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Highlights

e Plant-derived proteases used to enhance the texture of meat products
e Plant cysteine proteases used as exogenous tenderizing agents of meat
e Current studies and main conditions of plant proteases as meat tenderizing agents

e Meat tenderized using plant and fruit-derived proteases can target elderly people

Abstract

The use of cysteine plant/fruit-derived proteases in meat tenderization enhances the overall
texture and palatability of meat, especially beef. Tenderization with natural plant proteases is
relevant for consumers with regard to nutritional, healthy and sensory properties and for meat
industry stakeholders as it affects their profitability and allows diversifying the range of their
products by adding value to low-value meat cuts. Current researches on the use of plant
proteases as a green and sustainable approach to enhance meat texture were presented. The
main cysteine plant proteases investigated/applied as tenderizing agents of meat were
described; followed by the methods of their application alone or in combination with
processing treatments; next, their emerging use to produce protein hydrolysates from meat or
for ensuring better meat digestibility was presented and finally their potential for texture-

modified meat products targeting elderly consumers was summarised.

Keywords: Plant enzymes; Meat and beef texture; Muscle proteins; Elderly consumers;

Proteolysis; Peptides



Introduction

Tenderness is the main quality attribute, regardless of the species and muscles, used by
consumers to judge the overall acceptability of meat and meat products as well as for making
re-purchasing decisions. When meat is of guaranteed tenderness and its qualities correspond
to the expected preferences, the consumers are willing to pay more [1]. However, meat
tenderness is known as a multifactorial sensory attribute even among animals sharing the
same genetic and reared following identical practices, indeed a substantial biological and
uncontrolled variation exist [2]. Within muscles, tenderness is a result of sophisticated and
interconnected pathways [3], also associated with the amounts of fat and connective tissue,
length of sarcomeres, ratio of the proteolytic systems/endogenous inhibitors, etc. This
inherent tenderness variability among meat cuts is mostly understood by consumers
associating it with the methods of cooking or to the price of the meat cuts themselves.
However, inconsistences from the same meat cut, especially the valuable pieces, are a serious
concern for the meat industry stakeholders and consumers. Therefore, several post-mortem
processing interventions, along with enzymatic treatments using exogenous proteases, were
investigated to enhance meat tenderness and reduce its variability [4, 5]. Although the bulk of
commercial proteases is produced mainly from microbial and animal sources, the potential of

plant sources, especially plant cysteine proteases, are increasingly used in food/meat industry

[6].

The use of plant proteases to produce consistent tender meat, by making the entire carcass
more valuable, can be considered as an emerging sustainable option to retain consumer
confidence, especially in red meat [7-9] or to add value to low-value meat cuts, to sell
consistently guaranteed tender meat products and also as an alternative to reduce food
industry waste in the frame of circular economy [10, 11]. The best example to cite for this
latter objective is the recovery of bromelain from peels and core of pineapple processing
waste [12, 13]. Further, the interest for the use of natural plant proteases was argued by
technical and societal reasons. Technically, plant proteases have unique properties and
activity over a wide range of pH and temperature, as well as large stability and substrate
specificity that make them suitable to tenderize meat. Religiously, they conform for example
to the halal consumption requirements by avoiding products from animal origin that are

prohibited or the use of growth media for microbial protease fermentation that do not feat



with that requirement [14]. Ethically, mainly by the use of genetically modified organisms to

produce proteolytic enzymes presents controversial among consumers [15].

Based on the above and growing interest for high and guaranteed texture quality of meat,
and quest for healthier meat products, this mini-review aimed to summarise the current
studies using cysteine plant/fruit-derived proteases as a strategy (a) to enhance meat
tenderization, (b) to develop texture-modified meat products targeting elderly consumers, (c)
to produce protein hydrolysates and ensure a certain amount of bioactive peptides with
healthy properties and (d) to ensure better meat digestibility (Figure 1).

Main cysteine plant proteases used as meat tenderizing agents

Proteases have already taken a great role in food formulation, processing, and production,
especially with the advancements of biotechnology and enzymatic biocatalysis including
progress in separation and purification processes over the last two decades, allowing
important advantages in several industrial processing such as meat industry [16]. Among the
enzymes, plant proteases and more specifically cysteine proteases (Figure 1) among which
papain (EC3.4.22.2), actinidin (EC3.4.22.14), bromelain (from stem EC3.4.22.32), zingibain
(EC3.4.22.67) and ficin known also as ficain (EC3.4.22.3) have been widely investigated as
meat tenderizing agents [4, 8]. These listed enzymes are also the major proteases recently
used to enhance the tenderness of meat from different species (Table 1). Each of these
proteases has varying degrees of activity against the structural and myofibrillar proteins as
well as against the collagen component. In fact, it is for their tenderizing specificities that
several plant proteases were investigated towards some muscle proteins in the objective of
enhancing, positively, the post-mortem changes of meat (Table 2). Among these proteases
and to the best of our knowledge only papain, bromelain and ficin were for instance generally
recognized as safe (GRAS) to be used as meat tenderizing agents or to produce peptides and
protein hydrolysates [17, 18]. Each of these proteases has been shown to have varying
degrees of effect against meat matrices, more specifically on the myofibrillar, sarcoplasmic
and/or collagenous proteins, hence modifying the texture outcome of meat (Table 1). These
proteases can also induce excessive tenderization, making the meat albeit mushy, therefore

optimizing the physical conditions and duration of their use is very important.

Papain is a protease of 212 amino acids that has a molecular mass of 23 kDa [19], which is

extracted from papaya (Carica papaya) latex. It is one of the main plant proteases used to



tenderize artificially meat due to its ability to hydrolyse larger muscle proteins, with main
specificity to phenylalanine (Phe) and tyrosine (Tyr) at the P2 position , into smaller
fragments and peptides [20, 21]. The performance of papain is due to its activity at
temperatures ranging from 40 to 80°C (maximum activity at 60°C) using casein as substrate,
but with further activity for shorter time at 80°C. For example, it retained 70% of its activity
when incubated at 40°C for 1 h [19]. In addition, papain showed an increase in its activity in
the pH range from 5.0 to 8.0, and better stability at pH 6.5 to 7.5.

Actinidin also spelled in the MEROPS and BRENDA databases as actinidain is the 23.5 or
32 kDa protease extracted from kiwi fruit (mostly Actinidia deliciosa). Its concentration and
molecular mass may differ among cultivars. The maximal activity of actinidin was observed
at pH 5-7 and a temperature of 45°C. The low inactivation temperature of actinidin (<65°C)
allow a better control of the meat tenderization process, hence avoiding high temperatures for
its denaturation [22]. However, although the denaturation temperature is low, optimizing the

enzyme activity by heat denaturation should be done [23].

