  For this reason, environmentalists argue that 

people should tend towards more plant-based diets (Perignon et al., 2016) though this 

recommendation compromises both the quantity and quality of protein in the diet (Layman 

2018).  

Livestock products make up 18% of global calories, 34% of global protein consumption 

and provides essential micro-nutrients, such as vitamin B12, iron and calcium (FAO, 2017). Hence, 

considering the importance of animal protein along with trilemma of diet-environment-health, it 

is vitally important to optimize sustainable agricultural production so that such productivity 

continues to benefit society economically and nutritionally, while reducing its undesirable impact 

on the planet. 
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Fig. 1: Projected number of bovines by 2050 (Thornton, 2010) 

CWANA = Central and West Asia and North Africa, ESAP = East and South Asia and the Pacific, LAC = Latin America 
and the Caribbean, NAE = North America and Europe, SSA = sub-Saharan Africa. 

 
1.2 Nutritional challenges to ruminant production  

Ruminants are polygastric animals that have the ability to convert organic materials unsuitable 

for human consumption into products (milk and meat) that are consumable for humans (Pulina 

et al., 2017). Nevertheless, the production levels of a ruminant depend upon a balanced ration, 

the role of which is to provide a blend of the feed ingredients including roughages (Konka et al., 

2015).  Globally, maize, soybean meal, and fish meal are commonly used conventional feed 

ingredients (Tona, 2018). But in developing countries, these conventional feed ingredients have 

been facing market competition with human food demands leading to a “feed-food 
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competition”. Innovative feeding practices and processing technologies will enable the farmers 

to utilize these resources more effectively resulting in better performance of the animals 

(Karangiya et al., 2016). 

1.3 Global significance of agricultural biomass vis-à-vis sustainable livestock production 

With increasing population, shrinking cultivable lands, the future demand for grain by human 

beings necessitates efficient utilization of roughages (Visser, 2005). Similarly, the shortage of 

animal feedstuffs  have created a serious gap between demand and supply of concentrate feeds 

and fodder, made livestock feeding increasingly dependent on alternate feed resources (Mudgal 

et al., 2018). There is wide availability of biomass across the world (Table 1) that is emanated 

from agro-industrial processes, for instance wheat straw  has an annual global production of 529 

million tons (Govumoni et al., 2013), and rice straw has an annual global production of 731 million 

tons (Karimi et al., 2006). Hence, effective utilization of available feed resources is the key to 

economical livestock rearing (Lardy et al., 2015; Beigh et al., 2017). The major limitation in feed 

grade utility of these by-products is the presence of the high amount of lignified fiber that binds 

to holocellulose (cellulose and hemicellulose) making it unavailable for efficient rumen 

microbiome fermentation (Mudgal et al., 2018). Hence, unlike conventional roughages, 

agricultural biomass has low feeding values owing to which it is disposed unproductively in many 

parts of Asia and Africa, often these byproducts are burned leading to air pollution and release 

of greenhouse gases (GHGs) (Mittal et al., 2009). Therefore any endeavor in enhancing the 

utilization of the agricultural biomass will have a long term favorable impact on sustainable 

livestock production. 
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Table 1: Cumulative generation of agricultural residues in selected countries/regions 

S.No Country Amount of residue (Mt fresh weight) 

1 China 716 

2 United States of America 682 

3 India 605 

4 Europe 580 

5 Brazil 451 

6 Argentina 148 

7 Canada 105 

Mt, metric tons. Source: (Bentsen and Felby, 2010) 

 

2. LIGNIN AND LIGNOCELLULOSIC BIOMASS 

2.1 Lignin and Lignocellulosic Biomass 

Lignin is a cross-linked, hydrophobic, aromatic and racemic molecule with a molecular mass 

exceeding 10,000 (Moreira et al., 2013). It is the second most abundant carbon source next to 

cellulose and is characteristically found in all vascular plants (Kapoor et al., 2016). It forms a 

composite material with two other biopolymers namely cellulose and hemicellulose forming 

lignocellulose (Brandt et al., 2013). Lignocellulose makes up to 50%–90% of total organic matter 

in agricultural plant residues (Bernal et al., 2017). Grass and maize have a relative low 

concentration of lignocellulose, whereas straw, stover, wood, and tea waste have a high 

concentration (Bernal et al., 2017). Interestingly, the lignocellulose structure varies between 

different biomass types, i.e., corn stalks, timber, and plant stems. Thus, the degradability of 

biomasses with similar lignocellulose concentration may vary according to the structure of lignin 
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(Bernal et al., 2017). The digestibility of lignocellulosic feedstuff by ruminants is limited by   the 

lignin content (Table 2) (Kapoor et al., 2016).  

 There are three major types of lignocellulosic biomass: softwood, hardwood and grasses 

varying in lignin composition and content (Brandt et al., 2013). Among these, grasses are used as 

feedstock, in alcohol production, and also for feeding ruminants. 

Table 2: Lignin content of selective lignocellulosic materials 

Lignocellulosic 
Material 

Cellulose (%) Hemicellulose (%) Lignin (%) Reference 

     
Rice straw 32.1 24 18 Prassad etal. (2007) 
Wheat straw 29-35 26-32 16-21 McKendry (2002) 
Grasses 25-40 25-40 10-30 Malherbe and Cloete 

(2002)  
Corn stover 38 26 19 Zhu et al., (2005)  
Sugarcane bagasse 42 25 20 Kim and Day (2011) 
Corn cobs 45 35 15 Prassad et al. (2007) 

Source: Iqbal et al. (2013) 

 

Though global lignin production in various forms is approximately 1.1 million metric tons per 

year, much of this is wasted by combustion, which is adding greenhouse gases (GHGs) to the 

atmosphere. Innovative means to utilize lignocellulosic byproducts like straw, stover and bagasse 

as livestock feed will make the livestock production more environmental friendly.  

2.2 Feeding of crop residues to ruminants  

In the last 20 years, the cattle, sheep and goat populations in the world increased by 14% (1.49 

billion), 15% (1.20 billion) and 49% (1.05 billion), respectively (FAOSTAT, 2019). Considering the 

ever increasing global demand for food, the use of large amounts of human-edible cereals for 

livestock is a growing concern. One viable option would be to optimize the use of by-products in 
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the diet of ruminants (Karlsson et al., 2018). Utilizing these crop residues is also important in 

terms of eco-sustainability, because they become an environmental burden if not utilized 

properly. Moreover, land use is generally lower for different by-products than for crop grown 

solely as feed, because the land area is allocated between both main crop and by-products 

(Henriksson et al, 2014).  The major limitation in using these lignocellulosic materials (Fig. 2) as 

livestock feed is their limited digestibility by the rumen microbiome (Dziekonska-Kubczak et al., 

2019; Aruwayo, 2018).  

 

Fig 2: Representation of Lignocellulose structure (Mussatto and Teixeira, 2010). 

2.3 Lignin and its role in rumen 

The rumen microbiome contains a wide variety of microbes, like bacteria, protozoa, fungi, 

bacteriophages that play a role in digestion of plant material. In spite of such a diverse 

microbiome, there are no lignin digesting microbes in rumen. Nevertheless, a study proved that a 

monoculture of the rumen fungus Neocallimastix patriciarum has been shown to solubilize 34% 

of the lignin extracted from pre-digested sorghum stem, but did not exhibit any breaking of lignin 

inter unit linkages (McSweeney et al., 1994). Studies have proved both negative and positive roles 

of lignin in rumen. Lignin has inhibitory action on hydrolytic enzymes that were previously 

explained via two mechanisms: the one in which lignin shields the cellulosic surfaces from 

enzyme attack, and enzymes nonspecifically bind on to lignin-rich surfaces in the substrate 
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(Kumar et al., 2012); the other being soluble lignin-derived aromatic compounds that may 

inactivate the cellulases (Ximenes et al., 2011). 

 One of the positive effects of lignin is that it helps to maintain the reservoir of buffering 

exchangeable cations in the rumen (Van Soest et al., 1991). The exchange serves as a bank, 

exchanging K+, Ca2+, Na+, and Mg2+ with H+ when the pH drops, and the bank recharges when new 

cations become available as saliva and ingesta are mixed (Van Soest, 1991). Nevertheless, lignin 

can be said as an underutilized resource in ruminant nutrition and have a great potential if lignin 

can be separated from its digestible associates, cellulose and hemi cellulose. 

2.4 Strategies of delignification 

Considering the limitations associated with utilization of straws and stovers as efficient feed 

resources due to lignification, several strategies have been proposed over the years to remove 

lignin fraction from the biomass. The pretreatment techniques aimed at delignification currently 

in practice may be classified as physical, chemical, physicochemical, and biological processes 

(Tab. 3). 

Table 3: Various methods of delignification  

Process of delignification 

Physical Chemical Physicochemical Biological 

-Milling  

-Microwave assisted size 
reduction 

-Extrusion 

-Ultrasonicaiton 

-Alkaline hydrolysis 

-Acid hydrolysis 

-Ionic liquids 

-Organosolv process 

-Deep eutectic solvents 

-Steam explosion 

-Ammonia fibre explosion 

-CO2 explosion 

-Liquid hot water 

-Microbial pretreatment 

-Enzymatic pretreatment 

Source: (Alvira et al., 2010) 
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In spite of different processes available for biodelignification, a cost-effective and 

environmentally benign pretreatment method that can completely delignify biomass is yet to be 

established (Baruah et al., 2018). According to estimates, the pretreatment phase itself 

contributes to a minimum of 20% of the total cost of conversion for different products and is one 

area where the energy inputs can be significantly lowered (Mafe et al., 2015; Seidl and Goulart, 

2016). 

 

2.5 Enzymatic biodelignification 

Enzymes involved in lignin degradation can generally be divided into two main groups: lignin-

modifying enzymes (LME) and lignin-degrading auxiliary (LDA) enzymes. LDA enzymes are unable 

to degrade lignin on their own yet are necessary to complete the degradation process (da Silva 

Coelho-Moreira et al., 2013). 

A list of lignin modifying enzymes and lignin-degrading auxillary enzymes are presented below 

along with description of their mechanism of action and other remarks (Table 4).  
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Table 4: Relevant fungal and bacterial ligninases  
 

S.No Name of the enzyme Category Occurrence in the organisms 

1 Lignin peroxidase 

(EC 1.11.1.14) 

LME Fungi: Phanerochaete chrysosporium, Trametes versicolor, 
Bjerkandera sp., and Phlebia tremellosa 

Bacteria: Acinetobacter calcoaceticus, Streptomyces 
viridosporus 

2 Manganese-dependent 
peroxidase 

(EC 1.11.1.13) 

 

LME Fungi: Panus tigrinus, Lenzites betulinus, Agaricus bisporus, 
Nematoloma frowardii 

Bacteria: Bacillus pumilus, Azospirillum brasilense, 
Streptomyces psammoticus 

3 Versatile peroxidaes 

(EC 1.11.1.16) 

LME Pleurotus eryngii, Pl.ostreatus, Bjerkandera adusta, B. fumosa 

4 Dye-decolorizing peroxidase 

(EC 1.11.1.19) 

LME Fungi: Bjerkandera adusta, Termitomyces albuminosus 

Bacteria: Rhodococcus josti, Thermobifida fusca, 
Pseudomonas fluorescens 

5 Laccase LME Fungi: Widely present in fungi 

Bacteria: Azospirillium lipoferum, B. subtilis, Streptomyces 
lavendulae 

6 Glyoxal oxidase LDA Phanerochaete chrysosporium 

7 Aryl alcohol oxidase (EC 
1.1.3.7) 

LDA Agaricales, Aspergillus, Fusarium 

8 Heme-thiolate 
haloperoxidases. 
(EC 1.11.1.10) 

LDA Caldariomyces fumago, Agrocybe aegerita 

9 Glucose dehydrogenase  

(EC 1.1.99.10) 

LDA Aspergillus, Pycnoporus cinnabarinus 

 (LME: Lignin Modifying Enzymes; LDA: Lignin-degrading auxillary enzymes). Source: Janusz et al., 2017. 

 

3. GENETIC ENGINEERING: A POTENTIAL ALTERNATIVE FOR LIGNIN DEGRADATION  

3.1 Role of genetic engineering in improvement of livestock nutrition 

Recent advancements in genetic engineering and animal cloning technologies have facilitated  

the establishment of genetically modified livestock with economically significant traits (Zhang et 

al., 2018). Canadian researchers engineered a transgenic ‘Enviropig’ that could produce 
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recombinant phytase in the saliva to enable more effective digestion of phytate, the form of 

phosphorus found feed ingredients, like corn and soybeans (Golovan et al., 2001). Similarly, Guan 

et al. (2017) produced a transgenic pig with salivary specific expression of β-glucanase to reduce 

the negative effects of β-glucan on nutrient absorption and growth. Most recently, Zhang et al. 

(2018) have created transgenic pigs that expresses three microbial enzymes, β-glucanase, 

xylanase, and phytase in the salivary glands for digestion of non-starch polysaccharides (NSPs) 

and phytate. 

