
J. Food and Dairy Sci., Mansoura Univ., Vol. 9 (12): 385 - 393, 2018 

Characterization of Whey Protein Isolate Covalently Modified with Phenolic Compounds  
1: Antioxidant and Antiviral Activities  
Ali, M.1* and M. M. Elsharkawy 2  
1 Department of Food Technology, Faculty of Agriculture, Kafrelsheikh University, 33516 Kafr El-

Sheikh, Egypt. 
2 Department of Agricultural Botany, Faculty of Agriculture, Kafrelsheikh University, 33516 Kafr El-

Sheikh, Egypt. 
*Email: mostafa.ali@agr.kfs.edu.eg; TEL. 00201013678465  
 

ABSTRACT 
 

Although, the covalent modification of proteins with phenolic compounds has currently found great efforts, applications of these 
proteins are rare. Therefore, this study was planned to characterize the whey protein isolate (WP) modified with chlorogenic acid (CA) 
and rosmarinic acid (RA), at pH 9 in the presence of air and at room temperature. The modified protein was evaluated as antioxidant and 
antiviral agent to inhibit Tobacco mosaic virus (TMV) on infected tomato plants. The WP proteins were characterized using the change 
in the intensity of tryptophan fluorescence and UV-Vis spectra of proteins, RP-HPLC, ultra-high-performance liquid chromatography 
coupled with electrospray ionization-quadrupole-time of flight-mass spectrometry (UHPLC-ESI-Q-TOF-MS) and TEAC assay. The 
results showed that the maximal tryptophan fluorescence intensity of modified proteins, WP-CA and WP-RA, were significantly 
decreased by 54.71 % and 82.61%, respectively. Data of ESI-MS illustrated that one or more molecules of CA and RA covalently bound 
to WP. Moreover, the WP modified with RA showed better antioxidant activity when compared with the unmodified WP and WP 
modified with CA. The antiviral results indicated that plants treated with WP, WP-CA and WP-RA had a decreased number of local 
lesions and virus concentration over the controls. Quantitative real-time PCR analysis revealed that the expression levels of defense 
related genes, PR1 and phenylalanine-ammonia lyase (PAL) were significantly increased in treated tomato plants compared to the 
control. These results indicate that the modified proteins could be used to design a wide range of food products and at the same time 
improve the antiviral activity against TMV, which seriously harms the tomato crop and thus the manufacture of its products. 
Keywords:  Whey protein isolate, chlorogenic and rosmarinic acids, covalent modification, Tobacco mosaic virus, pathogensis related 

genes, antiviral activity 
 
 

INTRODUCTION 
 

Whey protein isolate (WP) is one of the main whey 
protein products, which used at commercial scale in food 
industry due to its high nutritional and functional properties 
compared to other commercial protein sources. It has about 
3 - 4 folds more bioavailable cysteine than other dietary 
proteins (Bucci and Unlu 2000, Walzem et al. 2002, Hall et 

al. 2003). WP contains β-lactoglobulin which has a 
molecular weight of 18.367 kDa (A form), 18.281 kDa (B 
form), α-lactalbumin with a molecular weight of 14.175 kDa 
(A form), 14.175 kDa (B form), and bovine serum albumin 
with a molecular weight of 66.267 kDa (Walzem et al. 2002, 
Solak and Akin 2012, Ali et al. 2013, Keppler et al. 2014). 

WP can be used as carrier for bioactive substances, 
such as phenolic compounds, due to its ability to bind 
many compounds (Ali et al. 2013, Cao and Xiong 2017, 
Keppler et al. 2017, Ali et al. 2018). Phenolic compounds, 
which founds in many vegetables and fruits, have many 
interesting biological activities, e.g. antibacterial, antiviral, 
and antioxidant properties. Antimicrobial and antioxidant 
potentials of polyphenols against plant pathogens were 
recorded in different plants (Meng et al. 1996). 
Chlorogenic acid, one of the main active components of 
green coffee bean, is an ester formed between caffeic and 
quinic acids. While rosemary herb is a major source of 
rosmarinic acid, ester of 3,4-dihydroxyphenyllactic acid 
and caffeic acid. Several studies have stated the beneficial 
properties of chlorogenic acid to human health (Dalbem 
Rocha et al. 2012, Meng et al. 2013, Onakpoya et al. 
2015). Chlorogenic acid can also exert antimicrobial 
activity and inhibit the growth of the human pathogenic 
yeast Candida albicans (Sung and Lee 2010). It has been 
used to reduces the severity of rose powdery mildew 
(Shetty et al. 2011). Additionally, systemic resistance 
against the bacterial pathogen Pseudomonas syringae was 
enhanced in transgenic tomato plants with elevated levels 

of chlorogenic acid (Niggeweg et al. 2004). These results 
have prompted us to investigate whether the modified 
whey protein with phenolic compounds could control 
Tobacco mosaic virus which causes important loses in 
crops, gaining insight into its mechanism of action. 