Ficin or ficain is the protease found in the latex of Ficus carica fig tree and has broad
substrate specificity and pH optima [8]. It is widely used in the food industry, from the

artificial tenderization of meat to the preparation of protein hydrolysates [24].

Bromelain comprises a group of endopeptidases found in different parts of Bromeliacea
family including the stems, leaves, roots as well as the fruits. The proteases from fruit
(aspartic endopeptidases) and stems (cysteine endopeptidase) of pineapple (Ananas comosus)
are the well-known and investigated bromelains [8]. From the stem extracts, which is the
mainly used source of bromelain by the food industry, further minor cysteine proteases can
exist, such as ananain and comosain [8]. As for papain, bromelain is also a 212 amino acid
sequence including 7 cysteines, of which one is involved in the catalysis. The purified
enzyme is known to be stable at storage (-20°C) for several months and has optimum activity

at temperature 50-60°C and pH ranging from 6.0-8.5, respectively.

Zingibain is the protease present in the rhizomes of Zingiber officinale and has estimated
molecular mass of 33.8 kDa [25]. The protease has maximal proteolytic activity at 60°C and
pH 7.0 [26]. It is stable at temperatures ranging from 40-65°C during 2 h. In contrast to the

other proteases, zingibain has more specificity on collagen breakdown [7].



From the above, we can see that these thiol proteases have broad-spectrum specificities
and activity at different pH and temperatures therefore causing an indiscriminate breakdown
of both myofibrillar proteins and connective tissue (collagen) proteins (Table 1 and Table 2).
According to Bekhit et al. [7], the successful use of any of these proteases lies in
understanding the characteristics and strength of the protease to be used and the environment
and conditions where it will be applied. Generally speaking, the underlying mechanisms of
their interventions to tenderize meat should not be very different from that of the endogenous
proteases to the muscle that occur through the disruption of the native microstructure of the
muscle by the catalysis of the hydrolytic cleavage of the peptide bond present in proteins and
peptides. Among the investigated proteases, ficin is less widely applied due to its high
hydrolytic activity which often renders meat too mushy. On contrary, papain has been
observed to over-tenderise the meat and produces more off-flavours, even some studies
allowed to optimise the conditions of use to minimise this undesirable result (Table 1). At the
molecular level, papain preferably cleaves peptide bonds involving basic amino acids and it
also has an esterase activity. Thus, papain degrades myosin and actin at equivalent rates,
whereas bromelain degrades myosin preferentially. On the contrary, bromelain act more on
connective tissue (collagen) especially on the heat-denatured form of collagen (gelatine)
generated during cooking (Table 2). Overall, bromelain demonstrated lower activity towards
myofibrillar proteins compared to papain and ficin (Table 2). It further allows a juicier meat
after treatment, with a higher water-holding capacity and less off-flavours. Zingibain and
actinidin, both not yet approved as GRAS, were less investigated compared to papain and
bromelain but found to target moderately myofibrillar proteins and zingibain has more
activity against collagen (Table 2). Actinidin seemed of great interest due to its mild effect
and promising use for several objectives, especially for its low inactivation temperature and
the activation role it plays on calpain 2 [27], thus leading to better tenderization results.
Overall, depending upon the treatment, the degree of degradation desired, the actual target as
well as the final outcome of the tenderized meat, each of these five proteases has its purpose
and place within the meat industry. However, these plant proteases act unfortunately more
actively on other meat proteins than on collagen. Therefore, attempts to tenderize collagen-
rich connective tissue inevitably led to too extensive hydrolysis of non-collagen proteins,
resulting in mushy meat. Future studies are needed to better control the activity and method
of incorporation of these proteases to avoid two main disadvantages being over-tenderization

and generation of bitterness in treated meat.



On another hand, these plant preparations are often crude extracts with a variety of
proteases with low specificity and digest as presented above all meat proteins both from the
myofibrils and connective tissue. Considering their potential, nowadays we assist to several
studies aiming to develop simple methods for their recovery by enhancing both the purity and
activity before use as meat tenderizing agents [24, 25]. Three phase partitioning is one of the
emerging tools proposed for fast recovery of plant proteases [28] and efficiently applied for
meat tenderization [19]. Reverse micellar extraction is another downstream processing

method used to recover bromelain and its application to reduce meat toughness [29].

Plant proteases as meat tenderizing agents alone or in combination with processing

treatments

Acrtificial tenderization of meat using plant proteases was applied under different methods
or treatments such as injection, dipping, marinating in an enzymatic solution, spraying
(pulverization) with a powder or a solution of the enzyme on the surface of the meat or
infusion with an enzymatic solution (Table 1 and Figure 1). These treatments allow the
protease to come into contact with its substrate (meat matrix). Overall, the injection method
needs a lower dosage of the enzyme, due to the increased contact area, to achieve the same
level of tenderization of the other methods that has a restricted enzyme—substrate contact
area. The protease can be used alone or combined with one or more enzymes depending on
the final objective (Table 1). The efficiency of several proteases at different concentrations
can be compared [30]. Other methods such as high hydrostatic pressure (HPP), ultrasounds,
cooking or tumbling under sous vide conditions, freeze/thaw cycle, electrical stimulation or
tenderstretching of the carcasses before using the enzymes can be also combined with the
listed tenderizing treatments to accelerate the efficiency of the penetration of the enzyme and
its contact with the substrate, therefore enhancing the tenderizing process (Table 1). Indeed,
the uses of plant proteases in combination with this non-exhaustive list of methods have more
promising effects on meat tenderness aiming homogenous diffusion and distribution of the

protease(s) in the meat matrix and consequently better control.

Barekat and Soltanizadeh [20, 31] investigated the simultaneous impact of latex papain
alone or in combination with ultrasounds as a safe and non-invasive technology to tenderize
beef. The application of papain, either alone or combined with ultrasound, significantly
decreased the toughness of meat evaluated by Warner—Bratzler shear force (WBSF) as well

as other textural traits (Table 1). The authors reported that ultrasonic treatments (20 kHz) at



100 W for 20 min only in the presence of 0.1% papain solution gave the best tenderizing
outcome. In another study where injected papain in addition to HPP applied separately or in
combination to tenderize the thigh muscle of yak at 55°C for 2h, WBSF was decreased by
46.85% and water-holding capacity (WHC) increased by 9.93% [32]. The application in this
study of HPP alone (250 MPa/15 min) was effective; however the impact on colour was
important and damageable on the final product (Table 1). It seemed that the combined and
sequential treatment of papain followed by HPP impacts positively the tenderization
efficiency without effect on colour. In the same approach, another study investigated ficin at
different concentrations or in combination with HPP or with HPP alone to improve the
texture of tan mutton [33]. Interestingly, the results confirmed the synergistic impact on meat
quality improvement compared to the ficin enzyme or HPP alone. The authors further
revealed that the increase in tenderness using the sequential treatment with the protease and
HPP was mainly related to the degradation of myofibrillar and sarcoplasmic proteins. Beyond
meat, the enzyme-assisted HPP approach on Chilean abalone mollusks lead to better
tenderization with HPP papaya latex impregnation pre-treatment as assessed by sensorial and

instrumental analyses compared to injection or immersion [34].