 Taking a cue from the above applications of genetic engineering in pig production, it 

seems feasible to generate transgenic cow that can produce recombinant ligninase in the salivary 

gland, and thus are enabled to efficiently digest lignocellulosic straws and stovers. Ruminants 

produce copious amounts of saliva and have strong masticatory action within their powerful jaw 

muscles that results in mechanical breakdown of feedstuffs and increased surface area. Given 

the time spent by animals in rumination, the direct contact of the ligninase with the feedstuff 

should result in an efficient breakdown of lignocellulosic material.   

 

3.2 Techniques in producing genetically engineered livestock 

Transgenesis refers to the techniques involving the modification of genes of one organism and 

deliberate addition into the genome of another organism (Shankar and Mehendale, 2014). The 

transgene is constructed in vitro using recombinant DNA technologies (Wu and Bazer, 2019). 

When a gene construct gets integrated and inherited into the genome of a recipient organism, it 

is called a transgene (Ahmad et al., 2018).  
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The  DNA construct may contain other components upstream and downstream of the 

gene of interest (GOI), like a promoter sequence (for target and temporal specific gene 

expression), a signal peptide sequence (for driving the extracellular secretion of coded product), 

a purification tag, a self-cleaving peptide sequence (for poly-cistronic expression), and a marker 

gene to detect transfected cells. 

 The transgenesis can be either non-germ line or germ line depending upon the target for 

administering transgenic DNA construct. In non-germ line transgenesis the transgene construct 

or transgenic stem cells are administered directly into the non-reproductive tissues of fetuses or 

living animals to yield soma-transgenic animals (Bazer et al., 2012). Whereas germline 

transgenesis is a procedure for the generation of heritable, loss-of-function or gain-of-function 

phenotypes for investigations into the functions of biological pathways, as well as for animal 

biotechnology (Ivics et al., 2014). 

The DNA construct can be incorporated into the animal’s germ-line by different methods: 

(a) viral transduction of early embryonic stages or oocytes (Nagano et al., 2001; Lois et al., 2002), 

b) injection of the DNA into the pronucleus of a fertilized ovum; and (c) injection of transformed 

embryonic stem (ES) cells  into a blastocyst (Bosch et al., 2015; Wu and Bazer, 2019). In case of 

livestock transgenesis, the blastocyst complementation is not possible due to the lack of germline 

competent livestock ES cells (Bosch et al., 2015). In most livestock species, animal cloning via the 

 Somatic cell nuclear transfer (SCNT) (Laible, 2018) has been developed as an alternative 

approach (Fig. 3). In SCNT, a somatic transgenic donor cell is transferred into an enucleated 

oocyte, after induced fusion, and artificially activation the somatic nucleus may become 

reprogrammed to a zygotic status by cytoplasmic factors, and orchestrate an embryonic 
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expression profile. Potentially, this leads to the initiation of cleavage divisions, and a full 

ontogenetic development to an offspring. Typically, the cloned (reconstructed) embryo are 

culture in vitro during the preimplantation phase up to blastocysts, which are then transferred 

to a surrogate animals (Laible, 2018).  

The seminal breakthrough for the SNCT technology came with the cloning of Dolly, the 

sheep, from a mammary gland cell (Wilmut et al. 1997). The advantage of SCNT is that it enabled 

for the first time to generate livestock with site-specific genome modifications, therefor the 

somatic donor cells were genetically transfected and characterized ahead of the SCNT procedure 

(Laible, 2018). In spite of considerable success with SCNT-based transgenesis in livestock, the 

major limitation is drastic nature of somatic cell reprogramming, which is inefficient and is 

frequently hampered by faulty or incomplete epigenetic reprogramming of transferred nucleus, 

aberrant expression of genes that results in elevated rates of pregnancy losses (Wells, 2005; 

Laible, 2018). 

A significant improvement of livestock genetic engineering could be achieved by the 

application of transposon systems (Garrels et al., 2011; Jakobsen et al. 2011; Ivics et al. 2014; 

Garrels et al. 2016) (Fig.3). DNA transposons, so called jumping genes, could be re-designed by 

DNA recombination techniques to efficient tools for enzymatically-catalyzed integration of 

desired foreign DNA constructs into a genome (Ivics et al. 1997; Garrels et al. 2011). The most 

prominent DNA transposon systems are Sleeping Beauty and piggyBac (Ivics et al., 1997). 

More recently, the establishment of programmable nucleases (molecular scissors or 

designer nucleases) was a seminal milestone for the precise genetic engineering of animals (Yu 

et al., 2011; Hauschild-Quintern et al., 2013; Hsu Patrick et al., 2014; Li et al., 2019). The genome 
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editing technology via programmable nucleases, such as the Crispr/Cas9 systems could be 

immediately translated to the genetic engineering of livestock species, and offers the possibility 

to precisely modified several relevant traits (Carlson et al., 2012; Li et al., 2019; Kalds et al., 2019).  

 

 

Fig 3 Comparison of micro-injection (MI) and (SCNT) for genome modified cattle (Yum et al., 2018) 
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3.3 Transposon as a vector of choice for stable expression 

Genomic insertion of transgenes aiming at stable expression is essential for the study of 

gene functions, and experimental setups, like disease modelling and production of recombinant 

proteins (Skipper et al., 2019). Initially, for the process of transgenesis, viral vectors were used 

but their role in long term expression was curtailed owing to their immunogenicity and risk of 

insertional oncogenesis, apart from limitations in the size of cargo DNA (Tipanee et al., 2017). 

This necessitated the development of non-viral transposon systems. Transposons or 

transposable elements (TE), also known as jumping genes, comprise of DNA transposons and 

retrotransposons (Hu et al., 2018). The translocation of DNA transposons takes place via a  ‘cut-

and-paste’ mechanism, which requires an enzyme called DNA transposase that recognizes two 

inverted terminal repeats (ITRs) and precisely  release the DNA transposon sequence that is then 

integrated into another DNA locus (Tipanee et al., 2017). There are different types of transposon 

systems, few examples being Sleeping Beauty (SB), piggyBac and Tol2 (Largaespada, 2003; Mates 

et al., 2007).  

The SB system belongs to the Tc1/mariner family and originates from salmonid fishes 

(Ivics et al., 1997).The ‘hyperactive SB100X’ (SB100X) was developed through a structure-based 

design and molecular engineering approach (Mates et al., 2009; Tipanee et al., 2017; Voigt et al., 

2016). When combined with bacterial artificial chromosome (BACs), SB can deliver transgenes up 

to 100 kb (Rostovskaya et al., 2012). 

There are two ways by which transposase and gene of interest are delivered into the 

target cells. The first is a two-plasmid system where the gene of interest and transposase are 

delivered via two separate plasmids, which are termed donor plasmid and helper plasmid 
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respectively (Fig. 4). In another system both enzyme cDNA and gene of interest are delivered via 

a single plasmid (Chakraborty et al., 2014; Urschitz et al., 2010; Marh et al., 2011). Integration of 

the transposonoccurs into consensus TA dinucleotides (Izsvak et al., 2004) indicating overall 

unbiased, close-to-random integration profile of the SB system (Vigdal et al., 2002). 

Sleeping Beauty transposon-mediated gene transfer was used in a  wide variety of cells, 

but importantly could also improve the efficiency of transgenesis in rodents and livestock species 

(Garrels et al., 2011, Ivics et al., 2014abc, Garrels et al., 2016). In cattle, the SB system allowed 

multiplex transgenesis into the bovine genome (Garrels et al., 2016). In addition, the SB system 

could be successfully adapted for generating porcine and bovine iPS cells (Kues et al., 2013; Talluri 

et al., 2015),  

 

 

Fig 4: SB mediated transposition (Hudecek et al., 2017) 

A) Depiction of a natural DNA transposon like SB, the transposase gene sequence is flanked by left and right inverted 

terminal repeats (LIR, RIR). B) In a recombinanted SB plasmid system the transposase cDNA and the IR sequences 
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are separated on two plasmids. The IR flank now the gene-of-interest sequence. C) Upon co-delivery into a cells the 

transposase becomes expressed, bind to the IR sequences, releases the transposon and integrates the transposon 

into a genomic consensus sequence. D) Arangement of transposon components on a single plasmid. E) Alternatively 

the transposase can be delivered as mRNA instead as plasmid. 

 

3.4 Conception of Study 

3.4.1 Design of ligninase construct 

Since there are numerous classes and types of ligninases, I had to focus my study on the most 

promising ones for functional expression in mammalian cells.  From the DNA depositories, I 

selected three enzymes, dye decolorizing peroxidase (DyP) from Thermobifida fusca (DyP1), ii) 

DyP from Paenibacillus sp (DyP2), iii) and cotA laccase (cotA) from Bacillus subtilis. The criteria 

for selection were background knowledge of proteomic data, as well as the pH and temperature 

optima. DyPs are a heme peroxidase, which are ubiquitous in living organisms, whereas cotA 

laccase is a multicopper oxidase (MCO).To ensure secretion of the ligninase gene a mammalian 

signal peptide from human lysozyme gene was included in the construct design. In order to drive 

the entire synthetic gene construct, I chose two promoters, the ubiquitously active CAGGS 

promoter and the salivary tissue-specific parotid secretory protein (PSP) promoter. The 

ubiquitous promoter should ensure overexpression for characterization, whereas the tissue-

specific promoter is essential to check whether it can indeed drive the target recombinant 

protein specifically in the salivary cells. In order to identify the transfected cell, I used a Venus 

fluorophore sequence tagged with nuclear localization sequence (NLS). The designed ligninase 

gene constructs were codon-optimized for bovine (mammalian) expression, and ordered from a 
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commercial provider of synthetic DNA. The synthetic constructs were then ligated into a SB 

backbone plasmid to enable SB catalyzed integration into the genome. 

3.4.2 Optimization of electroporation in bovine embryonic fibroblasts and ParC10 cells 

Electroporation was utilized as method of transfection of my plasmids into the fibroblasts and 

ParC10 cells. I initially optimized the electroporation conditions that ensured better transfection 

outcomes. I have tested the effects of various carrier buffers, variedly sized electroporation 

cuvettes, electro-pulsing parameters like pulse strength, pulse duration, pulse interval. I have 

found that single pulse electroporation in 4 mm cuvettes at 400V for 10 milliseconds with opti-

MEM as electroporation buffer resulted in desirable transfection outcomes. The data are 

summarized in Manuscript I. 

3.4.3 Reprogramming of bovine iPS cells  

Though I already had a representative cell line simulating mammalian salivary cells, I also 

intended to derive bovine salivary cells. Therefore bovine embryonic fibroblasts (BEFs) were 

reprogrammed to induced pluripotent stem (iPS) cells. For this I used two approaches to derive 

iPS cells, one is by using conventional six factor reprogramming construct (OCT4, SOX2, NANOG, 

KLF4, c-MYC, LIN28) and other by using a modified six factor construct in which a potentiated 

OCT4 and fluorescence reporter are integrated (unplublished data, Fig. 5).  
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Fig 5: Generation of bovine iPS cells using modified OCT4 containing 6 factor reprogramming plasmid  
The transformed cells with colony like morphology can be observed, a, reporter fluorescence, b, nuclear 
counterstaing with Hoechst33324, c, merged fluorescence images, and d bright field view (Source: Own unpublished 
data). 

 

3.4.5 Deriving the naïve iPS cells from transgenic mouse model 

Naïve cells are stem cells with ground state of pluripotency characterized by open chromatin and 

expression of endogenous retroviruses (ERVs). Since these naïve cells are not yet lineage 

specified they can easily be manipulated and directed towards any kind of differentiation with 

appropriate conditions. In general when iPS cells are derived using conventional reprogramming 

factors, about 4% of cells will have this ground state of pluripotency. This can be identified by 

expression of endogenous retroviral elements. In collaboration with Dr. Garrels, MHH, I 

participated in generating a transgenic LTR7-GFP mouse line (own unpublished work), in which 

a b 

c d 
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the GFP expression is driven by LTR7, a promoter of an endogenous retroviruses (ERVs). 

Amazingly, the reporter expression seems to be strictly confined to a subpopulation of inner cell 

mass cells (Fig. 6) and primordial germ cells in the developing gonads (not shown), suggesting 

that the LTR7 promoter is exclusively active in cells with a high cellular potency state.  

 

Fig 6: Spatial localization of reporter expression in  LTR7-GFP mouse embryos.  
Confocal microscopic images of blastocyst (day 4.5) indicating the niave state restricted to a sub-populaton of cells 
in inner cell mass (Source: own unpublished data). 

 

Fibroblasts were derived from the LTR7-GFP transgenic mouse, and were reprogrammed to iPS 

cells by transposition with the classical Yamanaka factors. During the reprogramming phase the 

cell regained reporter expression and developed the colony morphology of naïve iPS cells, i.e. 

small, elliptical, dome shaped colonies (Fig. 7). 