 Phenolic compounds are liable to oxidize at alkaline 
conditions in the presence of oxygen and form the reactive 
quinone radicals, which can react with proteins via non-
covalent and covalent interactions (Rawel and Rohn 2010, 
Ali et al. 2013, Abd El-Maksoud et al. 2018, Karefyllakis et 

al. 2018). Prigent et al. (2003) and Ali et al. (2013) studied 
the interaction between chlorogenic acid and alpha-
lactalbumin, lysozyme and beta-lactoglobulin proteins at 
alkaline condition using MALDI-TOF-MS and they 
reported that molecular weight of proteins was increased by 
353 and 680–690 Da, which corresponding to one and two 
chlorogenic acid molecule. The formation of protein-
polyphenol conjugates may alter the chemical, structural, 
and functional properties of protein (Rawel et al. 2002, Ali et 

al. 2013, Gan et al. 2016, Jia et al. 2016, Cao and Xiong 
2017, Abd El-Maksoud et al. 2018, Ali et al. 2018). 
Moreover, recent studies reported that the polyphenols and 
proteins behave in a synergistic manner when combined 
together, increasing bio-efficacy, and bioactivity the 
polyphenols of cinnamon, blueberry, and cranberry (Grace 

et al. 2013, Roopchand et al. 2013, Ahmed et al. 2014). 
Tobacco mosaic virus (TMV) is one of the major 

viral diseases which cause stark losses in several crops 
around the world. Both of resistant varieties and cultural 
practices have been developed to control TMV. Therefore in 
recent years, more attention has been devoted to the 
alternative and safe compounds with antiviral properties in 
management strategies of plant viruses due to the 
undesirable effects of pesticides on human health and the 
environment (Elsharkawy et al. 2012, Elsharkawy and El-
Sawy 2015). Recently, the antiviral activity of milk was 
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introduced in tomato, pepper and tobacco (Gillian 2005). 
Additionally, native WP used in other applications as 
antioxidant, antimicrobial, anticancer and others (Krissansen 
2007, Madureira et al. 2007). While, the applications of 
modified proteins with phenolic compounds are rare. 
Therefore, the objectives of this study were to characterize 
the whey protein isolate (WP) modified with chlorogenic 
acid (CA) and rosmarinic acid (RA), and to improve the 
antioxidant activity of WP protein, in addition to offer 
effective disease management under applied conditions, also 
reducing environmental effects using natural and modified 
whey proteins to control Tobacco mosaic virus. 
 

MATERIALS AND METHODS 
 

Materials 
Whey protein isolate (WP) was obtained from 

BiPRO, Davisco Foods International, Inc., Eden Prairie, US. 
Healthy tomato, Lycopersicon esculentum Mill (Castlerock), 
and tobacco, Nicotiana. tabacum var. samsun NN, seedlings 
and the severe strain of Tobacco mosaic virus (TMV) were 
obtained from Virus and Phytoplasma Department, Plant 
Pathology Research Institute, Agriculture Research Center, 
Giza – Egypt. Chlorogenic acid (CA), rosmarinic acid (RA), 
2,2´-azinobis (3-ethylbenzothiazoline-6-sulphonic acid 
(ABTS) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox) were bought from Sigma-Aldrich 
(Seelze, Germany). 
Methods 
Modification of WP with chlorogenic acid (CA) and 
rosmarinic acid (RA) 

Whey protein isolate-chlorogenic acid (WP-CA) and 
whey protein isolate-rosmarinic acid (WP-RA) conjugates 
were prepared as outlined by Cao and Xiong (2017) and 
Karefyllakis et al. (2018), with some changes. Whey protein 
(2 g) was solved in distilled water (90 ml) and the pH of 
solution was adjusted to 9. Then the solutions were stirred 
for at least one hour, to make sure complete dissolving, 
followed by adding 120 mg of CA and RA solved in 10 ml 
of ethanol. The pH of combinations readjusted again to 9 
and was stirred at room temperature in open air for 1 day. 
Next, the solutions were dialyzed for 1 day against distilled 
water, at room temperature, then freeze – dried. All these 
steps were done for unmodified WP protein but without 
adding CA and RA.  
Characterization of whey proteins modified with CA 
and RA 
Measurement of the change in tryptophan fluorescence  

The fluorescence intensities of UWP, WP-CA and 
WP-RA proteins were determined with a fluorescence 
spectrophotometer (Varian Australia PTY Ltd.). One mg 
of each protein was dissolved in 8M urea and filled in a 
quartz cell. The emission of samples were recorded at 
wavelength range of 300 to 700 (Ali et al. 2018).  
Measurement of the change in the hydrophilic and 
hydrophobic character of proteins using RP-HPLC 
analysis 

Two mg of UWP, WP-CA and WP-RA proteins was 
dispersed in one ml of potassium phosphate buffer (PBS, pH 
7). RP-HPLC was accomplished by the Agilent 1100 Series 
HPLC and PLRP-S column (300 Å, 8 m, 150 x 4.6 mm, 
Agilent Technologies, Santa Clara, USA). The analysis 
conditions were described in details by Keppler et al.(2017). 