Camel meat is known to be tough and the use of plant proteases was proposed as an
alternative [7, 19, 35]. Magsood et al. [35] tested bromelain, papain and ficin to tenderize the
inside round of aged female camels. By means of injection of 50 or 100 ppm of the proteases
at 4°C for 4 days, the authors revealed a dose-dependent with equivalent impact of papain
and bromelain on tenderness (Table 1). The 100 ppm papain and bromelain induce high
solubility of sarcoplasmic proteins and soluble peptides and collagen, hence explaining the
impact on camel meat tenderization. However, papain caused high drip loss and low WHC.
Another study used efficiently latex papain recovered by three phase partitioning on
Semitendinosus and Longissimus thoracis muscles of old Sahraoui dromedary males [19].
The authors applied four tenderizing treatments: immersion, injection; pulverization or
freeze/thaw cycle after pulverization. All the treatments improved the tenderness of both
muscles and freeze/thaw cycle after pulverization was the best strategy, while immersion
treatment reduced WHC [19]. In the frame of meat formulation, the physic-chemical and
sensory properties of camel meat burger patties were improved by 7% of ginger extract,
0.01% papain or a mixture of both [36]. This strategy allowed increasing the solubility of
collagen, the scores of tenderness, juiciness and overall liking and the reduction of WBSF.



Actinidin is an emerging protease that is gaining much more interest, especially due to its
interesting physic-chemical properties described above. Zhang et al. [37] investigated the
effect of injected actinidin from several kiwifruit cultivars on Longissimus dorsi muscles of
rabbit and pork meat. Actinidin treatment improved the tenderness of both meats using 5% of
the purified actinidin. An elegant study by Lees and co-workers confirmed recently and for
the first time at the consumer level the potential of commercial kiwifruit extract [38]. In this
study, the striploin and outside flat meat cuts of grass-fed steers were infused with actinidin
before grilling and roasting after aging. Compared to the controls, actinidin improved
significantly the consumer scores of tenderness, juiciness, flavour and overall liking. The
MQ4 score (MSA overall eating quality) was also improved, therefore the use of actinidin
kiwifruit extract to beef is an opportunity to improve the eating experiences for consumers
[38]. Zhu and colleagues used hot boned bovine brisket muscles from dairy beef that were
injected with 5% of actinidin extract (Table 1) followed by vacuum tumbling and cooking
under sous vide (70°C/30min) [39]. These resulted in a significant improvement of
tenderness, juiciness and flavour of actinidin-treated meat evaluated by sensory panellists
compared to untreated samples. The enhanced texture was supported by considerable
breakdown of the myofibrillar structure, mainly Z-discs. The treated samples in this work had
no significant change in pH, colour and cooking loss. Another study tested the hypothesis of
combining actinidin with electrical stimulation and tenderstretching to improve the
tenderness of Longissimus thoracis et lumborum muscle of entire male alpacas [40]. This
study evidenced that infusion with actinidin reduced WBSF relative to control but resulted in
reduced consumer acceptance. Furthermore, the authors reported high values of
oxymyoglobin/metmyoglobin (oxy/met) reflectance ratio for the enzyme and water infused
product than for non-infused product, indicating greater colour stability and shelf life for
infused product. In fact, the reduced oxidation through actinidin infusion may link to
antioxidant properties within the kiwi fruit juice. However, the authors concluded that there is
no clear advantage of using actinidin for tenderization of alpaca meat in addition to
processing conditions. Actinidin was also applied alone to improve the texture of chicken
meat [41] or combined with tumbling to enhance the quality of chicken nuggets prepared
from spent hen [42]. Overall, actinidin showed mild tenderizing activity which avoids surface

mushiness.

Bromelain was also investigated to improve meat texture. Chang and co-workers used

pineapple and kiwifruit extracts to investigate the synergistic effect of injection and sous-vide



on pork tenderization at several temperatures and times [43]. This study resulted in
significant softening using both enzymes, but actinidin was overall more effective than
bromelain. Moreover, the authors reported that the combination of sous-vide and actinidin
could be a good way for extending the shelf life [43]. In another study, Botinestean et al. [21]
achieved similar tenderization findings using papain and bromelain or a mix of both (Table
1) to improve the tenderness of Semitendinosus muscles of steers. The two enzymatic
treatments reduced WBSF, but papain treatments (alone or combined with bromelain)
reduced more effectively WBSF but increased cook loss. In another study that compared
bromelain and papain to treat frozen giant squid muscle, the treatments with both proteases
resulted in a significant decrease of WBSF, hardness, myofibrillar protein content, and
calcium ATPase activity [44]. Bromelain and papain were further compared to tenderize
thigh horse muscle [45]. Both proteases significant decreased the hardness. In the frame of
meat formulation, promising results of the effect of bromelain embedded in double emulsion

was proposed in a preliminary study on the physic-chemical characteristics of pork loin [46].

In comparison to the other proteases, zingibain was less investigated in the last 3 years.
Among the studies we can cite here, it was used by Cruz and co-workers to treat chicken
breast muscle after injection with 5% of the protease accompanied with storage at 4°C for 24
h [47]. The authors found that the injected breasts had high fragmentation and low WBSF

values. In addition, neither the sarcomere length nor the cooking weight loss was affected.

One of the drawbacks of using plant proteases is the undesirable impact on the flavour of
the tenderized meat that generates bitterness. There is scarcity in the studies that used sensory
panellists or specific studies that targeted this aspect to compare several plant proteases.
Among the few works, a recent trial by Zhao et al. [48] evidenced that papain treatment
generated high amounts of amino acids. The treatment by bromelain and flavourzyme (a
peptidase preparation from Aspergillus oryzae) significantly raised the levels of odours and
ketones, whereas excessive proteolysis by proteinase K and papain significantly reduced the

intensities of esters and aldehydes [48].