The transgenic mouse line was established to verify the LTR7 construct as a reliable reporter for 

a naïve state of cellular potency. Since the so far derived bovine ES and iPS cells seem to be of 

the primed state the LTR7-GFP reporter may be useful to label and enrich naïve iPS cell of bovine.  
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Fig. 7: Generation of naïve iPS cells from LTR7 fibroblasts 

Day 6 (a, b); Day 12 (c, d); Day 16 (e, f); Day 24 (g, h) after electroporation in mouse embryonic fibroblasts with 
reprogramming factor. Sorted cell population (i, j) (Own unpublished work). 

 

3.4.6 Expression of ligninase in ParC10 cells and BEFs Sleeping Beauty vectors coding for three 

different ligninases driven by the ubiquitous CAGGS promoter (pT2-CAG-DyP1, pT2-CAG-DyP2 

and pT2-CAG-cotA) were transfected in rat salivary gland ParC10 cells and bovine embryonic 

fibroblasts (BEFs). The transfected cells were confirmed for Venus expression. The Venus positive 

cells were sorted and maintained as pure population of cells. The cell culture supernatant of the 

cell cultures was harvested and was subjected to Western blot analyses. Among the three tested 

ligninases, only DyP1 was detected in supernatant. The cell culture supernatant was then 

subjected to Ni-NTA column purification, the process in which his-tagged proteins bind to the 

column matrix which can later be eluted using suitable elution buffer.  

 Sleeping Beauty vectors coding for three different ligninases driven by salivary tissue 

specific parotid secretory protein (PSP) promoter (pT2-PSP-DyP1, pT2-PSP-DyP2 and pT2-PSP-

cotA) were transfected in ParC10 cells and bovine embryonic fibroblasts (BEFs). The transfected 
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cells were checked for Venus expression, which revealed the expression of Venus flourophore 

only in ParC10 cells but no expression was detected in fibroblasts. This proves the salivary tissue 

specific expression of ligninase using PSP promoter. 

3.4.7 Functional testing of ligninase  

After confirming the secretion of DyP1 in cell culture supernatant and in purified column eluate, 

I tested its functionality using a model lignin compound called Kraft lignin. An aqueous solution 

of Kraft lignin was prepared and added to cell culture medium at different concentrations.  At 

concentrations of 80 – 200 mg/ml of Kraft lignin, the DyP1 transfected cells cytotixic effects, like 

rounding up and detachment from the surface, whereas wildtype and DyP2 or cotA transfected 

cells showed no effect.  A UV-visible spectrophotometry analysis revealed a shift in the 

absorption from the Kraft lignin at 280 nm to 340 nm in the supernatant of DyP1 transfected cell 

cultures nm indicative of lignin degradation products, such as coniferaldehyde and vanillin. Thus, 

providing direct evidence for a functional activity of the DyP1 with regard to Kraft lignin 

degradation. Details are described in the included Manuscript II. 
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METHODOLOGY ARTICLE Open Access

Systematic optimization of square-wave
electroporation conditions for bovine
primary fibroblasts
Iqbal Hyder1,2, Shahin Eghbalsaied1,3 and Wilfried A. Kues1*

Abstract

Background: Gene transfer by electroporation is an established method for the non-viral mediated transfection of
mammalian cells. Primary cells pose a particular challenge for electroporation-mediated gene transfer, since they
are more vulnerable than immortalized cells, and have a limited proliferative capacity. Improving the gene transfer
by using square wave electroporation in difficult to transfect cells, like bovine fetal fibroblasts, is a prerequisite for
transgenic and further downstream experiments.

Results: Here, bovine fetal fibroblasts were used for square-wave electroporation experiments in which the
following parameters were systematically tested: electroporation buffer, electroporation temperature, pulse voltage,
pulse duration, pulse number, cuvette type and plasmid DNA amount. For the experiments a commercially
available square-wave generator was applied. Post electroporation, the bovine fetal fibroblasts were observed after
24 h for viability and reporter expression. The best results were obtained with a single 10 millisecond square-wave
pulse of 400 V using 10 μg supercoiled plasmid DNA and 0.3 × 106 cells in 100 μl of Opti-MEM medium in 4 mm
cuvettes. Importantly, the electroporation at room temperature was considerably better than with pre-cooled
conditions.

Conclusions: The optimized electroporation conditions will be relevant for gene transfer experiments in bovine
fetal fibroblasts to obtain genetically engineered donor cells for somatic cell nuclear transfer and for
reprogramming experiments in this species.

Keywords: Fibroblasts, Electroporation, Transfection efficiency, Square wave pulse

Background
Electroporation is a physical method that can be used for
gene delivery characterized by application of brief electric
pulses to permeabilize the cell membrane, and thereby fa-
cilitating the uptake of negatively charged DNA [1, 2]. The
application of a potential difference across a membrane is
an effective strategy to form transient pores [3]. In
principle, cell membranes act as electrical capacitors and
the application of a high-voltage electric field results in a

temporary depolarization of a cell membrane and the for-
mation of pores, which allows the entrance of macromole-
cules. The application of electric pulses is not only used for
cell permeabilization in vitro for delivery of micro-and mac-
romolecules, but is also used in vivo for permeabilization of
tissues during certain specific treatments against cancers
via electrochemotherapy (ECT) where electric pulses are
applied to enable entry of non-permeant cytotoxic mole-
cules [4]. The conventional electroporation is done in
cuvette-style parallel plate setups, where the cell suspension
and molecules to-be-delivered are mixed together in the
electroporation buffer between two plate electrodes con-
nected to a generator of high electric voltage, and is called
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bulk electroporation [3]. Electroporation is viewed as a
promising method for intracellular delivery of a wide var-
iety of cargos and being relatively efficient as compared to
other methods [3, 5]. Fibroblasts are the most preferred
somatic cells in gene transfection studies, since they can be
derived either from fetal or adult tissue samples [6]. Many
authors previously reported the use of electroporation in
bovine fibroblasts and in fibroblastoid cells of other mam-
mals as an efficient method of DNA transfection [7].
Though primary fibroblasts are commonly used cells in
many studies, they are considered as difficult to transfect
cells [8]. Till date, few data are available describing the
optimization of electroporation conditions for bovine fetal
fibroblasts (BFFs). Cattle is an economically important live-
stock [9], and increasingly used as a model species for re-
search in artificial reproduction [10, 11]. The establishment
of somatic cell nuclear transfer (SCNT) [12] allowed the
generation of transgenic and knock-out cattle via the use of
genetically modified fibroblast donor cells [13, 14]. The re-
cently developed designer nuclease (ZNF, TALEN and
Crispr/Cas9) were also employed to edit endogenous genes
or knock-in genes-of-interest into bovine primary cells,
which are subsequently used in animal cloning via SCNT
[15–19]. These examples highlight the importance of effi-
cient transfection methods for bovine primary cells.
In principal, two distinct wave forms of a pulse can be

generated in a bulk electroporation setting, exponential
decay and square wave [20]. Whereas both wave forms
were used for electroporation, the latter was proven to
be optimal [20] for mammalian cells. Square-wave elec-
troporators represent the most widely used systems, they
allow to control both voltage and pulse duration, and
can produce rapidly repeating pulses. Several factors play
a critical role in optimal transfection during electropor-
ation. These include pulse amplitude, number, duration,
interval between multiple pulses, and cuvette type [21,
22]. The most important factor that determines ionic
strength on the cells and thereby the viability of cells
post electroporation is the electroporation buffer. It is
recommended to maintain hypo-osmolar conditions
during electroporation since it enables easier and con-
trolled electroporation [23]. However, some sources rec-
ommend iso-osmolar conditions to promote efficient
DNA uptake and cell viability [18].
>Whereas the gene delivery is the primary aim and pro-

tein expression being the ultimate aim of the transfection,
viability is critical in terms of maintaining critical seeding
density post electroporation. Though there are recent ad-
vances in electroporation technique, like micro- and
nano-electroporation, such novel strategies have not yet
been demonstrated to supersede the basic cuvette-style
electroporation [3]. Hence, in spite of being a well-
established technique, there is still a great potential to en-
hance the square wave electroporation outcome. Also, the

rational cell type-dependent approach of electroporation,
paves the way for getting additional insights into physical
prerequisites for optimum transfection and better electro-
poration outcomes [24]. Hence, we hypothesized that
such improved transfection performances can be obtained
with selective interventions at critical steps in the process
like choice of electroporation buffer, altering pulse pa-
rameters, and type of the cuvettes. The hypothesis was
drawn by considering the already established concept of
Maxwell-Wagner polarization, a key parameter for elec-
troporation, which is an induced transmembrane voltage
generated by an external electric field due to the varia-
tions in electrical properties of cell membrane, cytoplasm,
and external medium [25]. Here, the transient expression
was assessed, but a high initial transfer is of course a pre-
requisite for a stable long-term transformation.

Results
Opti-MEM with GlutaMax improves viability of cells
during electroporation
Four different electroporation buffers, Gene Pulser elec-
troporation buffer (Bio-Rad), Opti-MEM (Thermo-
Fisher), phosphate buffered saline (PBS), and D10 cell
culture medium, were tested. The use of Opti-MEM was
found to result in the best combination of of cell viabil-
ity and ratio of Venus-positive cells (Fig. 1a; Fig. S1, S2).
Electroporation of bovine fetal fibroblasts with Opti-
MEM resulted in 40% vital cells, of which almost half
were Venus-positive. The pulse conditions used in this
experiment are 400 V pulse for 10 milliseconds in 4 mm
cuvettes using 5 μg DNA and the entire procedure was
performed at room temperature.

Concentration of DNA is inversely proportional to
viability
Various plasmid concentrations were tested, i.e. 5, 10,
15, 20, 30 μg per 100 μl electroporation buffer. With in-
creasing concentrations of DNA, the viability of bovine
fibroblasts was decreasing (Fig. 1b; Fig. S3). Each of the
higher concentration tested had significantly lesser via-
bility as compared to the preceding lower concentration
of DNA. The optimal DNA amount with respect to via-
bility and Venus-positive cells was determined to be
10 μg of plasmid, using the parameters single pulse of
300 V for 10 milliseconds in 4 mm cuvettes with Opti-
MEM as electroporation buffer. The entire procedure
was performed at room temperature.

Optimal pulse duration greatly determines the
transfection efficiency
With respect to various pulse durations tested, i.e. 1, 5,
10, 20, 30 milliseconds, we observed that an increase in
pulse durations resulted in significant decreased cell via-
bilities. With a 10 millisecond pulse the viability was
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found to be about 30% (Fig. 1c; Fig. 2) and the best ratio
of Venus-positive cells was obtained. The other pulse
conditions were 400 V of single pulse using 10 μg of
DNA with Opti-MEM as electroporation buffer in 4 mm
cuvettes. The entire procedure was performed at room
temperature.

Optimization of the pulse voltage
With respect to the pulse voltages of 200, 300, 400, 500
V were tested. Increasing pulse voltages correlated dir-
ectly with an increased ratio of Venus-positive cells, but
inversely with cell viability. The optimum pulse voltage
was found to be 400 V (Fig. 1d; Fig. S4). The other pulse
conditions were single pulse of 10 milliseconds using
5 μg of DNA in 4mm cuvettes with Opti-MEM as elec-
troporation buffer. The entire procedure was performed
at room temperature.

Pulse number has no significant improvement on
transfection efficiency
Next it was tested, if the application of more than one
pulse improved the transfection efficiency. However, no
significant improvement of the transfection efficiency
was found if the number of pluses were increased

(Table 1). For multiple pulses the pulse interval was kept
constant at 1 ms. The other pulse conditions were 200 V
with 4 μg of DNA in 2mm cuvettes. The entire proced-
ure was performed at room temperature in Opti-MEM
as electroporation buffer.

Precooling the cuvettes drastically reduced the
transfection efficiency
Previous studies proved that some of the cells are very
sensitive to alterations in handling temperatures [26]. To
assess the effect of the temperature, bovine fibroblasts
were electroporated in parallel at 4 °C (cuvettes pre-
cooled on wet ice for 15 min) and at room temperature.
Unexpectedly, precooling of cuvettes significantly re-
duced viability and transfection efficiency (Table 2). The
other pulse conditions were 200 V of a single pulse using
4 μg of DNA in 2mm cuvettes with Opti-MEM as elec-
troporation buffer. Apart from precooling the entire pro-
cedure was performed at room temperature.