UV-Vis Spectrometry Measurements 
The change in UV-Vis scan of studied proteins was 

measured according to Liu et al. (2015) and Karefyllakis et 

al. (2018) with some changes. A quartz cell was filled with 
the solution (mg/mL PBS buffer pH 7.2) of proteins and 
scanned with a spectrophotometer (Genesys 10S UV-VIS, 
Thermo Fisher Scientific, USA) at the following 
conditions: room temperature, 190 - 600 nm wavelength 
range and 300 nm/min scan rate with 1 nm data interval. 
UHPLC-ESI-Q-TOF-MS Analysis 

UHPLC-ESI-Q-TOF-MS analysis of proteins was 
achieved as designated by Keppler et al. (2014) with some 
modifications. One mg protein was dissolved in 1 ml of (1:1, 
acetonitrile: ultra-water) solution containing 0.1% formic 
acid. Chromatographic analysis was done using a Dionex – 
UltiMate 3000 UHPLC System (Thermo Fisher Scientific, 
Waltham, USA) equipped with EC 125/2 NUCLEODUR C8 
Gravity, 5 µm column (Ser No: N0030970; Batch 37308013, 
MACHEREY-NAGEL, Düren, Germany) at 30 °C with a 
flow rate of 0.250 mL/min. The solvents used were water 
(MS-Grade) containing formic acid (0.1%, solvent A) and 
acetonitrile (MS-Grade) containing formic acid (0.1%, 
solvent B). The gradient was: 0 – 8 min, 5 – 65 B, hold for 
one minute, 5% B to 12min. The injection volume was set at 
5 µL. The protein – phenolics conjugates were analyzed by 
ESI-Q-TOF mass spectrometer (micr OTOF-QII, Bruker 
Daltonics, Bremen, Germany). The positive Ion-Mode was 
used with a capillary heated at 210°C. The source voltage was 
included to 4500 V. The drying, collision and nebulizing gas 
was nitrogen. 6 L/min of drying gas flow rate and nebulizer 
pressure at 1 par were used. Full scan data acquisition was 
performed from 50-3000 m/z. The exact mass results of the 
molecular ions were managed using the Compass Data 
Analysis 4.2 (Bruker Daltonics, Germany) software. 
Antioxidant activities of proteins using TEAC assay 

The antioxidant activities of proteins using trolox 
equivalent antioxidant capacity assay (TEAC) were carried 
out according to Re et al. (1999), with modification.1 mg 
of each protein was solved in 1 mL PBS buffer (5 mM and  
pH 7.2 to 7.4) and vortexed for 5 min. Next, 50 µL of 
protein solution was added with 750 µL solution of ABTS+ 
and kept in the dark, at room temperature, for 6 min, after 
that, the absorbance of mixtures were recorded at 730 nm 
using a Helios Gamma spectrophotometer. Trolox was 
used to prepare calibration curve and the results are 
calculated as µM TE/ g protein.  
Induction of systemic resistance against TMV in tomato 
TMV inoculation  

Virus inoculum was prepared by homogenizing 2 g 
of infected tobacco leaves with 0.01 M phosphate buffer, 
PBS (pH 7.3). The extracted sap was mechanically 
inoculated on the fourth leaf of each plant, which was pre-
dusted with carborundum powder (600 mesh) as 
previously mentioned (Elsharkawy et al. 2013). 
Effect of modified proteins treatment on TMV disease 
severity in tomato 

Tomato seedlings were transferred to new pots (25 
cm diameter) filled with peaty soil. The seedlings were 
grown in the greenhouse (22-28°C) for 2 weeks, and then 
treated with 5 mL of each WP, WP-CA and WP-RA 
proteins (1 mg mL−1). Control plants were treated with 
distilled water (DW). Two days after induction treatment, 
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plants were inoculated with TMV by mechanical 
inoculation. Disease severity was evaluated using the 
following scale as described by  Lian et al. (2011). 
Treatments were repeated 10 times.  
Effect of modified whey proteins on TMV accumulation 
in tomato plants 