Plant proteases to produce protein hydrolysates and bioactive peptides or for ensuring
better muscle foods digestibility

Beyond the use of enzymes to tenderize meat, recent studies have witnessed growing

interest on the possible role of plant proteases in helping digestion of muscle proteins in the
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gastrointestinal tract [39, 49, 50] and for their use to produce bioactive peptides due to the
valuable importance in human nutrition/health and more specifically for having several
biological activities to play on the immune system, cardiovascular diseases or metabolic
syndromes [8, 51, 52]. Since the breakdown of myofibrillar proteins is associated with
improvement of functional properties, plant proteases can also be used in this context as well

as for enhancing their digestibility.

Bioactive peptides produced from meat can be effectively studied for several roles [8, 51],
however in vivo studies to prove their efficacy is the current challenging task. Few studies
have focused on screening the bioactivities of generated peptides using plant proteases. As an
emerging approach, Bechaux et al. [53] proposed a workflow that should be followed for the
generation of bioactive hydrolysates, for instance from porcine products, by combining in
silico and in vitro (experimental data) approaches. Bioinformatics (in silico approaches) is a
useful tool to assess the peptides released from meat digests due to the great number of
possible sequences that can be produced. Therefore, an in silico analysis of peptides could
potentially lead to a more rapid discovery and investigation of bioactive peptides released
during artificial meat tenderization. In addition, the predicted peptides generated by the in
silico approach can be analysed using online tools that allow predicting bioactivity.
Peptidomics is another approach used to investigate the interplay between artificial
tenderization by exogenous enzymes, among them bromelain, and the digestibility of beef
Semimembranosus muscle proteins [50]. The authors observed significant influence of
proteolysis, which acted as a pre-digestion step on digestive changes and degree of
hydrolysis. A large variation in the peptidome of beef protein digests was evidenced.
According to the authors, the artificial tenderization of Semimembranosus muscle proteins
with injected bromelain increased the survival rate of peptides during simulated digestion
[50]. In this context, meat treatments that used actinidin evidenced positive effects on meat
protein digestibility [39]. Another study reported further evidence of the potential of actinidin
extracts to increase the in vitro simulated gastrointestinal digestion of cooked meat proteins
[49]. Actinidin have been further shown to produce angiotensin I-converting enzyme (ACE)
inhibitory peptides [37]. A targeted study on the ACE inhibitory potential of peptides isolated
from papain hydrolysates (<3 and <10 kDa) of beef myofibrillar proteins using in vitro and
animal models revealed that the <3 kDa fraction showed the greatest ACE inhibitory activity
establishing its potential as anti-hypertensive bioactive hydrolysates [54].

11



Potential of plant proteases for texture-modified meat products targeting elderly

consumers

Personalisation of certain foods unlocks the possibilities for enhancing individuals’ quality
of life and well-being. Sufficient intake of easily digestible protein is predominantly
important for elderly people, which might present weakening in muscle mass, difficulties of
chewing tougher foods and difficulties with swallowing the food. The procedures used to
obtain textured meat products, have a high impact on food properties, such as organoleptic
properties, therefore it will be important to not deteriorate appearance, taste and smell of
these category of food, in order to not decrease their appeal. In this context, Botinestean et al.
[55] stated that the current innovation in meat products development research focusses on the
overall population, while formulations targeted to tackle the specific needs, such as older
consumers, are still deficient. More people are living longer, while elderly consumers
demand red meat that satisfies their distinct dietary requirements, therefore providing red
meat products that appeal to elderly consumers is paramount [56]. Further, there is evidence
that the deterioration of mastication and/or swallowing is prevalence within the aged segment
of population, and this has a high adverse impact on their food eating decisions. In this
context, it is essential to evaluate the potential options to develop texture-optimized meat
products which can be consumed by ageing population, and would have a beneficial impact
on their health status. Among the different strategies that have been proposed, the use of plant

proteases is an emerging option [21, 45, 55].

Kim and Joo [45] stated that the development of tenderized horse meat through addition of
fruit proteolytic enzymes could help the elderly consumers achieve protein dietary ratio in a
lesser portion size, in order to avoid the risk of sarcopenia. To produce acceptable tender
meat, the authors used papain and bromelain, and examined their influence on the texture
traits. All the tenderizing treatments had a beneficial impact on the tenderness of horse meat.
However further investigation is needed in order to assess the acceptance of texture-modified

horse meat products by elderly consumers [45].

Botinestean et al. [21] explored the possibilities of using papain, bromelain, and a
combination of both. The authors concluded that beef steaks tenderized with papain and
papain/bromelain might be considered for addition in elderly consumers’ diets, however from
a technological and economical perspective, it is important to highlight that an improvement

in tenderization through using plant proteases may be associated with a reduction in
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processing yield. Furthermore, Botinestean et al. [55] validated a model where beef
tenderized steaks had low shear force toughness, therefore reduced the chewing effort
required by elderly people. Moreover, the targeted consumers preferred the tenderized steaks
in comparison with the non-tenderized ones. This was confirmed by sensory analysis, as the
softer steaks were found to be acceptable by a panel of 117 elderly consumers. Considering
that the texture analysis was performed in the same conditions and comparable values were
obtained for textural parameters, this might be extrapolated to the study that used proteolytic
enzymes in order to obtain softer beef steaks for elderly consumers.

Conclusion and future perspectives

Enzymatic interventions using cysteine plant proteases to improve the texture of meat
products have several interests beyond the improvement of the sensory properties of meat
products. We can see from this mini-review that the use of plant-based proteases revived
during the last years, and will continue in new challenging topics in the frame of bioactive
peptides release from muscle foods, and formulation of tender-optimised meat products
suitable for targeted consumers such as elderly. The production of protein hydrolysates with
strong meat flavour is another emerging objective to be used in soups, sauces and in ready
meals. The protein hydrolysates can be further applied as seasoning additives, flavour
enhancers or as nutritional additives to low-protein food products. The improvement of
muscle foods digestibility is another topic that is not yet vastly explored and we expect more
studies in the coming years. The area of sensory evaluation and its role in assessing the
acceptability and appreciation by regular or targeted consumers of the tenderized meat
products will play an essential role in the future. Further, alternative methods for enzyme
inactivation should be further investigated in the future to avoid use heat treatments to inhibit
the enzymes. This can be through the use of some natural molecules from plants as possible
inhibitors of the proteases. Before meat industry can use enzymatically tenderized meat to
produce high-quality ready-to-eat products, such as sausages, further targeted studies that
would combine several factors in statistical models in the frame of optimisation are needed to
avoid formation of bitter hydrolysis products. Also, the shelf-life of treated meat wits plant

proteolytic enzymes are worthy of investigation in a targeted manner.

Conflicts of interest

The authors declare no conflicts of interest.