Cuvettes with higher electrode gap have better
transfection efficiency
Next, the effect of the electrode distance on the transfec-
tion efficiency was studied. Therefore either 2 mm or 4

Fig. 1 Critical parameters for the transfection of BFF. a Effect of electroporation medium (other electroporation conditions: 4 mm cuvette, 1 pulse,
400 V, 10 milliseconds, 5 μg DNA, room temperature handling). HC, handling control; MC, mock control; EPB, Biorad (Gene Pulser) electroporation
buffer; Opti-MEM, ThermoFisher medium with GlutaMax; D10, fibroblast cell culture medium; PBS, phosphate buffered saline. b Influence of DNA
concentration on transfection efficiency (other electroporation conditions: 4 mm cuvette, 1 pulse, 300 V, 10 milliseconds, opti-MEM as
electroporation buffer, room temperature handling). c Influence of pulse duration on transfection efficiency (other electroporation conditions: 4
mm cuvette, 1 pulse, 400 V, 10 μg DNA, opti-MEM as electroporation buffer, room temperature handling). d Influence of pulse voltage on
transfection efficiency (other electroporation conditions: 4 mm cuvette, 1 pulse, 5 μg DNA, 10 milliseconds, opti-MEM as electroporation buffer,
room temperature handling). All the values are indicated by mean ± SEM. Means bearing different superscripts in upper case differ significantly in
terms of viability, and those bearing different superscripts in lower case differ significantly in terms of fluorescence. Number of replicates = 3

Hyder et al. BMC Molecular and Cell Biology            (2020) 21:9 Page 3 of 8

HP
Typewritten Text
29



mm cuvettes were used. We observed that 4 mm cu-
vettes had significantly better transfection efficiencies
than 2 mm cuvettes (Table 3). The other pulse condi-
tions were 200 V of a single pulse of 10 milliseconds
duration with 4 μg DNA with Opti-MEM as electropor-
ation buffer.

Discussion
Electroporation is a common intracellular delivery
method that has been reported to be utilized even for
transfecting CRISPR/Cas9 compounds [27]. It has been
proven that if the electric field pulse has the appropriate
characteristics, the “electroporated” cells recover with
normal functionality [28]. Some reports state the mech-
anism of delivery of large molecules like nucleic acids
entirely depend upon electrophoretic forces provided
during the pulse [29]. Here, it was found that the

transfection rates of bovine fetal fibroblasts critically de-
pend on the selected square-wave pulse conditions and
the used electroporation buffer. Optimized transfection
rates could be achieved not only by fine-tuning the pulse
conditions, but also by altering other critical parameters.
The optimal pulse conditions were a single 10 ms
square-wave pulse of 400 V in a 4 mm cuvette. Other
critical parameters were i) the electroporation buffer ii)
the electroporation temperature, iii) and the amount of
plasmid DNA.
We observed that the electroporation buffer in which

the plasmid DNA was delivered by electroporation
played the most critical role. Among the four electropor-
ation buffers, Opti-MEM proved to be the best as it gave
better transfection efficiency and superior cell viability in
comparison to commercial Bio-Rad buffer, PBS and D10
medium. Opti-MEM is a serum-reduced medium and it
contains insulin, transferrin, thymidine, hypoxanthine,

Table 1 Effect of pulse number on transfection efficiency

No of pulses Viability (%) Fluorescence (%)

1 65.0 ± 0.89a 7.2 ± 0.20 a

2 60.6 ± 0.92b 6.2 ± 0.18 b

3 64.8 ± 0.73a 7.8 ± 0.13 a

Other pulse conditions: 200 V; pulse interval, 1 ms; pulse duration, 10 ms; 2 mm
cuvette; 4 μg DNA; number of replicates =3. The electroporation buffer was
BioRad electroporation buffer
Different superscript letters indicate significant difference (P < 0.05)

Table 2 Effect of temperature on transfection efficiency

Temperature Viability (%) Fluorescence (%)

Room temperature 13.4 ± 0.51 a 7.3 ± 0.20 a

4 °C 2.4 ± 0.24 b 5.8 ± 0.15 b

Other pulse conditions: 300 V; 1 pulse; pulse duration, 10 ms; 2 mm cuvette;
4 μg DNA; number of replicates = 3. The electroporation buffer was Opti-MEM
with GlutaMax
Different superscript letters indicate significant difference (P < 0.05)

Fig. 2 Transfection efficiency in bovine fetal fibroblasts with varying pulse durations. a 1 ms, b 5 ms, c 10 ms, d 20 ms. Brightfield, Hoechst 33342-
stained nuclei, Venus fluorescent cells and merged images are shown. Number of replicates = 3. (other electroporation conditions: 4 mm cuvette,
1 pulse, 400 V, 10 μg DNA, opti-MEM as electroporation buffer, room temperature handling)

Hyder et al. BMC Molecular and Cell Biology            (2020) 21:9 Page 4 of 8

HP
Typewritten Text
30



and trace elements (https://www.thermofisher.com/order/
catalog/product/31985070). It also contains GlutaMAX
supplement, which is a dipeptide, L-alanine-L-glutamine,
and earlier studies have proven that polymers like poly-L-
glutamate can increase efficacy and reduce toxicity of elec-
troporation [30]. Opti-MEM ensures favorable Maxwell-
Wagner polarization conditions, a prerequisite for better
electroporation outcomes, since previous studies proved
external medium to be critical factor for generation of in-
duced transmembrane voltages [25]. Whereas the D10
medium is used for culturing the cells routinely, its use as
electroporation buffer resulted in poor transfection effi-
ciencies, which could be attributed to negative effects of
serum on transfection, since serum proteins are proven to
compete with transfection vehicles/vectors for entry into
cells [31]. With regard to PBS, our results were in disagree-
ment with the study conducted by Kang et al. [32] on pri-
mary endothelial cells who reported comparable
transfection efficiencies with tolerable decrease in viability.
We could neither observe comparable viability nor trans-
fection efficiency as compared to Opti-MEM and Bio-Rad
buffer indicating overall poor Maxwell-Wagner
polarization conditions.
Another important factor in electroporation is the

amount of DNA added to the cell suspension. We tested
concentrations ranging from 5 μg to 30 μg per 100 μl
electroporation volume. We noticed that with increased
plasmid concentrations, the transfection efficiency is in-
creased, however at the same time the cell viability is re-
duced. This finding is in agreement with a previous
study [33]. Here, the optimal concentration of plasmid
DNA for the transfection of BFFs was determined to be
10 μg per 100 μl. The same concentration was earlier
proposed even for other types of difficult to transfect
cells, like sperms [34] and Eol-1 cells [35]. Though
higher concentrations of DNA increased transfection
rate it caused greater cell death owing to the plasmid
dependent changes in osmolality of cell suspensions.
Typically, mammalian cells showed better transfection
rates in hypotonic solutions [36].
The other two conditions that determine the transfec-

tion efficiency are voltage and duration of exposure to a
particular voltage. Whereas either microsecond or milli-
second pulses can be used in electroporation, for trans-
fection of macromolecules, like DNA, the millisecond
pulse is desirable for increased uptake [37]. Here, the 10

millisecond pulse was found to be optimal in terms of
viability and transfection rate; extended exposure time
resulted in drastically decreased viability that might be
attributed to excessive heat generated during the pulse
as previous studies reported that conventional cuvette
type electroporation can cause heat generation [38].
Also, with longer duration of pulse, increased number of
pores may result in a condition where pores may co-
alesce leading to cell death [39], whereas the lesser
transfection efficiency observed in short duration pulse
can be attributed to formation of only transient pores,
which are not stable enough for the entry of molecules
[25]. Previous studies have shown mixed results with re-
spect to multiple pulse applications and reported com-
plex dependencies [40]. The complexity depends upon
conditions of treatment and their associated effects on
cells like heating, pore size, leakiness, and resealing of
cell membrane [39, 40]. Hence in our experiments, the
complex results observed can be attributed to pulse-
interval associated resealing of membrane and corre-
sponding alterations in fractional area of pores, since
previous studies reported decrease in fractional area of
pores with multiple pulsations [40]. It was earlier re-
ported that at a constant number of pulses, it is the time
between pulses that strongly affects transfer of molecules
[1]. Previous studies also reported that varying pulse in-
tervals can lead to situations like entry of Ca+ 2 ions in
the cells which at a particular concentration make the
cells vulnerable [40]. With respect to voltage, 400 V
pulse settings were determined to be ideal for electro-
poration when dealing with 4mm cuvettes. Though the
500 V with 4 mm cuvettes produce same field strength
(1.25 kV/cm) as 250 V with 2 mm cuvettes, the efficiency
of electroporation was better in 4 mm cuvettes probably
owing to the greater distance of cells from electrodes,
that prevents contact of extensive number of cells with
electrodes. Previous studies proved that cell distance
from electrodes is one of the critical parameters that af-
fects electroporation outcomes [41]. Also, it is only at
high electric field strengths that cell membrane progres-
sively become less resistive [42]. The suitability of the
high-voltage and low-voltage (HVLV) puls method [43]
for bovine primary fibroblasts nessitates future research.
The drastic decrease in transfection efficiency and via-

bility with pre-cooling of cuvettes could be attributed to
temperature induced alterations in membrane fluidity. It
is well established that the ability to respond to thermal
changes is one of the important properties of mem-
branes, playing an essential role in maintaining fluidity
[44]. Another reason attributed for lower transfection ef-
ficiency due to pre-cooling of cuvettes might be that
lower temperatures are reported to increase the electric
field strength and retarding the kinetics of cell mem-
brane re-sealing [3]. It was shown before that not only

Table 3 Effect of cuvette type on transfection efficiency

Cuvette type Viability (%) Fluorescent cells of vital cells (%)

2 mm 22.8 ± 1.1 17.2 ± 0.75

4 mm 61.0 ± 0.7 23.8 ± 0.61

Other pulse conditions: 200 V; 1 pulse; pulse duration, 10 ms; 4 μg DNA;
number of replicates = 3. The electroporation buffer was Opti-MEM
with GlutaMax
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membrane fluidity, but membrane domain changes de-
termine temperature induced alterations on electropor-
ation effects [28].

Conclusions
It can be concluded that improved transfection efficiency
can be achieved in difficult to transfect cells like bovine pri-
mary fibroblasts by testing and fine-tuning various parame-
ters. The most critical parameters are the pulse conditions,
electroporation buffer, electroporation temperature and
the amount of plasmid DNA.

Methods
Bovine fetal fibroblasts culture
Bovine fetal fibroblasts were derived and cultured as de-
scribed before [45]. In brief, bovine fetuses (~ 2–3
months of gestation) were collected from a local slaugh-
terhouse, rinsed in 80% ethanol and the skin tissue was
minced in ice-cold PBS supplemented with antibiotics.
Minced tissue pieces (< 1 mm3) were transferred into a
6-well cell culture plate, a cover slip was placed onto the
tissue pieces, 4 ml Dulbecco’s Modified Eagle Medium
with 10% serum (D10) was added and cultures were in-
cubated at 37 °C, 5% CO2 in a humidified incubator
(Thermo Scientific, #50116047). The primary fibroblasts
were splitted when they reached a confluence of 60–80%
by EDTA/trypsin (GE Healthcare, #L11–003)treatment,
and cells of passage 2 were resuspended in a cryopreser-
vation medium (90% cell culture medium and 10% di-
methyl sulfoxide (Sigma-Aldrich, #322415-100ML), and
frozen in aliquots at − 80 °C.

Reporter construct
The pT2-RMCE-Venus (6301 bp) encoding a ubiqui-
tously expressed Venus fluorophore reporter [46] was
used as an indicator for the assessment of transfection
efficiency. The Venus cDNA is driven by a CAGGS pro-
moter, a hybrid construct consisting of the cytomegalo-
virus (CMV) enhancer fused to the chicken beta-actin
promoter. The plasmid was confirmed by sequencing.

Electroporation of BFFs
About 3 million fibroblasts cultured in a T75 flask (Sar-
stedt AG & Co. KG, #83.3911.002) were trypsinized, pel-
leted by a gentle centrifugation (Thermoscientific
#75004250), and resuspended in 900 μL of electroporation
buffer. One hundred microliter (equivalent to 0.3 × 106

cells) aliquots were mixed with the plasmid DNA and then
transferred into electroporation cuvettes (2mm (Cell Pro-
jects, #EP-102) or 4 mm (Cell Projects, #EP-104). A Bio-
Rad Gene Pulser Xcell (Gene Pulser Xcell Eukaryotic Sys-
tem, Order no:1652661) was used for pulsing, the follow-
ing parameters could be set for square wave pulses:
voltage, pulse duration, plus number, and interval between

pulses. The pulses were recorded online, and typically a
droop of 2–3% of the set voltage was measured. For every
experiment a handling control (100 μL of cell suspension
seeded in one of the wells of a 6-well plate) and a mock
control (100 μL of cell suspension electroporated without
plasmid) were performed. After electroporation, the cells
were transferred into one well of a 6-well plate (Sarstedt
AG & Co. KG, #83.3920.300), culture medium was added
and the plate was placed in an incubator. The next day,
cells were observed for viability and fluorescence. For the
sub-experiment of testing the efficiency of electroporation
buffer on electroporation outcomes, flow cytometry mea-
surements were done to confirm the microscopic evalua-
tions. The conditions tested with respect to transfection
efficiency of electroporation, were type of electroporation
buffer, varying concentrations of DNA, electroporation
pulse parameters, like voltage, number and duration of
pulse, type and temperature of cuvettes. The used electro-
poration buffers are Gene Pulser Electroporation Buffer
(Biorad #165–2677), Opti-MEM with Reduced Serum
Medium with GlutaMax Supplement (ThermoFisher,
#51985–026), phosphate buffered saline (Dulbecco’s PBS;
Sigma-Aldrich, D5652) and D10 culture medium. All elec-
troporation steps were carried out at room temperature
conditions unless otherwise stated specifically.