TMV titre was measured using indirect enzyme 
linked immunosorbent assay (ELISA) (Elsharkawy and 
Mousa 2015). Tomato leaves were sampled at two weeks 
after virus challenge inoculation. Samples were ground in 
coating buffer (1:20) and were placed individually to 
ELISA plates and incubated at 4°C overnight. Next plates 
were washed 3 times with phosphate-buffered saline 
containing Tween-20 (pH 7.5, PBST). Antiserum for TMV 
(1:1000, SANOEL, Paris, France) was loaded onto each 
well followed by incubation for 1 h at 37°C. Plates were 
washed 3 times and alkaline phosphatase (ALP) 
conjugated goat-anti-rabbit immunoglobulin was added to 
each well then incubation for 1 h at 37°C. Plates were 
washed for 3 times and p-nitrophenyl phosphate in 
substrate buffer (1 mg/mL) was added. TMV titre was 
determined on a multiplate reader (Bio-Rad) at 405 nm. 
Assay of defense-related enzymes in tomato plants 

Tomato leaves were collected at 48 hrs after TMV 
inoculation and frozen in liquid nitrogen. Samples were 

ground in sodium phosphate buffer (0.1 M, pH 7.0) followed 
by centrifugation (10,000rpm for 10 min). The crude 
extracts were used to measure the activities of peroxidase 
(POD) as described by Wang (2006), and polyphenol 
oxidase (PPO) as mentioned by Li and Li (1998). 
RT-PCR analysis  

Leaf tissues of TMV inoculated tomato plants 
treated with whey proteins as well as control plants were 
gathered at 48 hrs post inoculation. The protocol described 
by Wang et al. (2009) was used to perform quantitative 
real time-PCR reaction. Quantitative real time-PCR was 
carried out using gene specific primers as shown in (Table 
1). RNA was extracted following the method described by 
Elsharkawy et al. (2012). The normalization of target gene 
amount was obtained by calculating individual variations 
over the abundance of the constitutive Ubiquitin gene 
(Table 1). Quantitative RT-PCR was handled using 7500 
real-time PCR system. ABI PRISM 7500 Software Tool 
(Applied Biosystems) was used to analyze the data. 
Threshold Ct value in 2−Ct method was calculated for the 
relative quantification of interested genes and introduced as 
a fold change of gene transcription levels. The expression 
levels of defense-related genes (PAL and PR1) leaves were 
studied using real time-PCR.  

 

 

Table 1. Forward and reverse primers sequence for pathogensis related genes. 
Gene Forward primer Reverse primer Size Accession number 
LePR1 GCCAAGCTATAACTACGCTACCAAC GCAAGAAATGAACCACCATCC 139 DQ159948 
LePAL CTGGGGAAGCTTTTCAGAATC TGCTGCAAGTTACAAATCCAGAG 150 AW035278 
LeUBI3 TCCATCTCGTGCTCCGTCT GAACCTTTCCAGTGTCATCAACC 144 X58253 
 

Antiviral activity of modified whey proteins against TMV  
TMV inoculum (1 mL) was mixed with 1 mL of 

each WP, WP-CA and WP-RA (1 mg/mL). The mixture 
was mechanically inoculated to Nicotiana tabacum var. 
samsun NN (two weeks old) pre-dusted with carborundum 
(600 mesh). Each treatment contains ten plants. Inoculated 
plants were saved in greenhouse at 25 °C for symptom 
development. The number of necrotic lesions was counted 
at 6th days post-inoculation. 
Data analysis  

All data analyses were conducted using XLSTAT 
Pro statistical analysis software (Addinsoft, New York, 
NY, USA). Treatment means were compared by LSD tests 
at the 5% level (Elsharkawy et al. 2012). 
 

RESULTS AND DISCUSSION 
 

[Characterization of modified proteins 
The change in the color of conjugated solution 

during the interactions was the first evidence for the 
attachment of CA and RA on WP protein. The color is 
changed after mixing of CA and RA with WP, where the 
color appeared as yellow at the first of reaction, then 
changed to light green and then became dark green during 
the reaction. The formation of brown and green colors 
during the interaction can be explained by the oxidation of 
CA and RA to reactive quinone radical which can react 
with another quinone to form brown polymerization 
conjugates, while in the presence the protein, the quinone 
interacts with it to form covalent bond (Bongartz et al. 
2016, Ali et al. 2018, Karefyllakis et al. 2018). Moreover, 
the color formed during the interaction between RA and 

WP was darker than which formed between CA and WP, 
this observation may be related with the number of the 
catechol moieties, reactive group, in each acid where, RA 
contains two moieties while CA have only one.  
The change in tryptophan fluorescence scans of 
modified proteins 

The change in tryptophan fluorescence intensity, as 
an indicator for attaching phenolics to protein, of studied 
proteins was determined and the results are shown in 
Figure (1). The data show that on excitation at 290 nm, the 
unmodified WP exposed the highest fluorescence intensity 
at 356 nm. On the other hand, modified WP proteins 
exposed a small shift in the determined emission 
wavelength, where, 359 and 368 nm was recorded for WP 
modified with CA and RA, respectively. This observation 
is in agreement with that of You et al. (2012) and Gan et 

al. (2016). The shift of spectra may be due to the covalent 
conjugation of phenolics and protein (Spizzirri et al. 2009).  