13



Acknowledgments

Dr. Mohammed Gagaoua is grateful to the funding received from the Marie Sktodowska-
Curie grant agreement No. 713654. The authors further acknowledge GAIN (Axencia Galega
de Innovacién) for supporting this review (grant number IN607A2019/01). Jose M. Lorenzo
is member of the HealthyMeat network, funded by CYTED (ref. 119RT0568).

References and recommended reading
Papers of particular interest, published within the period of review, have been highlighted as:
e of special interest

e e of outstanding interest
References

1. Ardeshiri A, Sampson S, Swait J: Seasonality effects on consumers' preferences over
quality attributes of different beef products. Meat science 2019, 157:107868.

2. Gagaoua M, Picard B, Monteils V: Assessment of cattle inter-individual cluster variability:
the potential of continuum data from the farm-to-fork for ultimate beef tenderness
management. J Sci Food Agric 2019, 99: 4129-41.

3. Gagaoua M, Terlouw EMC, Mullen AM, Franco D, Warner RD, Lorenzo JM, et al: Molecular
signatures of beef tenderness: Underlying mechanisms based on integromics of protein
biomarkers from multi-platform proteomics studies. Meat science 2021, 172:108311.

4. Bhat ZF, Morton JD, Mason SL, Bekhit AE-DA: Applied and Emerging Methods for Meat
Tenderization: A Comparative Perspective. Comprehensive Reviews in Food Science and
Food Safety 2018, 17: 841-59.

5. Gémez B, Munekata PES, Gavahian M, Barba FJ, Marti-Quijal FJ, Bolumar T, et al:
Application of pulsed electric fields in meat and fish processing industries: An overview.
Food Research International 2019, 123: 95-105.

6. Shah MA, Mir SA: Plant Proteases in Food Processing. In: Mérillon J-M, Ramawat KG,
editors. Bioactive Molecules in Food. Cham: Springer International Publishing; 2019. p. 443-64.

ee 7. Bekhit AA, Hopkins DL, Geesink G, Bekhit AA, Franks P. Exogenous proteases for meat
tenderization. Crit Rev Food Sci Nutr 2014, 54: 1012-31.

This is among the first comprehensive reviews that discussed the use of exogenous plant
proteases and associated mechanisms on meat tenderization.

8. Tantamacharik T, Carne A, Agyei D, Birch J, Bekhit AE-DA: Use of Plant Proteolytic
Enzymes for Meat Processing. In: Guevara MG, Daleo GR, editors. Biotechnological
Applications of Plant Proteolytic Enzymes. Cham: Springer International Publishing; 2018. p. 43-
67.

14



9. Ahmad MN, Hilmi NHN, Normaya E, Yarmo MA, Bulat KHK: Optimization of a protease
extraction using a statistical approach for the production of an alternative meat tenderizer
from Manihot esculenta roots. Journal of Food Science and Technology 2020, 57: 2852-62.

10. Banerjee S, Ranganathan V, Patti A, Arora A: Valorisation of pineapple wastes for food
and therapeutic applications. Trends in Food Science & Technology, 2018, 82: 60-70.

11. Campos DA, Gomez-Garcia R, Vilas-Boas AA, Madureira AR, Pintado MM: Management
of Fruit Industrial By-Products—A Case Study on Circular Economy Approach. Molecules
2020, 25: 320.

12. Banerjee S, Arora A, Vijayaraghavan R, Patti AF: Extraction and crosslinking of
bromelain aggregates for improved stability and reusability from pineapple processing
waste. International Journal of Biological Macromolecules, 2020, 158: 318-26.

13. Segui Gil L, Fito Maupoey P: An integrated approach for pineapple waste valorisation.
Bioethanol production and bromelain extraction from pineapple residues. Journal of
Cleaner Production, 2018, 172: 1224-31.

14. Ermis E: Halal status of enzymes used in food industry. Trends in Food Science &
Technology, 2017, 64: 69-73.

15. Zhang Y, Geary T, Simpson BK: Genetically modified food enzymes: a review. Current
Opinion in Food Science, 2019, 25: 14-8.

16. Collados A, Conversa V, Fombellida M, Rozas S, Kim JH, Arboleya J-C, et al: Applying
food enzymes in the kitchen. International Journal of Gastronomy and Food Science, 2020;
21:100212.

17. Lbpez-Pedrouso M, Borrajo P, Pateiro M, Lorenzo JM, Franco D: Antioxidant activity and
peptidomic analysis of porcine liver hydrolysates using alcalase, bromelain, flavourzyme
and papain enzymes. Food Research International, 2020, 137: 109389.

18. Borrajo P, Pateiro M, Barba FJ, Mora L, Franco D, Toldra F, et al: Antioxidant and
Antimicrobial Activity of Peptides Extracted from Meat By-products: a Review. Food
Analytical Methods 2019, 12:2401-15.

19. Hafid K, John J, Sayah TM, Dominguez R, Becila S, Lamri M, et al: One-step recovery of
latex papain from Carica papaya using three phase partitioning and its use as milk-clotting
and meat-tenderizing agent. Int J Biol Macromol 2020, 146:798-810.

20. Barekat S, Soltanizadeh N: Application of high-intensity ultrasonic radiation coupled
with papain treatment to modify functional properties of beef Longissimus lumborum.
Journal of Food Science and Technology 2019, 56:224-32.

21. Botinestean C, Gomez C, Nian Y, Auty MAE, Kerry JP, Hamill RM: Possibilities for
developing texture-modified beef steaks suitable for older consumers using fruit-derived
proteolytic enzymes. J Texture Stud 2018, 49: 256-61.

22. Arshad MS, Kwon J-H, Imran M, Sohaib M, Aslam A, Nawaz I, et al: Plant and bacterial
proteases: A key towards improving meat tenderization, a mini review. Cogent Food &
Agriculture 2016, 2:1261780.

15



23. Zhu X, Kaur L, Boland M: Thermal inactivation of actinidin as affected by meat matrix.
Meat scienc 2018,145:238-44.

24. Gagaoua M, Boucherba N, Bouanane-Darenfed A, Ziane F, Nait-Rabah S, Hafid K, et al:
Three-phase partitioning as an efficient method for the purification and recovery of ficin
from Mediterranean fig (Ficus carica L.) latex. Separation and Purification Technology 2014,
132:461-7.

25. Gagaoua M, Hoggas N, Hafid K: Three phase partitioning of zingibain, a milk-clotting
enzyme from Zingiber officinale Roscoe rhizomes. Int J Biol Macromol 2015, 73: 245-52.