Analysis of transfected cells
Cells were observed for viability and fluorescence 24 h
post-transfection. The culture media was changed to get
rid of dead cells and new media was added. For each of
the wells 2 μL of Hoechst 33342 (Sigma Aldrich, #
875756–97-1) (1 mg/ml) was added to stain the nuclei.
The cells were then observed under a Zeiss Axiovert 35
M microscope equipped with fluorescence optics for UV
(320–360 nm), blue (450–490 nm) and red (550–580
nm) fluorescence excitation. Alternatively, images were
obtained by an Olympus BX 60 (Olympus, Hamburg,
Germany) fluorescence microscope equipped with a high
resolution digital camera (Olympus DP71). The viability
of cells in treatment groups was determined by the for-
mula: Viability (%) = (No. of cells in treatment group /
No. of cells in Handling control) × 0.01.
Fluorescence percentage was calculated within each

treatment group as number of Venus-positive cells/total
number of viable cells.

Flow cytometry
For the flow cytometry analysis, the transfected cells
were allowed to proliferate for 5 days to obtain sufficient
cells numbers, a prerequisite for flow analysis. In cases
of poor proliferation less than 10,000 events were
counted by flow cytometry. The FACS analysis was per-
formed using a MACSQuant Analyzers (Merck KGaA,
Darmstadt, Germany). Prior to analysis, cells were
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washed and suspended in FACS buffer (PBS), containing
1% FBS, and cell concentrations were adjusted to ~ 5 ×
105 cells/mL. Data were analyzed using Guava Soft 3.1
and FlowJoX (Tree Star, Ashland, OR, USA).

Data analysis
All data were expressed as mean ± SEM. Statistical ana-
lyses were performed using the SPSS 17.0 statistical soft-
ware package. One-way ANOVA was used with
sampling period as fixed factor. Pair wise comparisons
(or post hoc test) were based using the T-method
(Tukey’s honestly significant difference method). The
minimum significant range of confidence was evaluated
at 0.05 level.
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1186/s12860-020-00254-5.
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Abstract 

The major limitation in feed grade utility of cereal straws is the presence of high amounts of 

lignin, a phenolic polymer that binds to holocellulose making it unavailable for efficient bacterial 

fermentation in the rumen of grazing livestock. Here, we show in a pilot study the functional 

expression of a recombinant ligninase gene in salivary gland cells of mammals as a prerequist for 

the generation of a genetically engineered ruminant that produce ligninase in its saliva and better 

utilize high lignocellulosic feedstuff. Three bacterial ligninases were chosen, and synthetic codon 

optimized and polyhistidine-tagged gene constructs were then ligated into the reading frame of 

a 2A self-cleaving peptide fused to a fluorescent reporter within a Sleeping Beauty transposon 

vector. The constructs driven either by a ubiquitously active or a salivary cell-specific promoter 

were then integrated into immortalized rat salivary gland cells and bovine embryonic fibroblasts 

by the Sleeping Beauty transposase. Secretion of one of the ligninases, DyP1, could be shown for 

ubiquitous and salivary cell-specific expression systems. The functionality of the recombinant 

ligninase was confirmed by the degradation of a model lignin compound. Thus, this proof-of-

concept study shows the successful expression of a functional ligninase in salivary gland cells and 

provides the basis for a translation into genetically engineered cattle. This could enable the 

efficient digestion of cereal straw by ruminants, thereby reducing both the need for high quality 

cereals for animal feed and the carbon footprint of livestock production. 

Key Words 

 Lignin, dye decolorizing peroxidase, ParC10 cells, parotid secretory protein promoter, Sleeping 

Beauty transposon system, 2A self-cleaving peptide 
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1 Introduction 

The greatest challenges in this millennium is to feed the growing human population which 

is projected to reach 9.7 billion by 2050, and 11.2 billion by 2100 (1). Livestock production can 

contribute an instrumental role in achieving sustainable food security (2), however current 

ruminant farming practices are criticized for the land and water use, the use of high quality 

cereals as feedstuff, and emissions of greenhouse gases (3,4). Thus, one future challenge is to 

make ruminant farming more sustainable, for example by efficient usage of straws and other 

agricultural crop residues as feedstuff instead of quality cereals, while maintaining the high 

quality of animal protein in the human diet (3,5). 

The major limitation in feed grade utility of these by-products is the presence of the high 

amount of lignified fiber that binds to holocellulose (cellulose and hemicellulose) making it 

unavailable for efficient bacterial fermentation in the rumen, since the rumen microbiome lacks 

lignin degrading enzymes(6). Thus, lignin in association with structural carbohydrates accounts 

for unavailable/undigested neutral detergent fiber (NDF) (7), and each percentage unit increase in 

lignin concentration in forages can drastically reduce dry matter intake and milk production (8). A 

1-unit increase in forage NDF digestibility (NDFD) is associated with 0.17 and 0.25 kg/d increase 

in dry matter intake (DMI) and milk production, respectively (9).  

The utilization of these fibrous diets can be accomplished by different strategies. Recent 

advancements in genetic engineering and animal cloning technologies have facilitated the 

establishment of genetically modified livestock with economically significant traits (10). The 

transgenic ‘Enviropig’ produced a recombinant phytase in the salivary to enable more effective 

digestion of phytate, the form of phosphorus found in feedstuff ingredients like corn and 
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soybeans (11). Similarly, Guan et al. (12) produced a transgenic pig with salivary specific 

expression of β-glucanase to reduce the negative effects of β-glucan on nutrient absorption and 

growth. Most recently, Zhang et al. (10) created transgenic pigs that expresses three microbial 

enzymes, β-glucanase, xylanase, and phytase in the salivary glands for digestion of non-starch 

polysaccharides and phytate in the feedstuff. 

 Ruminants produce copious amounts of saliva and have strong masticatory action with 

its powerful jaw muscles that results in mechanical breakdown of feedstuffs and increased 

surface area (13). Hence, considering the maximal chewing time of 16h/day with strong 

masticatory forces (13) coupled with ensalivation of about 7.23 g of saliva/g of dry matter during 

forage diets in cattle, it can be expected that the functional expression of a ligninase in the 

salivary will aid in the breakdown of lignin in oral cavity, thereby exposing the cellulose and 

hemicellulose for microbial digestion in the rumen (14).  

Since the rumen microbiome do not express enzymes with ligninase activity, the current 

work is intended to establish the proof-of-concept for a recombinant ligninase expression in 

mammalian salivary gland cells. Many fungi, bacteria and actinomycetes produce lignin 

degrading enzymes, which show a wide range of pH and temperature optima (15). Hence, the 

selection of the ligninase gene is critical to ensure proper folding and enzymatic activity under 

ambient conditions in a mammal (16). We decided to use bacterial ligninase genes over their 

fungal counterparts as the former have higher production yields (17). Two enzymes of dye 

decolorizing peroxidase family (DyP), which belong to the category of heme peroxidases, i.e. DyP 

from Thermobifida fusca and Paenibacillus sp.  (19)  (20) and the cotA laccase from Bacillus 

subtilis. CotA is a multi-copper oxidase (MCO) (21) and mammalian systems are known to 
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produce at least three MCOs that include ceruloplasmin, haphaestin and zyklopen (22). Synthetic 

sequences of the three ligninase genes were designed and tested for expression in mammalian 

cells and characterized for their enzymatic activity on a lignin model compound. 

Results 

Plasmid construction 

The generic, polycistronic plasmid design (pT2-ligninase) is depicted in Fig. 1. The cloning 

strategies for generating the pT2-Dyp1, pT2-Dyp2 and pT2-cotA are presented in Fig S1. The 

polycistronic ligninase constructs (Table S3) were either driven by the ubiquitous CAGGS 

promoter (pT2-CAGGS-DyP1, pT2-CAGGS-DyP2, pT2-CAGGS-cotA) or the salivary gland specific 

PSP promoter (pT2-PSP-DyP1, pT2-PSP-DyP2, pT2-PSP-cotA). The identity and correct ligation of 

the ligninase constructs were verified by restriction analysis and Sanger sequencing. The 

restriction digest analysis of all the vectors and amplification of PSP promoter are presented in 

Fig S2. 

Promoter dependent expression in mammalian cells 

Primary bovine fibroblasts and immortalized salivary gland cells ParC10 cell were electroporated 

with the pT2-CAGGS-ligninase and the pCMV-SB plasmids. Venus positive cells were found  both 

in salivary cells and fibroblasts (Fig. 2), suggesting the successful expression of all three constructs 

(DyP1, DyP1 and cotA). Due to the NLS tag, the Venus fluorescence was mainly confined to the 

cell nuclei.  

Transfections with the pT2-PSP-ligninase plasmids (and pCMV-SB100x), exclusively resulted in 

Venus expression in salivary ParC10 cells, but not in fibroblasts (Fig. 2), suggesting that the 
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subcloned PSP promoter is indeed tissue-specific. The ParC10 cells were for the Venus reporter, 

and homogenously Venus-positive cells were cultured for up to 30 passages (Fig S3). 

Expression of DyP1 ligninase in mammalian cells 

The his-tagged DyP1 protein was specifically detected in the cell culture supernatant harvested 

from pT2-PSP-DyP1 transfected cells, whereas no signal was obtained from the cell lysate, 

suggesting that the Dyp1 protein was indeed secreted (Fig. 3). However, no signal was observed 

in supernatants harvested from transfected cells with DyP2 and cotA constructs, potentially the 

DyP2 and cotA protein misfold and were degraded by proteases (Fig. S4). With respect to Venus 

expression (Fig. 4c), strong signals were detected in cell lysates from all three constructs. Only 

weak signals were found in the supernatants, confirming the microscopic detected localization 

in the cell nucleus. Together these data support the experimental design that the translation 

products of the polycistronic constructs get cleaved by the 2A self cleaving peptide, destining the 

Dyp1 protein for the secretory pathway, whereas the Venus protein is transported into the 

nucleus. The his-tagged Dyp1 protein could also be purified via  Ni-NTA columns  (Fig. 3d). 

In vitro ligninase activity test 

To assess whether the recombinant Dyp1 is also enzymatically active, the lignin model compound 

Kraft lignin was used. Kraft lignin was dissolved in H2O and different concentrations were added 

to the Dyp1 expressing cells. At concentrations of 80 and 100 ug/ml of Kraft lignin characteristic 

rounding and cell death was observed in DyP1 expressing cells, suggesting that the recombinant 

DyP1 degraded Kraft lignin to cytotoxic products.  No cell death or change in morphology was 

observed either in control cultures (wildtype cells) or other Dyp2 and cotA transfected cells (Fig. 

4). 
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UV Visible spectrophotometric detection of DyP1-mediated lignin degradation  

The absorption spectra from the cell culture supernatants showed a peak at 280 nm characteristic 

for lignin in all the groups (Fig. 4). In the cell culture supernatant from DyP1 transfected cells, an 

additional absorbance peal at approximately 340 nm was recorded suggesting the formation of 

degradation products. No absorbance peak at 340 nm was recorded in Dyp2 and cotA transfected 

cell culture supernatant. In case of Ni-NTA column Dyp 1 eluate, similar peak at 340 nm was 

recorded in reaction set up 2 (without hydrogen peroxide) but not in other reaction set ups (Fig 

S5). 

Discussion 

We demonstrated for the first time the expression of a functional ligninase expression in 

mammalian cells. In nature, ligninase genes are known from wood-decomposing fungi and some 

bacteria (17). However, no such enzymes were known from mammalian cells or even the rumen 

microbiome, thus limiting the nutritional value of wheat and paddy straw as ruminant feedstuff. 

Most wood-decomposing fungi and bacteria have temperature and pH optima, which do not 

seem to be compatible for mammalian cells. Thus, the challenge was to assess whether the 

mammalian translation machinery is suitable to produce a functional ligninase. In an initial 

screen, we identified three candidate genes from bacterial ligninases and designed codon-

optimized multicistronic ligninase constructs, which allowed the direct detection of expression 

via a fluorescence reporter, and the enrichment of the lignase protein via a his-tag. Only one of 

the selected ligninases, DyP1, could be successfully expressed in bovine fetal fibroblasts and rat 

salivary gland ParC10 cells, importantly the DyP1 showed enzymatic degradation of Kraft lignin.   
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For the salivary tissue specific expression, we used a parotid secretory protein promoter 

sequence (28). Previously the murine PSP promoter was used for salivary gland-specific 

expressing of a bacterial phytase in transgenic mice and pigs (11, 29), human nerve growth factor 

production in transgenic mice (30) and co-expression of β-glucanase and xylanase in pigs (10). 

Similarly porcine PSP was used for expressing beta-glucanase in saliva of mice (31) and pigs (12). 

The PSP promoter expressed the ligninase constructs only in salivary cells, and the utilization of 

a mammalian signal peptide directed the protein into the secretory pathway.   