As also shown in Figure (1), the maximal of 
fluorescence intensity of WP-CA significantly decreased 
by 54.71 % while, 82.61% of decrease was reported for 
WP-RA protein. These results exposed that the interaction 
between RA and WP protein was higher than CA. A 
possibility of the interaction between phenolic compounds 
and tryptophan residue has been reported by Rawel et al. 
(2001), Rawel et al. (2002), Rawel et al. (2005), Rohn et 

al. (2005) and Ali et al. (2013)The quenching of 
fluorescence intensity can be explained by the interaction 
of aromatic tryptophan residues of protein with the 
aromatic rings of the CA and RA.  
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Figure 1. Tryptophan fluorescence scans of whey protein 

isolate modified with rosmarinic and 
chlorogenic acids. Where: UWP; unmodified 
protein, WP-CA; modified WP with 
chlorogenic acid and WP-RA; modified WP 
with rosmarinic acid. 

 

The changes in the hydrophilic/hydrophobic character 
of proteins using RP-HPLC 

The surface activity of proteins is one of the main 
character in many functional applications of proteins, e.g. 
foaming and emulsification. The alterations in the 
hydrophilic/hydrophobic character of the WP-CA and WP-
RA in the comparison with unmodified WP protein can be 
clarified by the alteration in the retention times of the main 
peak using RP-HPLC (Figure 2). The RP-HPLC 
chromatograms showed that the WP comprises two major 
components, the first one is α-lactalbumin (α-LA), which 
elutes at ~10.8 min and the second one is β-lactoglobulin (β-
LG) with two variants (B and A), which elute at ~19.5 and 
20 min, respectively. These observations are in agreement 
with those of Keppler et al. (2017) and Ali et al. (2018). 
After the modification, new shoulders at low retention times 
~10.2 min and (between 16.5 and 18.5 min) were noted for 
α-LA and two variants of β-LG modified with CA and RA, 
respectively. For β-LG, the presenting of numerous new 
peaks which elute between 16.5 and 18.5 min, clearly 
displays that the protein has many binding sites for oxidized 
CA and RA. Moreover, the intensity of main peaks (α-LA 
and β-LG) of modified WP was decreased compared to 
unmodified WP (Figure 2). The explanation for this change 
is that the proteins hydrophobicity relates with the number 
and disposition of polar groups and the covalent bound of 
the CA and RA to WP causes the blocking of the 
hydrophilic groups of amino groups of protein, in contrary 
there is also an increase in the number of both a polar and 
polar groups, which involved in bound phenolic compounds.  
The change in UV - vis spectra of proteins 

In parallel to the change in tryptophan fluorescence 
and RP-HPLC data, the covalently modified WP with CA 
and RA can be also studied by the change in UV-vis 
spectra of them compared to unmodified one (Ali et al. 
2012, Liu et al. 2015, Karefyllakis et al. 2018). Therefore, 
the absorbance of free CA and RA and WP, WP-CA and 
WP-RA conjugates were recorded at the range of 
wavelength between 190 to 600 nm and the results are 
presented in the Figure (3). Free CA and RA showed a 
peak with maximum absorbance between 325 and 330 nm. 
As it appeared in the same figure, all protein soultions 
showed a peak with maximum absorbance at 280 nm, 

which are related to amino acids tyrosine and tryptophan of 
protein (Karefyllakis et al. 2018).  In addition to this peak, 
the WP-CA and WP-RA conjugates showed new shoulders 
in UV–vis spectra at the maximum of absorption between 
325 and 330 nm. While, this shoulder is not found in 
unmodified WP. These results are in agreement with those 
of Ali et al. (2012), Liu et al. (2015) and Karefyllakis et al. 
(2018).This observation supports the results of RP-HPLC 
method. Figure (3) showed also that the absorbance of 
modified proteins was affected with the type of phenolic 
acids used, where the WP-RA conjugate showed the 
highest UV absorbance compared to WP-CA.  

  

 
Figure 2. RP-HPLC of proteins modified with rosmarinic 

and chlorogenic acids. Where: UWP; 
unmodified protein, WP-CA; modified WP 
with chlorogenic acid and WP-RA; modified 
WP with rosmarinic acid. 

 
Figure  3. UV/Vis spectra of whey protein isolate modified 

with rosmarinic and chlorogenic acids. Where: 
UWP; unmodified protein, WP-CA; modified 
WP with chlorogenic acid and WP-RA; 
modified WP with rosmarinic acid. 