26. Gagaoua M, Hafid K, Hoggas N: Data in support of three phase partitioning of zingibain,
a milk-clotting enzyme from Zingiber officinale Roscoe rhizomes. Data Brief 2016, 6:634-9.

27. Morton JD, Bhat ZF, EI-Din Ahmed Bekhit A: Proteases and Meat Tenderization. In:
Melton L, Shahidi F, Varelis P, editors. Encyclopedia of Food Chemistry. Oxford: Academic
Press; 2019. p. 309-13.

28. Gagaoua M: Aqueous Methods for Extraction/Recovery of Macromolecules From
Microorganisms of Atypical Environments: A Focus on Three Phase Partitioning. Methods
in Microbiology: Academic Press; 2018. p. 203-42.

29. Chaurasiya R, Sakhare PZ, Bhaskar N, Hebbar HU: Efficacy of reverse micellar extracted
fruit bromelain in meat tenderization. Journal of Food Science and Technology 2014, 1-11.

30. Zhang S, Zhang L, Wang S, Zhou Y: Comparison of Plant-origin Proteases and Ginger
Extract on Quality Properties of Beef Rump Steaks. Food Science and Technology Research
2019, 25: 529-38.

31. Barekat S, Soltanizadeh N: Improvement of meat tenderness by simultaneous application
of high-intensity ultrasonic radiation and papain treatment. Innovative Food Science &
Emerging Technologies 2017, 39: 223-9.

32. Ma Y, Yuan Y, Bi X, Zhang L, Xing Y, Che Z: Tenderization of Yak Meat by the
Combination of Papain and High-Pressure Processing Treatments. Food and Bioprocess
Technology 2019, 12:681-93.

33. Li D, Zhang H, Ma L, Tao Y, Liu J, Liu D: Effects of ficin, high pressure and their
combination on quality attributes of post-rigor tan mutton. LWT 2020, 110407.

34. Pizarro-Oteiza S, Briones-Labarca V, Pérez-Won M, Uribe E, Lemus-Mondaca R, Cafias-
SarazUa R, et al: Enzymatic impregnation by high hydrostatic pressure as pretreatment for
the tenderization process of Chilean abalone (Concholepas concholepas). Innovative Food
Science & Emerging Technologies, 2020, 65: 102451.

35. Magsood S, Manheem K, Gani A, Abushelaibi A: Degradation of myofibrillar,
sarcoplasmic and connective tissue proteins by plant proteolytic enzymes and their impact
on camel meat tenderness. Journal of Food Science and Technology 2018, 55:3427-38.

36. Abdel-Naeem HHS, Mohamed HMH: Improving the physico-chemical and sensory

characteristics of camel meat burger patties using ginger extract and papain. Meat Science
2016, 118: 52-60.

16



37. Zhang B, Sun Q, Liu H-J, Li S-Z, Jiang Z-Q: Characterization of actinidin from Chinese
kiwifruit cultivars and its applications in meat tenderization and production of angiotensin
I-converting enzyme (ACE) inhibitory peptides. LWT 2017, 78: 1-7.

e 38. Lees A, Konarska M, Tarr G, Polkinghorne R, McGilchrist P: Influence of Kiwifruit
Extract Infusion on Consumer Sensory Outcomes of Striploin (M. longissimus lumborum)
and Outside Flat (M. biceps femoris) from Beef Carcasses. Foods 2019, 8:332.

This study is the first to evaluate the influence of infusing beef cuts with actinidin derived from
kiwifruit on untrained consumer sensory panels.

39. Zhu X, Kaur L, Staincliffe M, Boland M: Actinidin pretreatment and sous vide cooking of
beef brisket: Effects on meat microstructure, texture and in vitro protein digestibility. Meat
science 2018, 145: 256-65.

e 40. Biffin TE, Smith MA, Bush RD, Morris S, Hopkins DL: The effect of whole carcase
medium voltage electrical stimulation, tenderstretching and longissimus infusion with
actinidin on alpaca meat quality. Meat science 2020, 164:108107.

First study to investigate different industrial treatment combined with a plant protease to improve
alpaca eating quality across the whole carcase, with minimal negative effects on oxidation traits.

41. Bagheri Kakash S, Hojjatoleslamy M, Babael G, Molavi H: Kinetic study of the effect of
kiwi fruit actinidin on various proteins of chicken meat. Food Science and Technology 2019,
39:980-92.

42. Pooona J, Singh P, Prabhakaran P: Effect of kiwifruit juice and tumbling on tenderness
and lipid oxidation in chicken nuggets. Nutrition & Food Science 2019, 50:74-83.

43. Chang J-H, Han J-A: Synergistic effect of sous-vide and fruit-extracted enzymes on pork
tenderization. Food Science and Biotechnology 2020, 29:1213-22.

44. Jun-hui X, Hui-juan C, Bin Z, Hui Y: The mechanistic effect of bromelain and papain on
tenderization in jumbo squid (Dosidicus gigas) muscle. Food Research International 2020,
131:108991.

45. Kim D-S, Joo N: Texture Characteristics of Horse Meat for the Elderly Based on the
Enzyme Treatment. Food Science of Animal Resources 2020, 40:74-86.

46. Shin H, Kim HT, Choi M-J, Ko E-Y: Effects of Bromelain and Double Emulsion on the
Physicochemical Properties of Pork Loin. Food Science of Animal Resources 2019, 39:888-
902.

47. Cruz PL, Panno PHC, Giannotti JDG, Carvalho RVd, Roberto CD: Effect of proteases from
ginger rhizome on the fragmentation of myofibrils and tenderness of chicken breast. LWT
2020, 120:108921.

e 48. Zhao D, Li H, Huang M, Wang T, Hu Y, Wang L, et al: Influence of proteolytic enzyme
treatment on the changes in volatile compounds and odors of beef longissimus dorsi. Food
Chemistry 2020, 333:127549.

This is the first study that investigated the influence of exogenous proteases on the tenderization
and digestibility changes of beef semimembranosus muscle proteins using peptidomics.

17



49. Gong X, Morton JD, Bhat ZF, Mason SL, Bekhit AE-DA: Comparative efficacy of
actinidin from green and gold kiwi fruit extract on in vitro simulated protein digestion of
beef Semitendinosus and its myofibrillar protein fraction. International Journal of Food
Science & Technology 2020, 55:742-50.

50. Zhao D, Xu Y, Gu T, Wang H, Yin Y, Sheng B, et al: Peptidomic Investigation of the
Interplay between Enzymatic Tenderization and the Digestibility of Beef
Semimembranosus Proteins. Journal of Agricultural and Food Chemistry 2020, 68:1136-46.

