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a  b s t r  a  c t

Thaumatin is a  kind of natural sweet protein which has the characteristics of high sweet-

ness, low  calorie, safe and non-toxic, etc. And it  has high commercial value in food

processing, medicine and other fields.

In  this study, we employed a  sequence that encode thaumatin II, along with goat beta-

casein 5′ and 3′ regulatory elements, to construct a  mammary gland-specific expression

vector. Transgenic mice were generated using pronuclear microinjection, and the expression

of  thaumatin and its  biological activities were assayed in the  milk.

PCR and southern blot analysis confirmed that the  mice harbor thaumatin II transgenes.

Thaumatin II retaining their sweetness was expressed in the  mammary glands of transgenic

mice, as determined by ELISA, western blot and sweetness intensity test.

This research describes an initial step in the production of plant protein thaumatin-

sweetened milk from large animals such as cow and goat.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1.  Introduction

There is currently a  worldwide trend to reduce sugar con-

sumption, since high intake of sugar can instigate risk factors

such as diabetes (Kahn and Sievenpiper, 2014), cardiovascu-

lar diseases (Johnson et al., 2009)  and obesity (Collaboration,

N.C.D. Risk Factor, 2016). This trend is currently met  by using

artificial non-nutritive sweeteners. However, these artificial

sweeteners have also been shown to have the  same adverse

health effects as  sugar (Suez et al.,  2014; Pearlman et  al.,

2017; Anand and Winkelmayer, 2012;  Azad et al., 2016; Drouin-

Chartier et al., 2019; Hodge et  al., 2018;  Mullie and Clarys, 2017),

and their metabolites may cause environmental pollution

(Gatidou et al.,  2020). Sweet proteins are not associated with

adverse health effects, and thaumatin is one of the most stud-

ied and most promising alternatives to sugars and artificial

sweeteners (Joseph et al., 2019; Yamamoto et al., 2020;  Kant,

2005). The thaumatin was first found from the fruit arils of a
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tropically grown plant called Thaumatococcus daniellii (Benth)

belonging to  the family Marantaceae in tropical West Africa,

and it has high water solubility, heat and acidic resistance,

and taste properties like those of carbohydrate sweeteners

(van der Wel and Loeve, 1972;  Breiteneder, 2004;  Kaneko and

Kitabatake, 2001a). Thaumatin has gained attention because

1) it was reported to be  nearly 100,000 times sweeter than

sucrose on a  molar basis  and about 3000 times sweeter on a

weight basis, and the threshold value of sweetness of thau-

matin is about 50 nM (van der  Wel and Loeve, 1972);  2) its

safety has been confirmed by the  relevant studies and since

1984, and it has been approved for use in  the EU (food additive

E957)(Mortensen, 2006; Zemanek and Wasserman, 1995); 3) it

has been used in the food industry as  a  sweetener and flavor

enhancer, and in pharmaceutics as a component of special

low-calorie diets (Faus, 2000).

There are at least five intensely sweet forms: two main

ones- thaumatin I and II,  and three minor ones- thaumatin
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a, b and c (Iyengar et  al.,  1979; Edens et al., 1982). All of these

forms have a molecular mass of about 22 kDa and have an

isoelectric point of 12 (van der Wel and Loeve, 1972).  To date,

thaumatin II is the best-studied variant of thaumatin, because

it was characterized by high stability and maintains sweet-

ness even after heating to 80 ◦C at pH  2.0 for 4 h (Kaneko and

Kitabatake, 2001b). These properties of thaumatin II make it

an attractive ingredient for the food industry, and the major

applications are  seen as  an additive in dairy products, chewing

gum, ice cream, soft drinks, etc (Joseph et  al., 2019). The local

people in West Africa have consumed the arrowroot fruit for

a long time, and there is  no report of harm to human health

(van der Wel and Loeve, 1972; Joseph et  al.,  2019).

The natural source of thaumatin was extracted routinely in

Africa and sold for years, marketed by Tate & Lyle (UK) under

the brand name Talin. But the Thaumatococcus daniellii (Benth)

has extremely high requirements for the growth environ-

ment, and researchers from all over the world have introduced

it without success (Kiełkiewicz et  al., 2012). Because of

the difficulties and limitations of obtaining natural source

of thaumatin, numerous attempts have been performed to

produce recombinant thaumatin in different genetically engi-

neered microorganisms and transgenic plants (Edens et al.,

1982; Masuda et al., 2010;  Schestibratov and Dolgov, 2005;

Bartoszewski et al., 2003). Compared with other bioreactor sys-

tems for the production of recombinant proteins, transgenic

animal mammary  gland-specific bioreactors are attractive

platforms because their ability to produce complex, biolog-

ically active proteins in an  efficient and economic manner

is superior to  those of bacteria, mammalian cells, transgenic

plants, and insects (Houdebine, 2018;  Wang et al.,  2013; Lu

et al., 2018). To the best of our knowledge, there are no reports

of using transgenic animal mammary  gland bioreactors to

express thaumatin.