Ligninases include broad range of enzymes that can breakdown lignin with varying modes 

of action (32). Though ligninases were initially described in fungi, it has been reported that the 

bacterial ligninolytic system is more effective than that of fungi in terms of degradation and 

biotransformation of lignin into various metabolites (33). In our study we tested the functional 

expression of two classes of enzymes, i.e. Dye decolorizing peroxidase (from Thermobifida fusca 

and Paenibacillus JDR2) and laccase (cotA laccase from Bacillus subtilis). Their reported unique 

substrate specificity and catalytic property offer great opportunities for biotechnological 

applications (19). DyP1 is well characterized in terms of its structure and activity; it is active at pH 

ranges of 3-10 and at temperatures of 20-400C (20). The DyP2 gene from Paenibacillus JDR2 strain 

(34) was selected because these bacteria are known to carry out lignolytic activity at alkaline pH 

(35), the ideal pH for its functional expression in ruminant saliva. CotA laccase was chosen for the 

study considering its thermostability and alkaline activity (21).  

 Among the three enzymes tested in mammalian cell models, we could show the 

expression of only one ligninase, DyP1.  This can be due to either lower production or protein 

degradation by cellular proteases (36). Reasons for low production are structural features in 
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recombinant proteins, abnormal protein aggregation and folding, and improper cleavage of 

signal peptide (36).  Despite the failure to detect the DyP2 and cotA proteins, the Venus protein 

from the second cistron was highly expressed. The enzymatic activity of Dyp1 was assessed with 

the model lignin compound Kraft lignin. The Kraft lignin was directly added to the cell cultures, 

and at concentrations from 80 µg/ml, the Dyp1-transfected cells showed morphological changes 

such characteristic rounding of cells and detachment from the surface. This can be attributed to 

degradation products of Kraft lignin like coniferaldehyde and vanillin which are toxic to cells (37, 

38). 

To confirm the enzymatic activity, we undertook UV spectrophotometric studies. 

Whereas, the maximum absorption at 280 nm originates from non-conjugated phenolic groups 

in lignin (39), the absorption at about 320 nm and above was assigned to the π→π∗ transition in 

lignin units containing Cα=Cβ linkages conjugated to the aromatic ring (40, 41). This change in 

absorbance can be attributed to dissolution of lignin (coniferaldehyde moiety), or degradation of 

carbonyl groups in lignin (42, 43). Some studies on lignin degradation showed the compound at 

A340 to be vanillin (44). The breakdown of lignin will make digestible carbohydrates more 

accessible and previous studies proved that DyP and cellulases exhibit an “Enzymatic synergism” 

on cellulose degradation of wheat straw through the oxidation of lignin’s phenolic and 

nonphenolic compounds, thus making the cellulose polymers more accessible to cellulase attack 

(34). Given the process of rumination with copious amounts of saliva produced, extensive 

cellulases in rumen, the above mentioned phenomenon of “enzymatic synergism” is also 

expected to enhance lignocellulose digestion in cattle. 
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The functional expression of a recombinant ligninase in mammalian salivary gland cells is 

expected to boost further research in this direction that could culminate in generation of 

transgenic livestock that can breakdown lignin in their gastrointestinal tract. This idea of 

producing livestock on ‘ecological leftovers’ (45) can be effectively implemented with this 

concept of salivary ligninase since the future livestock production will be more localized, and the 

availability of land, water and by-products would constitute site-specific constraints and 

opportunities for agriculture (45). Thus, “lignin digesting ruminants” will ensure the better use of 

resources and recirculation of nutrients. This concept will be of utmost importance in South Asian 

and African countries which have large population of ruminants. These agriculture dominated 

countries produce huge amounts of cereal straws major chunk, which are currently burnt off 

creating environmental problems (46). Hence, beneficial traits like enhanced fiber degradation 

will in the long run ensure sustainable livestock farming. The suitability of generating genetically 

engineered cattle via the somatic cell nuclear transfer (SNCT) (47) or the microinjection of 

transposon-based constructs (48) into zygote have been shown before. 

Conclusion 

There is a great potential for genetic engineering in sustainable livestock production. Since 

livestock production is intricately related to environment, traits addressing the critical 

environmental challenges are in demand. One such trait we targeted was lignin degradability in 

the mammalian salivary system as a proof or concept for transgenic ruminant with improved 

fiber utilization.   
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Materials and Methods 

Ethics statement 

In this study primary bovine fibroblasts were used, they were obtained from fetuses within the 

first trimester from a commercial slaughterhouse where occasionally undiagnosed early 

pregnant cows were slaughtered. 

Ligninase genes for expression in mammalian cells 

Three different ligninase genes are selected for assessing their functional expression in 

mammalian cells which are i) Dye decolorizing peroxidase from Thermobifida fusca (EC: 

1.11.1.19) (DyP1) ii) Dye decolorizing peroxidase from Paenibacillus JDR2 (EC: 1.11.1.19) (DyP2),  

iii) cotA laccase from Bacillus subtilis (cotA) (EC: 1.10.3.2).  

2.2 Construction of Sleeping Beauty expression vector  

The Sleeping Beauty transposon vector (pT2-RMCE) contain a ubiquitously active CAGGS 

promoter (23). The synthetic polycistronic gene cassette contain a fusion sequence encoding a 

human lysozyme signal peptide, a synthetic DyP1 without a stop codon, a hexa histidine tag (His 

tag), a 2A self cleaving peptide sequence, and a Venus reporter sequence attached with a nuclear 

localization sequence of MyoD gene (pUC-DyP1, BioCat, Heidelberg) . The DyP2 (pUC-DyP2) and 

cotA (pUC-cotA) were synthetized by a commercial provider (BioCat, Heidelberg) with PacI and 

FseI  restriction sites at 5’ and 3’ ends so that they can be cloned into the polycistronic construct 

by flipping with DyP1 gene (the entire cloning strategy is shown in Fig. S1). In the first step, the 

fusion gene segment from pUC-DyP1 was cloned into of pT2-RMCE Sleeping Beauty entry vector.  

In the next step the DyP1 gene is flipped with either DyP2 or cotA sequences using PacI and Fse I 
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restriction sites, finally resulting in the transposon constructs pT2-CAGGS-DyP1, pT2-CAGGS-

DyP2 and pT2-CAGGS-cotA (Fig.1). 

The next step was to flip the ubiquitous CAGGS promoter with the parotid secretory 

protein (PSP) promoter. The 12.4 kb PSP promoter was PCR amplified from genomic DNA of 

mouse embryonic fibroblasts using hybrid primers carrying AatII and PacI restriction sites for 

conventional subcloning (LongAmp Taq DNA Polymerase, NEB, #M0323S). The amplified PCR 

product was digested with AatII and PacI, subjected to agarose gel electrophoresis and the 12.4 

kb amplicon was purified (NucleoSpin® Gel and PCR Clean-up, Machery-Nagel). The purified 

fragment was then ligated with the AatII and PacI digested SB vector backbone devoid of CAGGS 

promoter. All ligations were carried out using T4 DNA Ligase (New England Biolabs, #M0202S). 

Cell line and culture medium 

The Par-C10 cell line is an immortalizing rat parotid gland acinar cells derived by transformation 

with simian virus 40 (24). These cells are cultured in reduced serum conditions and the culture 

medium components are presented in Table S1.  

Transfection of vector into salivary cells and fetal fibroblasts 

Each of the vectors was transfected independently in Par-C10 cells and fibroblasts. About 3 

million cells cultured in a T75 flask (Sarstedt AG & Co. KG, #83.3911.002) were trypsinized, and 

resuspended in 900 µL of Opti-MEM with Reduced Serum Medium with GlutaMax Supplement 

(ThermoFisher, #51985-026). 100 µL (equivalent to 0.3x106 cells) aliquots were mixed with the 

plasmid DNA (containing 10 µg of either pT2-ligninase plasmid and 2 µg of the pCMV-SB100x 

plasmid (23) and then transferred into 4 mm electroporation cuvettes (Cell Projects, #EP-104), 

and were subjected to bulk electroporation (Gene Pulser Xcell Eukaryotic System, Order 
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no:1652661). After electroporation, the cells were transferred into one well of a 6 well plate 

(Sarstedt AG & Co. KG, #83.3920.300), culture medium was added and the plate was placed in an 

incubator. For every experiment, a handling control (100 µL of cell suspension seeded in one of 

the wells of a 6-well plate) and a mock control (100 µL of cell suspension electroporated without 

plasmid) were performed. The next day, cells were observed for viability, fluorescence and in 

some cases were analyzed by flow cytometry. Cells were observed for viability and fluorescence 

24h post-transfection under a Zeiss Axiovert 35M microscope equipped with fluorescence optics 

for UV (320-360 nm), blue (450-490 nm) and red (550-580 nm) fluorescence excitation. 

Alternatively, images were obtained by an Olympus BX 60 (Olympus, Hamburg, Germany) 

fluorescence microscope equipped with a high resolution digital camera (Olympus DP71).  

The FACS analysis and flow cell sorting 

For the flow cytometry analysis, the transfected cells were allowed to proliferate for few days to 

obtain sufficient cells numbers. The FACS analysis was performed using a MACSQuant Analyzers 

(Merck KGaA, Darmstadt, Germany). Prior to analysis, cells were washed and suspended in FACS 

buffer (PBS), containing 1% FBS, and cell concentrations were adjusted to ~ 5 × 105 cells/mL. The 

Venus positive cells were FACS sorted using a FACS Aria II (BD Biosciences). Data were analyzed 

The MACSQuantify Software. 

Western blot analysis 

The cell culture supernatant was harvested from all the treatment groups and was up 

concentrated using 30 kDa filters (Pall, #ODO30C33). The up concentrated fraction was subjected 

to Western blot analysis (25). Total protein was extracted from cells as described (25). Briefly, 

cell lysate was extracted in RIPA buffer, and 10 μg of protein per slot was separated on a 12% 
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sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and blotted to a 

polyvinylidene difluoride (PVDF) membrane. After blocking in 3% albumin (Sigma Aldrich, 

#B6917), the PVDF membrane was probed with a mouse anti-tetra histag antibody, BSA free 

(Qiagen, #34760; 1:1000 dilution), rabbit anti-GFP polyclonal antibody (Thermofisher, #A-11122; 

1:500 dilution), or a murine anti-tubulin (E7, Developmental Studies Hybridoma Bank (DHSB), 

1:500), respectively. Bound primary antibodies were detected via horseradish peroxidase–

coupled secondary antibodies (1:10 000; Sigma) and an enhanced chemiluminescence reagent 

(Westar Supernova, Cynagen, #XLS3).  

2.7 Purification of recombinant ligninase using Ni-NTA columns 

The cell supernatants were harvested by addition of cOmplete™, Mini, EDTA-free Protease 

Inhibitor Cocktail (Roche), centrifuged at 1000×g for 3 min, and filtered through a 0.45 μm syringe 

filter to remove cell debris. The purification columns were prepared manually using Pasteur 

pipette by placing a sterile glass wool at the junction of narrow and wide tubes. Then 1 ml of 2.5% 

of 10×Ni-NTA resin (Qiagen, #30310) was added. The arrangement was then fixed to a stand and  

30 ml of cell culture supernatantwas allowed to drain through the column, followed by 4 ml of 

wash buffer (prepared as per Qiagen protocol), and  2 ml of elution buffer. Fractions of elution 

buffer were collected, and subjected to Western blot analysis. 

In vitro lignin degradation test 

 To prove the functional activity of recombinant dye decolorizing peroxidases the model lignin 

compound Kraft lignin (Sigma-Aldrich, #8068-05-1) was used. An aqueous solution of Kraft lignin 

was prepared and added at varying concentrations (200 µg/ml, 100 µg/ml, 80 µg/ml, 50 µg/ml, 
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25 µg/ml, 0 µg/ml) to cell culture medium without phenol red. The cells were observed after 12, 

24, 48 and 72 hours. 

 

UV-Visible spectrophotometric based detection of lignin degradation products 

The cell culture supernatant from in vitro ligninase activity test was harvested and and a full UV-

visible absorption spectrum analysis was recorded using a nanodrop device (Thermo Scientific 

ND-1000) (26). Kraft lignin has an absorption maxima at 280 nm (27), lignin degradation products, 

such as coniferaldehyde and vanillin have an absorption maxima around 340 nm.  

In parallel, the enzymatic activity of his-tag purified Dyp1 was tested. Different reaction set ups 

were performed (Table S2). The tubes are incubated at 37oC for 16 h and they are subjected to 

UV spectrophotometry from 220 to 700 nm. 
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Fig. 1 The Sleeping Beauty ligninase transposon: The elements of ligninase gene are lysozyme 
signal peptide (for secretion of recombinant ligninase); Promoter (either Ubiquitous or Parotid 
secretory protein (PSP) promoter to drive tissue specific expression in salivary cells), Histidine 
tag, Self cleaving 2a peptide and Venus reporter with nuclear localization sequences (NLS). 
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Fig. 2: Detection of transfection using Venus fluorescence. The proof of ubiquitous promoter 

driven ligninase expression in rat ParC10 cells (2 a-d) and bovine embryonic fibroblasts (2 a’-d’). 

a, a’- Venus fluorescence; b, b’-Hoechst nuclear staining; c, c’- overlay of and b; d, d’- bright field 

images. 