51. Bechaux J, Gatellier P, Le Page J-F, Drillet Y, Sante-Lhoutellier V. A comprehensive review
of bioactive peptides obtained from animal byproducts and their applications. Food &
Function 2019, 10:6244-66.

52. Borrajo P, Pateiro M, Gagaoua M, Franco D, Zhang W, Lorenzo JM: Evaluation of the
Antioxidant and Antimicrobial Activities of Porcine Liver Protein Hydrolysates Obtained
Using Alcalase, Bromelain, and Papain. Applied Sciences 2020, 10:2290.

ee 53. Bechaux J, Ferraro V, Sayd T, Chambon C, Le Page JF, Drillet Y, et al: Workflow
towards the generation of bioactive hydrolysates from porcine products by combining in
silico and in vitro approaches. Food Research International 2020, 132:109123.

This is a comprehensive study that described an elegant workflow towards the generation of
bioactive peptides using both in silico and in vitro approaches.

54. Lee SY, Hur SJ: Purification of novel angiotensin converting enzyme inhibitory peptides
from beef myofibrillar proteins and analysis of their effect in spontaneously hypertensive
rat model. Biomedicine & Pharmacotherapy 2019, 116:109046.

55. Botinestean C, Hossain M, Mullen AM, Auty MAE, Kerry JP, Hamill RM: Optimization of
textural and technological parameters using response surface methodology for the
development of beef products for older consumers. Journal of Texture Studies 2020, 51:263-
75.

56. Holman BWB, Fowler SM, Hopkins DL: Red meat (beef and sheep) products for an
ageing population: a review. International Journal of Food Science & Technology 2020,
55:919-34.

57. Lantto R, Kruus K, Puolanne E, Honkapdd K, Roininen K, Buchert J: Enzymes in Meat
Processing. Enzymes in Food Technology 2009, 264-91.

18



Table 1. Brief list of the main treatments and findings from recent studies that used plant cysteine proteases, alone or in combination with processing
methods, to improve the texture outcome of meat/fish products.

Protease Source Meat/muscle Processing conditions/treatment Action on meat texture and quality/main findings Refs
Londissimus Ultrasonic treatments (20 kHz) at - Papain, either alone or combined with ultrasound decreased [31] and
. g power of 100 and 300 W for 10, 20, the WBSF and textural traits L
Papain Papaya latex | lumborum muscle . . L validation
. and 30 min in the presence and - Ultrasonic power of 100 W for 20 min in the presence of the
from Holstein bulls ; . L o [20]
absence of 0.1% papain solution enzyme gave the best tenderizing efficiency
- Injected papain (80 U/mL) alone and after incubation at 55 °C
for 2h decreased WBSF by 46.85%, increased WHC by 9.93%
Panain by iniection and hiah and impacted significantly colour
pain by inj g . - HPP alone (250 MPa for 15 min) was effective, but with
. Fresh yak meat hydrostatic pressure (HPP), applied :
Papain Papaya latex . . - strong impact on colour [32]
(thigh muscle) separately or in combination to ; . .
tenderize the vak muscle - The combined and sequential treatment of papain followed
y by HPP impacts positively the tenderization efficiency without
damage on colour. Optimal conditions: 80 U/mL papain/55
°C/30 min + HPP at 50 MPa/15 min
Chilean abalone - Better tenderization assessed by sensorial and instrumental
™, W . analysis with HPP papaya latex impregnation pre-treatment
. (Concholepas Injection, immersion and HPP L . . .
Papain Papaya latex concholepas) imoréanation by banain - Enzymatic impregnation pre-treatment impacts the chromatic [34]
mollusksp preg y pap colour coordinates (L* decreased, and a* and b* increased in
the HPP papaya latex treatment)
Lonaissimus thoracis Meat pieces of 3 x 2 x 2 cm in size - All the treatments, improved camel meat tenderness
Latex papain (LT? and from each muscle were treated with 4 | - For LT muscle, freeze/thaw was the best treatment followed
recove?eg b Semitendinosus (ST) mg of papain and subjected to 4 by immersion, injection and pulverization
. y treatments (a) immersion; or (b) - For ST muscle, freeze/thaw cycle allowed the greatest
Papain three phase muscles fromold (5 | . ;" .° o . . I [19]
artitionin and 6 years) injection; or (c) pulverization, or (d) improvement in tenderness followed by pulverization, injection
5 stem g Sahragui dromedar freeze/thaw cycle after pulverization. | and immersion
y males Y| A control without enzyme was - Irrespective of muscle, immersion treatment with papain
' performed. reduced WHC
Longissimus lumborum) and Biceps - The use of actinidin improved significantly the consumer
Commercial Striploin and outside | femoris muscles were treated as scores of tenderness, juiciness, flavour and, overall liking
Actinidin Kiwifruit flat of grass-fed follow: not infused (control) and (2) - Actidinin improved also the MQ4 score (MSA overall eating [38]
extract steers from MSA infused with a kiwifruit extract before | quality) for striploins and outside flat

graded carcasses

grilling and roasting after 10 or 28
days of aging

- Addition of kiwifruit extract to beef is an opportunity to
improve the eating experiences for consumers
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Hot boned bovine

Brisket steaks were injected, after
optimization, with 5% of a 3 mg/mL

- Significant improvement of tenderness, juiciness and flavour
of actinidin-treated meat evaluated by sensory panellists
compared to untreated samples