The overall objective of this study was to evaluate the  fea-

sibility of producing thaumatin II in the milk of transgenic

animals. Thaumatin II transgenic mice were generated that

possess a mammary  gland-specific thaumatin II gene, the

expression and sweetness of thaumatin II was confirmed. Our

results showed that recombinant thaumatin II protein can be

secreted in the milk of transgenic mice and maintain sweet-

ness.

2. Materials  and  methods

2.1.  Ethics  statement

All animal procedures and study designs were conducted

in accordance with the guide for the  care and use of lab-

oratory animals (Ministry of Science and Technology of the

People’s Republic of China). Animal surgical procedures were

performed under anesthesia, and all efforts were made to min-

imize animal pain, suffering, and distress. The ICR mice were

housed at 25 ±  1 ◦C on a 12-h light/ dark cycle with free access

to food and tap water.

2.2.  Construction  of  the thaumatin  expression  vector

The  thaumatin II cDNA was  artificially synthesized by San-

gon Biotech (Shanghai) Co., Ltd harboring Xho I sites at the

5′ and 3′ termini. The thaumatin II (J01209.1) mature peptide

coding sequence was fused with a  Kozak translation ini-

tiation sequence and a  goat  �-lactoglobulin signal peptide

coding region. Codon optimization of the thaumatin II gene was

Fig. 1 – Schematic of pBC1-thaumatin II.

Insulator: chicken �-globin insulator (2X); �-casein

promoter: goat �-casein promoter; Thaumatin II: optimized

Thaumatin II coding region; �-casein 3′ genomic: �-casein

3′ genomic fragment; loci of primers and Southern blot

probe in the identification of transgenic mice were  also

illustrated.

performed using the gene project software (Sangon Biotech,

China) for expression in mammary  gland epithelial cells. The

synthesized gene was cloned into a  pBC1 milk expression vec-

tor (Invitrogen Life Technologies, US), which harbors a goat

beta-casein promoter. The resulting vector was designated as

pBC1-thaumatin II (Fig. 1).

2.3.  Generation  of  transgenic  mice

The transgenic mice were generated by pronuclear microin-

jection. A 16.4-kb transgene fragment, obtained from the

pBC1-thaumatin II plasmid with Not  I and Sal I double-

digestion, was purified using a QIAquick gel extraction kit

(Qiagen, Germany) and diluted to  5 ng/�L in TE  buffer, as

described elsewhere (Chen et al., 2008).

2.4.  Detection  of  exogenous  gene  insertions  in  the mice

genome

One pair of pBC1-thaumatin II specific primers were

designed to  identify the transgenic mice. The primers

were: pth-s: 5′-TTGACAAGTAATACGCTG-3′; pth-a: 5′-

TTACAAGAATAGGGAAGG-3′. The amplified products were

776 bp in size. Sequencing analysis was performed by Sangon

Biotech (Shanghai) Co., Ltd.

Genomic DNA extracted from the tail of transgenic and

wild-type (WT) mice and plasmids pBC1-thaumatin II as

positive controls were digested overnight by the restriction

enzyme Hind III. The digoxigenin-labeled probe was amplified

using the primers pth-s and pth-a. After agarose gel  elec-

trophoresis for 4  h,  the DNA was  transferred onto a  nylon

membrane (Roche, Switzerland) for blotting. The nylon mem-

brane was  hybridized with probes for 18  h and incubated with

an  antibody (biotin-labeled mouse anti-digoxin) for 0.5 h.  The

expected size of the  positive bands was about 5.2 kb. The

reagents used for Southern blot analysis were purchased from

Boster Co., Ltd (Wuhan, Hubei, China).

2.5.  Detection  of  transcription  of  recombinant

thaumatin  in  the  mammary  gland  tissues

Total RNA was isolated using Trizol (Tiangen, China)

from the mammary  gland, liver, heart, spleen, lung,

kidney, pancreas and uterus of transgenic mice.