The change in molecular weight of proteins using ESI-
TOF-MS analysis 

The changes in molecular weight of WP protein after 
incubation with CA and RA for 24 h were studied using the 
LC-ESI-TOF-MS technique and the results are recognized in 
Figure 4 A and B. The ESI-TOF- mass spectra of unmodified 
and modified WP shows the two major β-LG protein variants 
present in almost all equimolar ratios, according to signal 
intensities, the signals at charge state + 17 at m/z 1076.1112 
(variant B) and m/z 1081.1680 (variant A). Deconvolution of 
the signals leads to an average protein mass of 18276.99 Da 
for variant B, and for variant A, an average mass of 18362.45 
Da was calculated. These results are in the line with values 
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mentioned by others (Keppler et al. 2014, Wilde et al. 2016). 
Moreover, another two minor peaks with mass 18602 and 
18687 Da, which are related to minor glycosylation of two 
variant of β-LG, respectively were detected. This observation 
is similar to data published by Hau and Bovetto (2001) and 
Gzerwenka et al. (2006). After the modification of WP with 
CA and RA, new peaks were detected (Figure 4 A and B), 

which could account for addition of one molecule of CA (353 
Da) and two molecules of CA (705 Da) and one molecule 
RA (358 Da) to both β-LG protein variants, respectively. 
These results could be explained by the oxidation of CA and 
RA and form reactive quinone which covalently attached to 
protein. These results are in agreement with Prigent et al. 
(2007) and Ali et al. (2013).  

      
Figure 4. ESI-MS of proteins modified with chlorogenic acid (A) and rosmarinic acid (B). Where: UWP; 

unmodified protein, WP-CA; modified WP with chlorogenic acid and WP-RA; modified WP with 
rosmarinic acid. 

 

Antioxidant activities of whey proteins 
The antioxidant activities of unmodified WP and 

WP-CA and WP-RA conjugates were determined using 
TEAC assay and the results are shown in Figure (5). It 
could be found that the antioxidant activity of WP 
significantly increased (at p ≤ 0.05) after incubating for 
24h at alkaline conditions with CA and RA. These results 
are in full agreement with previous studies (Ali et al. 2013, 
Ali et al. 2018). Unmodified WP showed low activity 
(52.65 µM TE/g protein), while, the WP-CA and WP-RA 
conjugates showed ̴ 4 and 6.8 fold higher antioxidant 
activities, where the values were 214 and 359 µM TE/g 
protein, respectively. These data show that the covalent 
attachment of CA and RA to WP could strongly improve 
the stability of products by scavenge the radicals and end 
the radical chain reaction. Therefore, WP-CA and WP-RA 
conjugates could be used in food applications as effective 
antioxidants. For example, improvement of antioxidant 
activity of whey protein by RA improved the antimicrobial 
activity as recently reported by Ali et al. (2018). 

 

 
Figure 5. Antioxidant activities of whey protein isolate 

modified with chlorogenic and rosmarinic 
acids. Where: UWP; unmodified protein, WP-
CA; modified WP with chlorogenic acid and 
WP-RA; modified WP with rosmarinic acid. 

 

Induction of systemic resistance against Tobacco 

mosaic virus by modified proteins 
Effects of modified proteins on disease severity and 
virus accumulation 

The typical severe symptoms of Tobacco mosaic 

virus (TMV) in tomato plants involved mosaic and 
deformed leaves, and established in the control after 14 
days of inoculation. The results of disease severity 
displayed that the unmodified whey proteins (UWP), 
modified with chlorogenic acid (WP-CA) and modified 
with rosmarinic acid (WP-RA) treatments significantly 
decreased disease occurrence and disease severity when 
compared to pathogen control (Table 2). Disease severity 
values were significantly lower in WP-CA and WP-RA 
treatments compared with WP treatment. The ELISA data 
(Table 2) showed that treatments with WP-CA or WP-RA 
resulted in significantly lower amounts of TMV compared 
to the pathogen control at two weeks post inoculation. The 
present results of greenhouse bioassay revealed that whey 
protein treatments reduced the mosaic symptoms and 
decreased the virus accumulation in tobacco. This results 
are in agreement with those of Abdelbaki et al. (2010), 
who reported that whey protein fractions can be used for 
controlling the TYLCV-infected plants. Additionally, Milk 
components such as salts and amino-acids were found to 
be effective in controlling powdery mildew and other 
diseases (Mcgrath and Shishkoff 1999). 
Effects of unmodified and modified whey protein 
treatments on defense enzymes  

The bioassay on defense enzymes (peroxidase POD 
and polyphenoloxidase PPO) showed that the treatment 
with unmodified whey protein (WP) induced higher 
accumulation of enzymes in tobacco leaves, while a much 
greater amount of proteins were recorded in modified 
protein with cholorogenic acid (WP-CA) or modified with 
rosmarinic acid (WP-RA) treatments compared to plants 
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challenge inoculated with pathogen (Table 3). In the assay 
of POD, treatment with WP-RA showed the highest 
activities followed by WP-RA and WP treated plants. In 
the assay of PPO, the enzyme activities in modified whey 
protein treatments were significantly higher than 
unmodified protein treatment (Table 3). POD may 
strengthen the cell wall which stands as a barrier against 
pathogen attack. Moreover, PPO oxidizes phenolic 
compounds into quinones, which inhibit virus by 
inactivating viral RNA. Recent studies have also reported 
that the induction of peroxidase and polyphenoloxidase 
enzymes by application of different inducers could 
reinforce the plants against viruses, for example Tomato 

spotted wilt virus (Kandan et al. 2005). 
 