Ei(\JNni]fTueil';Clal brisket muscles actinidin extract, followed by vacuum | - No significant change in pH, colour and cook loss of
Actinidin extract (deep and superficial | tumbling (15 min, 5 rpm, 4°C) and actinidin-treated meat [39]
(Actazin™) pectoral) from 19- cooking under sous vide conditions at | - Improvement in texture was supported by considerable
month old dairy beef | 70 °C for 30 min followed by breakdown of the myofibrillar structure, mainly Z-discs
immediate cooling in an ice bath - First evidence of positive effects of actinidin-treated samples
on meat protein digestibility
Both crude and purified actinidin - Favourable actinidin tenderization effect on both pork and
Chinese Longissimus dorsi were assayed as tenderizing agents on | rabbit meat
Actinidin Xuxiang muscles of pork or muscle cuts (5 x 2 x 1 cm) by - 5% of purified protease reduced by half WBSF [37]
kiwifruit rabbit injection at a ratio of 1:10 (v/w) at 5 - Ability of the protease to produce angiotensin I-converting
sites using a syringe. enzyme (ACE) inhibitory peptides
- | CarcassegURgatEyo either no - Infusion with actinidin reduced WBSF relative to control and
- . Longissimus thoracis | electrical stimulation (ES) + ;
Actinidin Commercial . _ water treatments but resulted in reduced consumer acceptance
. e et lumborum muscle | tenderstretching (TS); or ES + TS. . I o
(with MVES & | kiwifruit . ; - no clear advantage of using Actinidin for tenderization in [40]
. of entire male Treatments were not infused (control), - - b A ) .
tenderstretching | extract . . . . addition to processing conditions such as electrical stimulation
huacaya alpacas infused with water or infused with and tenderstretchin
actinidin (0.05%) g
Ginger Chicken breast Injection of chicken breasts with 5% | - Increase of MFI
Zingibain rhiz?)me (Pectoralis major) (w/v) of the protease extract before - No effect on sarcomere length and cooking weight loss [47]
muscle treatment by storage at 4 °C for 24 h - Increase of tenderness (decrease of shear force)
Treatments with ficin alone at - Ficin combined with HPP produced synergistic impact on
Ficin Commercial Longissimus dorsi of | different concentrations (0 — 0.25 g/L) | meat quality improvement compared to ficin or HPP alone [33]
enzyme tan mutton or in combination with HPP or in - Increase in tenderness using ficin-assisted HPP is related to
comparison with HPP alone myofibrillar and sarcoplasmic proteins degradation
s - All the enzymatic treatments decreased WBSF
Samples were treated with either . . . .
A - ) . - Papain treatments (alone or combined with bromelain)
. Semitendinosus papain or bromelain or mix of : .
Papain . . ; reduced more effectively WBSF but increased cook loss
. Commercial muscles from papain/bromelain, vacuum packaged : L
Bromelain . S . ; . - The enzymatic treatments affected similarly tenderness, [21]
. enzymes Holstein-Friesian before continuous tumbling (20 min) .
+ Mix of both colour, and cooking loss

steers

without vacuum, and cooking in a
water bath at 68°C (20 min)

- Beef tenderization with papain and papain/bromelain offer
potential for inclusion in older consumers’ diets
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Frozen giant squid

Squid mantle treated with water,
bromelain, or papain solution for 40

- Both papain and bromelain decreased WHC
- Significant decrease of muscle WBSF, hardness, myofibrillar

I;apaml : Commercial (Dosidicus gigas) min in a 30 °C water bath. The protein content, and calcium ATPase activity _ [44]
romelain enzymes muscle enzyme solution was optimised using | - High MF1 was accompanied with the release of essential
response surface methodology amino acids following treatment with proteases
- — - —
The synergistic effect of sous-vide \ Ee Erogfaie; Ieta?r tot?nsE]tnlflcarr:lt s;oftef?lng (3§~(56%£)) than
. Extracts of and injection with plant proteases on LIt OX TAct HEaLmen™ Was Imote eHecive o) tha
Bromelain ineapple and | Pork fore shanks ork tenderization was assessed at bromelain and other enzymatic treatments [43]
Actinidin pineapp P - Most effective treatment was with sous-vide combined with
kiwifruit several temperatures (45, 60, 70, and . o i
R kiwi-extract enzyme at 70 °C for 8 h: low changes of total
100 °C) for 0.5,4 0r 8 h . .
microbial count, hardness, pH and colour
- A dose-dependent effect was observed with equivalent
Papain Adductor muscle Proteases at 50 or 100 ppm were used, 1n11880t o;pafa;?na::ul;éohr}wedaérrli (1I%(s)sp§r:3)low WHC
P . Commercial | (inside round) of by means of injection, to evaluate the PpM papain ¢ gh crip 1055 o
Bromelain enzymes female camels, 4-5 | tenderization efficiency on camel - At 100 ppm papain and bromelain, high solubility of [35]
Ficin y ’ yo sarcoplasmic proteins and soluble peptides and collagen
years of age meat samples stored at 4 °C for 4 days S .
- Significant increase of camel meat tenderness at 100 ppm of
papain and bromelain compared to ficin
Semimembranosus Meat pieces were prepared for - Significant influence of proteolysis, which acted as a pre-
Bromelain Commercial muscles from 20 treatment using 0.5% of enzyme toa | digestion step on digestive changes and degree of hydrolysis
(+ other animal enzvme month old Luxi final injection of 10%, incubated at 25 | - Peptidomics of beef protein digests revealed large variation [50]
proteases) y crossbred yellow °C for several times, then heat treated | - Artificial tenderization with bromelain (for 0.5 h) increased
cattle in a water bath for 0.5 h at 90°C the survival rate of peptides during simulated digestion
Papain & Incubation of pieces of horse meat - Better results of horse meat texture after incubation with the
bromelain (+ Commercial Raw horse meat samples with 2.5g of each enzyme at | proteases: significant decrease of hardness [45]
other animal enzymes (thigh muscle) different times (1 — 8h) in a water bath | - Improvement of the quality attributes of tough horse meat for
proteases) at 55°C elderly consumers

Abbreviations: MFI: myofibrillar fragmentation index; MSA: Meat Standards Australia; MVES: medium voltage electrical stimulation; WBSF: Warner-

Bratzler shear force; WHC: water-holding capacity.
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Table 2. A brief comparison of the main investigated cysteine plant proteases as meat tenderizing agents and their properties (adapted from [8, 19,

24-26, 57] and Table 1).

Plant protease Temperatu Optimal Obtimal _ Impact on
Enzyme Commission (E.C) pH activity re activity ~ temperature P Impact on myofibrillar connective tissue  Disadvantages
o o pH proteins

(Source) (°C) (°C) (collagen)
Papain Over tenderization
E.C3.4.222 40-90 40-80 6075 6.0 7.0 - . and musny texture.
(Latex of Carica papaya) flavours
Zingibain Not approved as
EC 3.4.22.67 50-85 40-70 60— 70 6.0-7.0 ++ +++ GRAS!
Ginger rhizome (Zingiber officinale)
Bromelain Over tenderization
EC3.4.22.32 50-85 50-80 50— 65 6.0-85 ++ +++ and mushy texture
(Stems of pineapple: Ananas comosus) y

Not approved as
Actinidin GRAS,
EC 3.4.22.14 50-8.0 40 - 60 45 - 65 6.5-85 ++ + Reported by some
(Kiwi fruit, mostly Actinidia deliciosa) researchers as

allergen.
Ficin Over tenderization
EC3.4.22.3 40-90  40-70  45-60 5575 + ot and mushy texture.

(Latex of Ficus carica)

Production of off-
flavours.

Symbols: +, low; ++, medium; +++, high.

1GRAS: Generally Recognised as Safe by the US Food and Drug Administration.
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Figure 1. Main plant cysteine proteases used for artificial meat tenderization and final outcomes.
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