The proof of PSP promoter driven ligninase expression in rat ParC10 cells (e,f). No expression is 

found in fibroblast cells when transfected with PSP promoter driven DyP plasmid constructs (g,h). 
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Fig. 3: Immunodetection of DyP1 in cell culture supernatant (a), Tubulin in cell lysate (b), Venus 

in cell lysate (c) and DyP1 Ni NTA Eluate (d) 
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Fig 4: Kraft lignin degradation assay. No cell death was observed in wildtype (a, a’), The rounding 

off and cell death is evident in DyP1 transfected cells (b, b’) indicative of putative ligninase 

activity, No cell death observed in DyP2 transfected cells (c, c’) and cotA transfected cells (d, d’). 

Qualitative analyses of the lignin degradation using UV-Vis spectrophotometry (e-h). All the 

groups i.e., wildtype (e), DyP1 (f), DyP2 (g) and cotA (h) had a kraft lignin peak at 280 nm. Note 

the additional absorbance peak at 340 nm in DyP 1 supernatant (f). 
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Supplementary Data: 

 

 

Fig S1a. Ligations strategy to derive pT2-CAG-DyP 1: Ligating Pac I and Spe I digest into multiple cloning 

site of entry vector to derive pT2-CAG-DyP 1. 

 

 

Fig S1b. Ligations strategy to derive pT2-CAG-DyP 2:  Ligating Pac I & Fse I digest from pUC-DyP 2 into the 

vector to derive pT2-CAG-DyP 2. 
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Fig S1c: Ligations strategy to derive pT2-CAG-cotA: Ligating Pac I and Spe I digest into multiple cloning 

site of entry vector to derive pT2-CAG-cot A. 

 

 

Fig S1d.  Ligation strategy to derive pT2-PSP-DyP 1: Flipping CAGGS promoter with PSP promoter into 

pT2-CAG-DyP 1 to derive pT2-PSP-DyP 1. 
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Fig S1e. Ligation strategy to derive pT2-PSP-DyP 2 Flipping DyP 1 with DyP 1 into pT2-PSP-DyP 1 to 

derive pT2-PSP-DyP 2 

 

 

Fig S1f: Ligation strategy to derive pT2-PSP-cotA: Flipping DyP 1 with cot A into pT2-PSP-DyP 1 to derive 

pT2-PSP-cotA 
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Fig S2a: Restriction analysis of pT2CAGDyP1. 

 

 

 

Fig S2b: Restriction analysis of pT2CAGDyP2 and pT2CAGcotA 

 

 

Lane 1: 1 kb DNA ladder 

Lane 2: Pac 1 digest 

Lane 3: Pac I & Spe I digest 

Lane 4: Spe I digest 

Lane 5: Fse I digest 

Lane 6: Bam HI digest 

Lane 7: Undigested control 

Lane 1: 1 kb DNA ladder 

Lane 2, 7: Pac 1 digest 

Lane 3, 8: Pac I & Spe I digest 

Lane 4, 9: Spe I digest 

Lane 5, 10: Fse I digest 

Lane 6, 11: Undigested control  
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Fig S2c. Amplification of PSP promoter fragment. LongAmp PCR of PSP promoter showing the 12kb 

fragment. 

 

 

     Fig S2d. Restriction analysis of pT2PSPDyP1 

 

Lane 1: 1 kb DNA ladder 

Lane 2: Control 

Lane 3: 12kb PSP promoter 

product 

Lane 1: 1 kb DNA ladder 

Lane 2: Spe I digest 

Lane 3: Pac I & Spe I digest 

Lane 4: Nco I digest 

Lane 5: BamHI digest 

Lane 6: Fsp I digest 
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 Fig S2e: Restriction analysis of pT2PSPDyP2 and pT2PSPcotA 

 

 

Fig S3: DyP 1 transfected ParC10 cells. DyP1 sorted cells a) P1 post sorting; b) P10 post sorting; c) P30 

post sorting   

Lane 1: 1 kb DNA ladder 

Lane 2, 7: Aat II digest 

Lane 3, 8: Pac I & Aat II 

digest 

Lane 4, 9: Bam HI digest 

Lane 5, 10: Fsp I 

Lane 6, 11: Undigested 

control 
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Fig S4: Immunodetection assay for Ni-NTA eluates DyP1, DyP2 and cotA. Note the immunoreactivity 

only in DyP1 but not in others. 
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Fig S5: Qualitative analyses of Ni-NTA column purified lignin degradation. All the reaction set ups were 

normalized to “enzyme control”. Note the absorbance peak at 340 nm in reaction set up ‘b’. 

a  

b  

c  
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Table S1. ParC10 cell culture Media 

S. No Components Volume 

1 Ham’s F12/DMEM-L-Glutamine (Thermo Fisher Scientific 
#21041-025) (Gibco) 
*Remove 20.206 mL 

500 mL 

2 2.5 % FBS (Thermo Fisher Scientific #26140-079) 12.5 mL 

3 Insulin-Transferrin-Selenite supplement (100X) (Thermo Fisher 
Scientific #41400045) (Gibco) 

2.5 mL 

4 Retinoic acid (Sigma #R2625) 
Stock concentration: 100mM 

0.5 µL 

5 Epidermal Growth Factor (Sigma #E4127) 
Stock concentration: 100 µg/mL 

400 µL 

6 T3 (3’,3’,5 Triiodothyronine) (Sigma #T6397) 
Stock concentration: 20 µM 

0.5 µL 

7 Hydrocortisone (Sigma #H0888) 
Stock concentration: 100mM 

5.5 µL 

8 Streptopenicillin 100x (Sigma #15140122) 
 

5 mL 
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Table S2. Reaction set ups for Ni-NTA purified DyP1 

S. No Reactions set ups Components Volume (µl) 

1 Reaction set up 1 

(Testing the activity of 

enzyme in buffer and 

H2O2) 

Kraft lignin aqeous solution 500 

Acetate Buffer (pH 7.4) 200 

DyP 1 enzyme (Ni-NTA eluate) 100 

H2O2 (40mM) 100 

2 Reaction set up 2 

(Testing the activity of 

enzyme in buffer and 

absence of H2O2) 

Kraft lignin aqeous solution 500 

Acetate Buffer (pH7.4) 200 

DyP 1 enzyme (Ni-NTA eluate) 100 

Water 100 

3 Reaction set up 3 

(Enzyme control) 

Kraft lignin aqeous solution 500 

Acetate Buffer (pH7.4) 200 

H2O2 (40mM) 100 

Water 100 

4 Reaction set up 4 

(Buffer control) 

Kraft lignin aqeous solution 500 

DyP 1 enzyme (Ni-NTA eluate) 100 

H2O2 (40mM) 100 

H2O 200 

 

 

 

 

 

 

Table S3. The plasmids used in the study 

S. No Plasmid name Size (bp) 

1 pT2-CAGGS-Dyp1 7677 

2 pT2-CAGGS-Dyp2  7791 

3 pT2-CAGGS-cotA 8043 

4 pT2-PSP-Dyp1 18,645 

5 pT2-PSP-Dyp2  18,759 

6 pT2-PSP-cotA 19,011 
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Chapter 4: GENERAL DISCUSSION 

The aim of this thesis was to assess the functional expression of bacterial ligninases in mammalian 

cells, particularly in salivary cells, as a basic prerequisite for the potential generation of transgenic 

ruminants that can produce salivary ligninase with an enhanced utilization of high lignocellulosic 

fodders. Since mammalian and bacterial cells differ fundamentally in their cellular organization 

and functional characteristics, such as secretory pathways, codon-preference, and post-

translational modifications of proteins (Mandad et al., 2018), it was not known if a functional 

expression of ligninases in mammalian cells is possible. Finally, one out of three tested ligninases, 

the DyP1 gene, could be shown to become secreted by the ParC10 salivary gland cell line and to 

exhibit an enzymatic degradation of Kraft lignin. Thus, a well characterized ligninase expression 

system was established, which may be used for further optimization and translation into 

agricultural use. 

To achieve this milestone it was necessary to carefully design an expression construct for 

bacterial ligninases, to select suitable cell lines for expression testing, and to establish an assay 

for lignin degradation. The generic setup of the expression constructs was a polycistronic design 

which should facilitate expression and secretion of the ligninase gene, and which should also 

allow ligninase purification and direct vital recording of expression via a fluorescent tag. For this 

purposes, a synthetic expression cassette was projected, which included a mammalian promoter 

and a fusion construct of a mammalian secretory signal peptide with a codon-optimized and his-

tagged ligninase followed by a 2A self cleaving peptide (2A) sequence and a Venus fluorophore 

with a NLS signal sequence. Thus, the polycistronic messenger RNA should be translated into a 

secreted his-tagged ligninase, whereas the Venus reporter should be directed into the nucleus. 
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The Venus protein can be exploited as a vital reporter for successful transfection, microscopic 

analysis, and for flow cytometric enrichment of expressing cells. 

To achieve high efficient rates of transfected cells, I have initially optimized the square wave 

electroporation conditions for fibroblasts and salivary gland cells. In particular, the primary 

fibroblasts are considered as hard to transfect cells. The key parameter for electroporation is 

“Maxwell-Wagner polarization”, which is an induced transmembrane voltage generated by an 

external electric field due to the variations in electrical properties of cell membrane, cytoplasm 

and external medium (Pavlin and Miklavčič, 2005). In a systematic test series of assessing 

amplitude of square wave pulse, pulse length, pulse number, electroporation buffer, plasmid 

amount, cell number and cuvette type the optimal pulse conditions found were a single 10 ms 

square-wave pulse of 400 volts in a 4 mm cuvette. Other critical conditions were i) the  

electroporation buffer  ii) the electroporation temperature, iii) and the amount of plasmid DNA. 

I observed that the electroporation buffer played the most critical role. Among the four tested 

electroporation buffers, Opti-MEM proved to be the best as it gave better transfection efficiency 

and superior cell viability in comparison to commercial Bio-Rad buffer, D10 medium and PBS. 

Opti‐MEM is a serum‐reduced media and it contains insulin, transferrin, thymidine, 

hypoxanthine, and trace elements (Thermo Fisher). It also contains GlutaMAX supplement, which 

is a dipeptide, L-alanine-L-glutamine, and earlier studies have proven that polymers like poly-L-

glutamate can increase efficacy and reduce toxicity of electroporation (Nicol et al., 2002). Thus, 

Opti-MEM ensures favorable Maxwell-Wagner polarization conditions, a prerequisite for better 

electroporation outcomes, this study confirms previous work that the electroporation buffer is a 
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critical factor for efficient transfections (Pavlin and Miklavčič, 2005). The details of this study are 

summarized in Manuscript I. 

The generic DyP1 construct was synthetized by a commercial provider, unique restriction site 

flanking the Dyp1 gene allowed the exchange against the synthetic DyP2 and cotA genes. For 

stable expression, the constructs were then sub-cloned in a SB transposon vector (pT2-RMCE) 

(Mates et al. 2009, Garrels et al., 2016), which allowed the transposition into the genome by co-

electroporation with a SB100x-transposase plasmid. It has been proven that the SB-mediated 

transposition favors euchromatic regions for integration and thus enables high and stable 

transcription rate (Mates et al., 2009; Garrels et al., 2011). In a second set of plasmids the 

ubiquitous CAGGS promoter was replaced by the 12 kbp PSP promoter with the aim of salivary 

gland-specific expression. 

Promoters are generally located near the transcription start sites of genes, on the same strand 

and upstream on the DNA and are of variable length ((Dalton & Barton, 2014; Opabode and 

Akinyemiju, 2015)   The ubiquitous CAGGS  promoter  was intended for high-level expression of 

the ligninases in cell type-independent manner  (Sakaguchi et al., 2014). For the long term goal 

of a transgenic ruminant, it is important that the transgene expression is regulated very precisely 

in a tissue-specific manner (Tsubota et al., 2014). The use of tissue-specific expression in 

heterologous expression cassette minimizes the potential negative effects of a transgene on the 

physiology of transgenic animal (Zheng and Baum, 2008). 

The commonly used ubiquitous promoters are cytomegalovirus (CMV) (Boshart, 1985) and SV40 

(Neuhaus et al., 1986), human elongation factor-1 alpha (EF-1α) (Kim et al., 1990) and β-actin 

(Muller et al., 1990). The promoter activity can be further enhanced by addition of enhancer 
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elements upstream of the promoter, for example in the CAGGS promoter, the CMV immediate-

early enhancer is fused to chicken β-actin promoter (Niwa et al., 1991). The CAGGS promoter is 

frequently been used to drive high-level gene expression in mammalian cells (Sakaguchi et al., 

2014), and in transgenic animals (Garrels et al., 2011). Importantly, the ubiquitous expression of 

the CAGGS promoter has also been shown in SB-mediated genetically engineered cattle (Garrels 

et al., 2016). 