Table 2. Disease severity and TMV accumulation in 
upper non-inoculated leaves of tomato plants 
treated with WP, WP-CA and WP-RA at 2 
weeks after virus inoculation. 

Treatment Disease severity  
of TMV 

Detection of TMV by 
ELISA (405 nm)1 

UWP 3.6±0.8b 0.67±0.13b 
WP-RA 1.9±0.6c 0.39±0.07c 
WP-CA 2.0±0.5c 0.43±0.09c 
Control 5.3±0.9a 1.03±0.19a 
Statistical comparisons were completed between treatments within a 
single column. The different letters represent significant differences 
using Fisher’s LSD test at P≤0.05. Where: UWP; unmodified protein, 
WP-CA; modified WP with chlorogenic acid and WP-RA; modified 
WP with rosmarinic acid 
 
 

Table 3. Effects of WP, WP-CA and WP-RA on defense 
enzymes and PR proteins in tomato Peroxidase 
(POD) and Polyphenol oxidase (PPO) at 48 hrs 
after virus challenge inoculation. 

Treatment POD activity 
(Units µg-1 FW) 

PPO activity 
(Units µg-1 FW) 

UWP 450c 820c 
WP-RA 690a 1270a 
WP-CA 610b 1145b 
Control 211d 335d 
Statistical comparisons were made among treatments within a single 
column. The different letters represent significant differences using 
Fisher’s LSD test at P≤0.05. 
  

Effect of unmodified and modified whey protein 
treatments on the relative expression of PR1 gene  

Obtained results revealed a significant (P≤0.05) 
increase of PR1 gene expression level in WP, WP-CA and 
WP-RA treated tomato plants as compared to control 
(Figure 6). Plants treated with WP-CA and WP-RA 
showed the highest expression values (33.06), (34.03) as 
compared to non-treated plants (3.55), repectively. 
Although several studies demonstrated antimicrobial 
activity of whey protein, nevertheless, its mode of action 
against plant viruses, still remain unknown. It is well 
recognized that PR proteins are included in plant defense 
and often worked as a good marker for induced resistance. 
Penicillium simplicissimum elicited induced systemic 
resistance against Cucumber mosaic virus in tobacco and 
Arabidopsis via the expression of pathogensis-related 
genes especially PR1 (Elsharkawy et al. 2012).  

PAL gene expression level was significantly 
increased in plants treated with unmodified and modified 
whey proteins as compared to control.  In all groups, plants 
treated with WP-RA (20.07) showed significant higher 

expression than other treatments. Moreover, treatment with 
WP-RA resulted in higher up-regulation of PAL gene 
expression than UWP treated plants (Figure 7). PAL is a 
key enzyme of phenylpropanoid metabolism containing the 
synthesis of several secondary metabolites for example 
phenylpropanoids, phenols, and monomers of lignin and 
salicylic acid. The accumulation of such secondary 
compounds is involved in plant immunity and related with 
induced resistance (Harish et al. 2008). 

 
 

 
Figure 6. The expression of PR1 gene in tomato plants 

in control group, UWP; unmodified protein, 
WP-CA; modified WP with chlorogenic acid 
and WP-RA; modified WP with rosmarinic 
acid treatments using real-time quantitative 
PCR analysis.  

 

 
Figure 7. The expression of PAL gene in tomato plants 

in control group, UWP; unmodified protein, 
WP-CA; modified WP with chlorogenic acid 
and WP-RA; modified WP with rosmarinic 
acid treatments using real-time quantitative 
PCR analysis.  

 

Antiviral activities of unmodified and modified whey 
proteins against TMV 

Significantly fewer necrotic lesions showed in 
plants treated with mixture of virus inoculum and WP-RA 
and WP-CA than the control. The number of necrotic 
lesions was approximately 125 and 140, respectively. The 
unmodified whey protein (WP) treated leaves had a 
significant decrease in the number of lesions with 240 
compared with the control (Figure 8). Numerous studies 
related with the antiviral activity of native and modified 
whey proteins in human (Pan et al. 2006, Chobert et al. 
2007). Other studies concentrated on the usage of milk or 
milk constituents to control plant viruses (Liakot et al. 
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2001). The action of antiviral proteins such as lactoferrin 
with receptors on cell surface and/or with viral envelope 
proteins is critical to blocking viral entry to target cells. 
The charge of antiviral protein plays a main role in this 
interaction. Chemical modifications lead to changes in the 
charges of milk proteins, which can improve their antiviral 
properties (Waarts et al. 2005). 