Primers th-s: 5′-TACCACCCTGGCCGAGTT-3′ and th-a:

5′-CAGAAGGTCACCCTGTAGTTGC-3′ were  used to ver-

ify the presence of the  thaumatin II gene. The mouse

housekeeping gene glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) was used as  the loading control with
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primers GA1 (5′-GGTGAAGGTCGGTGTGAACG-3′) and GA2

(5′-CTCGCTCCTGGAAGAGGTG-3′).

2.6.  Detection  of  recombinant  thaumatin  in  the  milk

The mice milk was collected as previous reported (DePeters

and Hovey, 2009;  Yan et al.,  2013). A mixture of thaumatin I

and thaumatin II proteins (T7638, Sigma-Aldrich, USA) was

used as positive control. Samples was boiled at 100◦C  for

10 min  in SDS-PAGE loading buffer and then separated on

12% polyacrylamide Tris–glycine gels. Separated proteins were

electrophoretically transferred to PVDF membranes (0.45 �m,

Pall, USA). The membranes were blocked with 5% FBS/TBST

overnight at 4◦C and then incubated with a polyclonal anti-

body raised in rabbits against thaumatin protein (1:2000

dilution in 5% FBS/TBST) at room temperature for 1.5 h,  fol-

lowed by three washes with TBST. The membranes were

incubated with HRP-conjugated goat anti  rabbit IgG (1:3000

dilution in 5% FBS/TBST; Biosharp Life Science, China) at

room temperature for 1 h, followed by three washes with

TBST. Immunodetection was conducted using ECL as sub-

strate (Millipore Corporation, Billerica, MA,  US) according to

the manufacturer’s instructions.

Thaumatin II expression levels were measured by enzyme-

linked immunosorbent assay (ELISA). The whey samples were

diluted to 1:100 with PBS for ELISA. Rabbit polyclonal anti-

body to thaumatin (1:2000 dilution in 5% FBS/ TBST) was

used as primary antibody. HRP-conjugated goat anti-rabbit

IgG (1:3000 dilution in  5% FBS/ PBS; Biosharp Life Science,

China) were  used as secondary antibody in a TMB  substrate

kit assay (Sangon, Biotech, China). Absorbance was measured

using a microplate reader (Rayto, China) at 450 nm.  Standard

curves were  constructed using the thaumatin standard (T7638,

Sigma-Aldrich, USA), and the thaumatin concentrations in the

samples were calculated using the regression equations of the

standard curves, which were based on their OD values.

2.7. Sweetness  intensity  testing

The boiled milk was  subjected to a  double-blind taste. The

participants included 16 volunteers, including 8 females and

8  males (aged 18–50 years), and none of the them exhibited

any irregularities in  their sense of taste. They were randomly

selected and fully disclosed of the purpose and their roles of

the study.

The tasting protocol is designed according to the standard

for Measuring Sensations of Taste (Yan et  al.,  2013;  Green et al.,

1996). Briefly, 0%, 0.6%, 2%, 4%, 6%, and 10% (w/v) sucrose

solutions were prepared as positive controls, and the milk

of wild-type (WT) mice as the negative control. 50  �L 2-fold

diluted mouse milk was dropped onto the anterior part of

the tongue. The subject’s mouth was rinsed three times by

drinking water after each test. The order of presentation of

the samples was randomized and the taste test for each sam-

ple was repeated three times. The score was  based on the

feedback of the categories “not sweet” (0), “uncertain whether

sweetness was  tasted” (0.5), “faintly sweet” (1.0), “sweet” (2.0),

“very sweet” (3.0) and “extremely sweet” (4.0). The average

score for 2% and 4% sucrose was established at 1.0 or 2.0,

respectively. The sweetness scores were first evaluated with

repeated measurement ANOVA (analysis of variance) followed

by one-way ANOVA of the scores for different variants. P values

<0.05 were considered significant.

Fig. 2 – Identification of the thaumatin II gene in transgenic

mice. A PCR  detection of the thaumatin II gene in

transgenic mice. NC: genomic DNA from wild-type mouse;

Lanes 1-5: Genomic DNA of 5 founder transgenic mice; B:

water; M:  DL2000 DNA marker; PC: pBC1-Thaumatin II

plasmid mixed  with genomic DNA from wild-type mouse

as positive control. B Identification of thaumatin II gene in

transgenic mice by Southern blot analysis. PC:

pBC1-Thaumatin II plasmid digested with Hind III as

positive control; 1-5: 5 founder transgenic mice genomic

DNA digested with Hind III; NC: wild-type mouse genomic

DNA digested with Hind III as negative control.