Here, the CAGGS ubiquitous promoter was used to drive the secretion of ligninases in primary 

bovine fibroblast and ParC10 cells. The fluorescent microscopy revealed the expression of Venus 

protein in the nuclei, in addition, the Western blotting revealed DyP1 in cell culture medium. 

However, the signal intensity Venus protein was stronger than DyP1 band in the Western blot 

assay. This might be due to differences in protein sizes, folding and post translational 

modifications, susceptibility to proteases, and different antibody affinities. 

For the salivary tissue-specific expression, the parotid secretory protein promoter (PSP) was 

used. It is specifically expressed at high levels in the salivary glands and a 12-kb upstream 

promoter region of the gene necessary for tissue specific expression has been identified (Yin et 

al., 2006). Previously, the murine PSP promoter was used for expression of bacterial phytase in 

saliva of transgenic mice (Golovan et al., 2001a), and transgenic pigs (Golovan et al., 2001b). The 

PSP promoter was used for human nerve growth factor production in transgenic mice (Zeng et 

al., 2017), and co-expression of β-glucanase and xylanase in pigs (Zhang et al., 2018). Similarly, 

porcine PSP promoter was used for expressing beta-glucanase in saliva of mice (Guan et al., 2013) 

and pigs (Guan et al., 2017). Here, the murine PSP promoter was used to drive the tissue specific 
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expression of recombinant ligninases. The PSP promoter was found to be active only in salivary 

cells, but not in fibroblasts. 

To direct the ligninase protein into the secretory pathway, the signal peptide (SP) sequence from 

human lysozyme was introduced in frame at the 5’ end of the cDNA. The nascent SP polypeptide 

is recognized by the signal recognition particle (SRP) and gets addressed to the endoplasmic 

reticulum (Saraogi and Shan, 2011) where it binds to SRP receptor and the SP is transferred to 

the translocon. Whilst bound to the translocon, translation is reinitiated and the protein passes 

through the ER membrane and into the lumen. In most cases the SP is recognised by a signal 

peptidase and is cleaved off to generate the mature protein that trafficks through the Golgi 

network before being secreted (Hegde and Bernstein, 2006). This translocation of secretory 

proteins into the lumen of the ER is a critical bottleneck within the secretory pathway (Zuccheli 

et al., 2016). The selection of appropriate signal peptide can have important consequences for 

the efficiency of protein secretion (Stern et al., 2011).  

It is also established that many of the SPs are functionally interchangeable even between 

mammalian species despite their heterogeneity (Knappskog et al., 2007). This was attributed to 

three structurally conserved regions of a typical signal peptide, which are a N-terminal polar 

region (N-region), rich in positively charged amino acids, a central hydrophobic region (H-region) 

composed of about 7–8 hydrophobic amino acids, and a C-terminal region (C-region) that 

includes the SP cleavage site (Sakaguchi, 1997). Taking a cue from the above studies, I have used 

the lysozyme SP, since it is well characterized and naturally expressed in salivary gland cells 

(Lynge Pedersen and Belstrom, 2019). The Western blot results demonstrate the presence of 

DyP1 the cell culture medium, but not in the cell lysates, strong supporting the notion that the 
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DyP1 was indeed secreted. Nevertheless, it is worthwhile to test for other SPs in future studies 

to check the possibility for increasing the levels of target enzyme secretion in salivary gland cells 

(Hunter et al., 2018). The SP sequence can have dramatic effect on protein expression, in some 

case a four-fold enhancement of protein production was achieved (Kober et al., 2013). 

Here, I utilized the Par-C10 salivary cell line (Quissel et al., 1998) for testing the proof of principle 

for mammalian ligninase production. Though both primary cells and immortalized cell lines can 

be used as salivary models, the primary cells are characterized by certain critical problems in vitro 

like tendency to de-differentiate when grown on plastic (Szlavik et al., 2008), committed to 

apoptosis when dissociated into single cell suspensions (Walsh et al., 1998), both of which can 

compromise viability. Immortalized cell lines offer many advantages like they are homogeneous, 

genetically identical, and easier to culture, and offer the possibility to extract large quantities of 

recombinant protein (Carter and Shieh, 2015).  

This ParC10 cell line forms secretory granules, tight and intermediate junctions, desmosomes and 

microvilli (Quissel et al., 1998). When grown on plastic, ParC10 cells form monolayers of cuboidal 

cells with thick extracellular matrix at their base (Quissel et al., 1998). One feature of the cell line 

is absence of functional amylase expression when grown on plastic in reduced serum conditions 

(Zhu et al., 1998). The cells remained healthy post transfection and also withstood sorting 

procedures and pure population of cells were proliferated for up to 30 passages with robust DyP1 

expression, indicating that the model was successful in testing our proof-of-concept. 

Ligninases include a broad range of enzymes that can breakdown lignin with varying modes of 

action. Here, the functional expression of two classes of enzymes i.e., dye decolorizing 

peroxidases (from Thermobifida fusca (DyP1) and Paenibacillus JDR2 (DyP2) and laccase (cotA 
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laccase from Bacillus subtilis) were attempted. Dye decolorizing peroxidase (DyP) were chosen, 

since they belong to the class of heme peroxidases, which are ubiquitous in all domains of life 

(Chen and Li, 2016). They are also reported to have unique substrate specificity and catalytic 

properties, which offer great opportunities for biotechnological applications (Chen and Li, 2016).  

DyP1 is well characterized in terms of its structure and activity; it is active at pH ranges of 3-10 

and at temperatures of 20-40 0C (Rahmanpour et al., 2016). DyP2 gene from Paenibacillus JDR2 

strain (Salvachua et al., 2015) was selected, because these bacteria are known to carry out 

lignolytic activity at alkaline pH (de Oliveira et al., 2009), the ideal pH for its functional expression 

in ruminant saliva. Similarly, cotA Laccase was chosen for the study considering its 

thermostability and alkaline activity (Wang et al., 2016). 

Among the three enzymes assessed in mammalian cells, only DyP1 could be successfully 

expressed, whereas DyP2 and cotA could not be detected by Western blotting and after Ni-NTA 

purification. This can be due to either lower production or protein degradation by cellular 

proteases (Chakrabarti et al., 2016). Some of the reasons for low production are structural 

changes in recombinant gene, inefficient chromosomal integration, abnormal protein 

aggregation and folding, improper cleavage of signal peptide, and degradation by proteases 

(Chakrabarti et al., 2016). Interestingly, in both DyP2 and cotA transfected cells, the Venus gene 

encoded on the second cistron was expressed and could be readily detected in the cellular nuclei, 

suggesting that the polycistronic construct worked by that these ligninase were unstable.   

For assessing the enzymatic activity of the DyP1 protein a new assay was established. Therefore 

the model compound Kraft lignin was added to the cell culture medium (without phenol red 

supplementation) and after 24 and 48 hours the cell culture medium was analyzed by 
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spectrophotometry for characteristic changes of the absorption spectra.  At a concentration of 

100ug/ml Kraft lignin the DyP1 expressing cells showed changes in the morphology  characterized 

by  rounding of cells and detachment from the surface, whereas this did not happen in wildtype, 

or DyP2 and cotA transfected cells. Most likely the phenomenon can be attributed as indirect 

evidence for the degradation of Kraft lignin. Expected degradation products are vanillin and 

eugenol, which cytotoxic for mammalian cells. The spectrophotometric analyses of the cell 

culture media confirmed a characteristic shift of the absorption, indicative for degradation 

products of Kraft lignin. The absorption shift was only found in culture media from the DyP1 

expressing cells, but not in wildtype, or DyP2 and cotA transfected cells. 

This ability of lignin breakdown is widespread in fungi, bacteria and archea (Janusz et al., 2017), 

but not in mammals or microbes of the rumen microbiome (Terry et al., 2019). Current progress 

in genetic engineering of livestock nowadays allows the introduction of exogenous genetic 

information into farm animal genomes to express entirely novel traits (Laible, 2009; Bosch et al., 

2015). Depending on the species, practical applications of transgenic livestock include improved 

milk production and composition, increased growth rate and prolificacy, enhanced feed 

utilization efficiency, desirable carcass composition, and increased disease resistance (Wheeler, 

2007). Hence, genetic modification of livestock with an aim to express certain desirable traits can 

offer a wide range of benefits to producers, consumers, society and environment. Up to now 

relative few applications were directed towards environmental benefits. One approach to this 

direction was the “Enviropig”, which aims at reducing the environmental impact of pork 

production by lowering the excretion of phosphorus in pig manure (Golovan et al., 2001). 
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Though recombinant production of functional bacterial enzymes in mammalian salivary system 

is not new, it is still essential to verify the proof of concept for every new intended applications 

(Kendig, 2015). The current study of establishing functional salivary ligninase expression as a fore 

runner for future transgenic ruminants with salivary ligninase activity is in broader sense an 

application directed towards a more environmentally sustainable farming.  

In summary, this study demonstrate that mammalian salivary cells can be transduced to produce 

functional ligninase.  In most of the developing and under developed countries, large quantities 

of crop residues such as cereal straws and stovers are generated, which are often burnt in heaps 

creating environmental pollution and associated problems. If genetically engineered cattle can 

efficiently utilize high lignoncellulosic by-products, their usefulness will be improved and 

production become more sustainable. The feasibility for SB-mediated transposition in bovine 

zygotes with the generation of genetically engineered cattle have been shown before (Garrels et 

al., 2016, Yum et al. 2016). Thus the here developed ligninase expression cassette within a SB 

transposon could be directly translated into animal generation and the characterization of the 

resulting cattle with respect to lignin digestion. 

The greatest concern for this concept will be regulatory aspects with respect to transgenic 

animals. So far most of the genetic engineered livestock models intended an increase in 

production, manipulation of composition of livestock products, and disease resistance. But in the 

larger interests of environmental sustainability, if a concept is sufficiently convincing, then policy 

makers might ponder over the application of such a concept.  

In most countries the commercialization of transgenic or genetically engineered animals is strictly 

regulated and only few products are approved. A prominent examples for an agricultural relevant 
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animal is the transgenically growth enhanced salmon (AquAdvantage salmon), which was 

approved by the United States (US) Food and Drug Administration (FDA) as safe food after a 

decade-long assessment, and is now commercialized in the USA and Canada (Benissa and 

Barbeiro, 2015). Biopharmaceutical medicaments from transgenic animals include recombinant 

anti-thrombin III (Atryn), human C1 esterase (Ruconest) and Sebelipase alfa (Kanuma). Atryn was 

the first biopharmaceutical product from a transgenic animal (goat milk) approved for 

therapeutic use in humans (Selokar and Kues, 2017). Atryn was approved in 2006 by the 

European Medicines Agency (EMA), and in 2009 by the FDA. Ruconest is a recombinant human 

C1 esterase inhibitor protein, produced in the milk gland of rabbits (van Veen et al., 2012; Selokar 

and Kues, 2017). In 2015, the FDA approved Kanuma (Sebelipase alfa) for the treatment of 

lysosomal acid lipase deficiency (Erwin, 2017). The recombinant Sebelipase alfa is isolated from 

the egg white of transgenic chickens. In addition, fluorescent zebrafishes (Glofish) are legally sold 

as pet toys in the USA, China and some other Asian countries. 

In the EU, the definition of genetically modified organisms (GMO) include any organism (except 

human beings) in which genetic material has been altered in a way that does not occur naturally 

by mating or natural recombination (EC, 2001), and currently no approval of GMO animals for 

food production exist. Australia and New Zealand adopted in 1999 the standard 1.5.2 on “Food 

produced using gene technology”, as per which pre-market safety assessment, approval system 

for food produced using gene technology and mandatory labelling of food produced using gene 

technology were essential (Friedrichs et al., 2019). In case of India, there were rules passed in 

1989 under the title ‘‘Rules for the manufacture, use, import, export and storage of hazardous 

microorganisms/genetically engineered organisms or cells’’ that covered the entire spectrum of 
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activities relating to research, development and use of GMOs and their products including new 

gene technologies (Chimata, 2019). 

The recent technology of genome editing has revolutionized modern biology and already resulted 

in a wide range of agricultural applications (Carrol and Charo, 2015). The USA and Canada are 

regulating genome editing products according to a product-trigger, under which the relevant 

novelty of the trait in question was considered on a case-by-case basis, irrespective of the 

technology used to develop it (Friedrichs et al., 2019). As a consequence, genome edited plants 

and fungi, which carry only minute changes in their genome are not regulated in the USA and 

Canada. Several agricultural important nations, such as Argentina, Brazil, Australia and Russia 

follow this way. In contrast, the EU and New Zealand interpret genome edited organisms as GMO, 

and consequently apply the strict regulations as for transgenic organisms. Hence, though the 

future for genetic engineering and genome editing is challenging in terms of regulations and 

public perceptions, sustained efforts are needed from all the stakeholders to have a healthy 

science-based dialogue vis-à-vis considering societal and ethical concerns to strike a legitimate 

balance. 
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