 
Figure 8. Number of necrotic lesions in tobacco plants 

treated with UWP; unmodified protein, WP-
CA; modified WP with chlorogenic acid and 
WP-RA; modified WP with rosmarinic acid 
and infected with Tobacco mosaic virus 
(TMV). The number of necrotic lesions was 
determined at 6th days post-inoculation. Bars 
mean values obtained from five plants±SD.  

 

CONCLUSION 
 

The covalent modification between whey protein 
isolate and chlorogenic acid and rosmarinic acid, at 
alkaline condition (pH 9), in the presence of air and at 
room temperature, changed the structure of modified 
proteins compared to unmodified one. Rosmarinic acid 
showed highly reaction compared to chlorogenic acid. 
ESI-MS data is good evidence to the covalent 
attachment of phenolics to proteins. Moreover, the 
modification improved the antioxidant activity of 
proteins. Therefore, we can recommend that modified 
proteins (WP-CA and WP-RA) could be used as 
functional foods because the trends of consumers are 
shifting towards new health-promoting ingredients. 
Moreover, these proteins may provide adequate 
protection against TMV as alternative methods for 
pesticide. The application becomes particularly 
interesting since polyphenol -enriched extracts may be 
obtained from several agroindustrial by-products.  
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 بواسطة مركبات فينولية اً معدل تساھميشرش الال معزول بروتينتوصيف 
  : أنشطة التضاد لjكسدة والفيروسات 1

  2محسن محمد الشرقاوي و 1مصطفى علي
  مصر - جامعة كفر الشيخ  - كلية الزراعة  - قسم تكنولوجيا ا}غذية  1
  مصر - جامعة كفر الشيخ  - كلية الزراعة  - قسم النبات الزراعي  2

 

إ� أن تطبيقات البروتينات المعدلة على الرغم من أن التعديل التساھمي للبروتينات مع المركبات الفينولية قد وجد حالياً جھودًا كبيرة ، 
تساھميا بواسطة حامض الكلوروجينيك  عدلم) الWP. لذلك ، تم التخطيط لھذه الدراسة لتحديد خصائص معزول بروتين الشرش (المنتجة نادرة

)CA) وحمض الروزمارنك ((RA) تحت الظروف القلوية ،pH= 9 لتحسين  )2±25(  درجة حرارة الغرفة علىوالجوى ) ، في وجود الھواء
تم توصيف البروتينات . المصابة ھذه البروتينات لتثبيط فيرس تبرقش الدخان على الطماطمدة با�ضافة الى تطبيق ل©كسضاد البروتين كم نشاط

-RP ا´داء ، جھاز الكروماتوجرافى السائل عالي التربتوفان وأطياف ا´شعة فوق البنفسجية للبروتينات كثافةباستخدام التغير في شدة المعدلة 
HPLC ، ) جھاز الكروماتوجرافى السائل عالي ا´داء المتصل بوحدةESI-Q-TOF-MS(   باستخدام تجربة كسدة ©قياس التضاد لوكذلك

 نسب حيث كانت) انخفضت بشكل معنوى WP-RAو  WP-CA. أظھرت النتائج أن كثافة التربتوفان القصوى للبروتينات المعدلة (  TEACالـ
ــ 82.61٪ و 54.71 ضا�نخفا تساھما مع  ارتبطت RAو  CAأن واحدا أو أكثر من جزيئات  ESI-MS٪ على التوالي. كما اوضحت نتائج الـ
WP.  نتائج أن البروتين المعدل بواسطة الوع¾وة على ذلك ، أظھرتRA  قد أظھر نشاط مضاد ل©كسدة أفضل عند مقارنته مع البروتين الغير

-WP) والبروتينات المعدلة (WP(الطماطم المعاملة بالبروتين الغير معدل  نباتاتدلت النتائج أن  كذلكو .CAمعدل والبروتين المعدل بواسطة 
CA  وWP-RA كانت أقل فى عدد النقاط المحلية و تركيز الفيروس عن الكنترول. أظھر تحليل الريال تايم الكمى لتفاعل البلمرة المتسلسل أن (

ن أ على ارنة بالكنترول. ھذه النتائج تدل)  كانت أعلى فى نباتات الطماطم المعاملة بالمقPALو  PR1مستويات التعبير الجيني لجينات المقاومة (
يمكن أن تستخدم فى تصميم مدى واسع من المنتجات الغذائية وفى نفس الوقت تحسين النشاط المضاد واسطة المواد الفينولية بلبروتينات المعدلة ا

 ضرراً بالغاً بمحصول الطماطم وبالتالى صناعة منتجاتھا. حدثالذى ي لفيروس تبرقش الدخان