3.  Results

3.1.  Construction  of  the  Thaumatin  expression  vectors

The chimeric cDNA fragments were inserted into pBC1 vec-

tor to generate recombinant plasmid pBC1- Thaumatin II. The

size  of the recombinant plasmid construct was confirmed by

restriction analysis. The result of sequencing indicated that

the coding region of the thaumatin II DNA fragment was fused

in-frame to upstream of the vector pBC1.

3.2.  Generation  of  transgenic  mice

Transgenic mice were produced by pronuclear microinjection.

62 fertilized eggs were microinjected, of which 53  were trans-

ferred into 6  surrogate mice recipients. A total of 46 kids were

born by the surrogate mice recipients.

3.3.  Transgene  integration  in  the  genome  of  transgenic

mice

The integration of the thaumatin II gene into the genome of

the transgenic mice was confirmed by PCR and Southern blot

analysis.

Primers pth-s and pth-a were used for  PCR amplification

and the  digoxigenin-labeled amplicon was  used as probe for

Southern blot  analysis. Of the 40 pups born, 5 (1 male and

4 female) transgenic mice were identified by PCR analysis

(Fig. 2A) and were further verified by Southern blot analysis

(Fig. 2B).

3.4.  Thaumatin  II  mRNA  transcription  in  mammary

glands and  other  tissues

We verified tissue-specific expression of thaumatin II in trans-

genic and wild type (WT) mice at five weeks of age by reverse

transcription PCR (RT-PCR). As  shown in Fig. 3, the thaumatin II
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Fig. 3 – RT-PCR analysis of transgenic mouse from various

tissues to determine the tissue specificity of thaumatin II in

transgenic mice. The tissues analyzed were  from liver (li),

heart (ht), spleen (sp), lungs (lu), kidneys (ki), pancreas (pa),

uterus (ut), normal mammary glands (mg-), lactating

mammary gland (mg+); M:  DNA Marker; ddH2O: double

distilled water; -RT: no M-MuLV  Reverse Transcriptase in

the reaction to  rule out genomic DNA contamination. The

bottom panel is the result of the RT-PCR analysis of the

mouse GAPDH gene.

Fig. 4 – Western blot analysis of expression of thaumatin II

in the milk of transgenic mice. PC: 2 �g  mixture of

thaumatin I and thaumatin II  proteins (T7638,

Sigma-Aldrich, USA) as positive control; 2, 3, 4,  5: 10 �L

whey  sample of the female founder transgenic mice; 1-F1a,

1-F1b, 4-F1a: 10  �L whey  sample of the female F1

generation transgenic mice; NC: 10 �L whey sample from a

wild-type mouse as negative control.

transcripts were found in lactating mammary  glands, but not

in other tested tissues (liver, heart, spleen, lung, kidney, pan-

creas and uterus) of the transgenic mice. Mouse GAPDH was

used as the control for the  reverse-transcribed RNA. Distilled

deionized water, non-transgenic mammary  tissue and sam-

ples without reverse transcription were used as  the negative

controls. This finding demonstrates the high tissue-specificity

of thaumatin II gene transcription, with no leaky expression.

3.5.  Detection  of  thaumatin  II  in  the  milk  of  transgenic

mice

Thaumatin II was detected in the milk of the  4  female

founder transgenic mice and 3 female progeny, whereas no

corresponding signal was detected in the no-transgene milk.

The sizes of thaumatin II protein was approximately 22  kDa,

(Fig. 4), which indicated that the goat �-  lactoglobulin signaling

peptide was correctly cleavaged in  the  mice mammary  gland

epithelial cell.

The expression levels of thaumatin II were determined

using an ELISA (Table. 1). The levels of thaumatin II in the

milk of the 4 different female founder mice were as follows:

line 2, 1.97 mg/L; line 3, 7.38 mg/L; line 4, 16.72 mg/L; and line 5,

Fig. 5 – Sweetness test of recombinant thaumatin II.

Sweetness was scored from 1 to 4 as follows: (0) not sweet,

(0.5) uncertain if sweetness was tasted, (1.0) faintly sweet,

(2.0) sweet, (3.0) very sweet and (4.0) extremely sweet.

Results of psychophysical experiments with thaumatin II

are  shown; data were  averaged for the 16 volunteers. Error

bars represent SD. Column patterns indicate different levels

of sweetness compared with the control (non-transgenic

milk); the others are the sweetness of milk from the

different transgenic mice. The results are shown as

means ±  S.D. ***P < 0.001 compared with control.

1.69 mg/L. The thaumatin II expression levels in the milk from

3  different F1 progeny were as  follows: 1-F1a, 19.57 mg/L; 1-F1b,

21.98 mg/L; 4-F1a, 15.17 mg/L. These result show that the  thau-

matin II gene is specifically expressed in the mammary  gland

and that the  transgene acquired a germline transmission.

3.6.  Sweetness  analysis  of  thaumatin  II  in transgenic

mouse  milk

To determine whether the thaumatin II in transgenic mice

milk retained its sweetness, a  sensory evaluation of the milk

was performed and all of the samples were diluted 2 times

with double distilled water.  Milk from three different WT mice

was used as  the negative control. To test the thermal stability

of thaumatin II in the  milk of transgenic mice, the milk was

heated at 100 ◦C for 5 min. The sweetness of the 2-fold diluted

milk from mouse line 1 and line 4 (including their F1 offspring)

were comparable to that  of 4.0% sucrose solution (Fig. 5)  and

is significantly differed from that of the control milk (P < 0.05).

The milk from mouse lines 3  was  less sweet (less than 2.0%

sucrose solution). The sweetness of the 2-fold diluted milk

from mouse line 2 and 5 were comparable with that of a  0.6%

sucrose solution. The sweetness and the concentrations of the

thaumatin II in the milk had positive correlation.

4. Discussion

In this study, we constructed a  vector for the mammary  gland-

specific expression of thaumatin II and generated transgenic

mice carrying the vector. The ELISA, Western blotting, and

Table 1 – The expression levels of thaumatin II  in the milk of transgenic mice.

Mouse Line 2  Line 3 Line 4 Line 5 1-F1a 1-F1b 4-F1a

Concentration (mg/L) 1.97 7.38 16.72 1.69 19.57 21.98  15.17
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sweetness intensity testing showed that bioactive thaumatin

II was  efficiently expressed in the milk of transgenic mice.

These results demonstrated that transgenic animals could be

used as bioreactors in  the  production of thaumatin II protein,

thereby constituting an initial step for the production of plant

protein thaumatin-sweetened milk from large animals such

as dairy cow and goat.

The various expression levels of thaumatin II protein in

different mouse lines might be due to 1) the random integra-

tion of the transgene, which leads to positional effects on its

expression (Dobie et al., 1996;  Robertson et  al., 1995; Haruyama

et al., 2009); 2) the different copy numbers of the thaumatin

II transgenes (Kong et al., 2009). The thaumatin II concentra-

tions in the milk of our transgenic mice were not as  high as

other proteins previously reported (Lu et al., 2019). Although

the concentrations do not meet the  requirements of mass pro-

duction of pure thaumatin II, the expression enabled the milk

to have a high level of sweetness. The sweetness rating score

of the 2 times diluted milk from mouse line 1 (with 20.8 mg/L

thaumatin II protein) is comparable to that of 4% sucrose solu-

tion. This implies that our recombinant thaumatin II is about

3000 times sweeter than sucrose by weight, which is consis-

tent with natural thaumatin II. These results indicate plant

protein thaumatin II could be efficiently expressed and well

post-translational modified in the  mammary  gland of animals.

Cow and goat milk has high content of some amino acids

(especially sulfuric ones), saturated short chained fatty acids

and minerals (mainly K, Ca, Mg,  Fe,  Cu and Mn)  (Farrell et al.,

2004; Litwinczuk et al., 2015). So their milk is  a common food

or food additive worldwide, and milk is also a  healthy food for

the diabetics. We  believe that thaumatin II-sweetened milk

can be used as  a food (additive) without prior purification,

a procedure similar to pharmaceutical proteins expressed in

mammary  glands, such as  tissue plasminogen activator (Lu

et al., 2019) and human C1 inhibitor (van Veen et al.,  2012).

Therefore, the processing cost and production time are greatly

reduced, which greatly facilitates market development. And

besides, our experimental results show that boiling does

not cause thaumatin II to lose its sweetness, so thaumatin

II-sweetened milk can still maintain its sweetness during

manufacturing. We  believe that thaumatin II-sweetened milk

is a safe and healthy food for everyone, and especially for the

diabetics.

5.  Conclusion

The present study has verified that mammary  gland-specific

expression vector of thaumatin II functional gene can be

expressed in transgenic mice milk, while the recombinant

protein retains its biological activity. Recombinant thaumatin

expressed in the mammary  glands has rarely been reported,

and our studies provide an  initial step to produce plant pro-

tein thaumatin-sweetened milk from large animals such as

cow and goat for healthcare applications in  future investiga-

tions.
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