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ABSTRACT

Garlic and garlic components have recently been 
proposed as ruminal activity modulators to reduce the 
enteric methane emissions of ruminants, but little is 
known of their influence on milk coagulation proper-
ties, nutrient recovery, cheese yield, and sensorial and 
rheological characteristics of milk and cheese. The pres-
ent study assessed the effects of garlic and diallyl sul-
fide supplements on dry matter intake (DMI), produc-
tive performance, milk coagulation properties, cheese 
yield, milk and cheese sensory profiles, and rheological 
characteristics. Four dairy cows were fed a total mixed 
ration either alone (control) or supplemented with 100 
or 400 g/d of garlic cloves or 2 g/d of diallyl sulfide in 
4 consecutive experimental periods in a 4 × 4 Latin 
square design. The diallyl sulfide dose was established 
to provide approximately the same amount of allyl 
thiosulfinate compounds as 100 g of fresh garlic cloves. 
The total mixed ration was composed of 0.29 corn si-
lage, 0.23 corn-barley mixture, 0.17 sunflower-soybean 
mixture, 0.12 alfalfa hay, 0.12 grass hay, 0.04 sugar beet 
pulp, and 0.02 other additives, and contained 0.253 
starch, 0.130 crude protein, and 0.375 neutral detergent 
fiber, on a dry matter basis. Each experimental period 
consisted of 7 d of transition and 14 d of treatment. 
On d 18 and 21 of each period, milk samples (10 L) 
were collected from each cow for chemical analysis and 
cheese-making. The organoleptic properties of the milk 
and 63-d-ripened cheeses were assessed by a panel of 
7 trained sensory evaluators. The experimental treat-
ments had no effects on DMI, milk yield, feed efficiency 
(milk yield/DMI), milk coagulation properties, nutrient 
recovery, or cheese yield. Garlic-like aroma, taste, and 
flavor of milk and cheese were significantly influenced 

by the treatments, particularly the highest dose of gar-
lic cloves, and we found close exponential relationships 
between milk and cheese for garlic-like aroma (R2 = 
0.87) and garlic-like flavor (R2 = 0.79). Diallyl sulfide 
and 400 g/d of garlic cloves resulted in lower pH, shear 
force, and shear work of ripened cheeses compared 
with the other treatments. Garlic cloves and diallyl 
sulfide had opposite effects on cheese color indices. We 
conclude that adding 400 g/d of garlic to the feed of 
lactating dairy cows highly influences the sensory and 
rheological characteristics of cheese.
Key words: cheese yield, diallyl sulfide, garlic clove, 
milk coagulation properties, sensory analysis

INTRODUCTION

Methane produced in the rumen is a potent green-
house gas, and the Food and Agriculture Organiza-
tion of the United Nations (Steinfeld et al., 2006) has 
asserted that 18% of total anthropogenic greenhouse 
gases are directly or indirectly related to the livestock 
industry. Others have estimated that the contribution 
of ruminants to global warming is more likely on the 
order of 3% (Pitesky et al., 2009). However, as methane 
represents a 2 to 12% loss of energy in the conver-
sion of feed to animal products, many strategies have 
been proposed to lower emissions of this gas without 
impairing rumen fermentation and animal performance 
(Hristov et al., 2013a,b).

Garlic (Allium sativum L.), and particularly its sulfur 
compounds, inhibits in vitro methanogenesis (Blanch 
et al., 2016) and consistently increases the acetate:​
propionate ratio and butyrate concentration in the ru-
men fluid (Yang et al., 2007; Klevenhusen et al., 2011). 
The effect is similar, but not identical, to that of the 
antibiotic monensin (Calsamiglia et al., 2007), and re-
flects the antimicrobial and antiprotozoal properties of 
organosulfur garlic compounds (Reuter et al., 1996). 
Busquet et al. (2005) suggested that the antimethano-
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genic action mechanism of garlic could be related to 
direct inhibition of archaea rumen bacteria through in-
hibition of the 3-hydroxy-3-methyl-glutaryl coenzyme A 
(HMG-CoA) reductase of its organosulfur compounds. 
Macheboeuf et al. (2006) reported dose response effects 
of garlic oil and some sulfur garlic compounds (diallyl 
sulfide, diallyl disulfide, allicin, and allyl mercaptan) on 
ruminal fermentation and in vitro methane production. 
Garlic in various forms (cloves, powder, oil, or pure 
sulfur compounds) was found to have antiparasitic, 
anticancer, antioxidant, immunomodulatory, anti-in-
flammatory, and hypoglycemic activities in ruminants 
(Kamra et al., 2012).

A few experiments have investigated the effect in 
vivo of garlic, or its sulfur constituents, on digestion, 
ruminal fermentation, and milk production and quality 
in dairy cows (van Zijderveld et al., 2011; Oh et al., 
2013; Blanch et al., 2016). There is little data avail-
able of the effect of garlic as a feed additive on milk 
coagulation properties, nutrient recovery, cheese yield, 
and sensorial and rheological characteristics of milk 
and cheese. In humans, volatile metabolites of garlic 
were detected in milk a few hours after ingestion of 
garlic cloves, and the sensory characteristics of the milk 
were consistently modified (Scheffler et al., 2016). By 
analogy, we hypothesize that the sensory characteristics 
of bovine milk and cheese might also be influenced by 
adding garlic or its sulfur compounds to the cows’ feed.

The current experiment aimed to evaluate the influ-
ence of increasing doses of garlic cloves or diallyl sulfide 
on productive performance, coagulation, and cheese-
making properties of milk, and sensory and rheological 
characteristics of milk and cheese.

MATERIALS AND METHODS

Animals, Rations, and Experimental Design

The project was approved by the University of 
Padua’s Ethical Committee for the Care and Use of 
Experimental Animals, in accordance with Italian law 
on the care of research animals. To minimize the use 
of animals, we adopted a Latin square design and used 
only one cow per treatment.

Four Holstein-Friesian dairy cows in second parity 
were housed in individual pens on the University of 
Padua’s experimental farm (Legnaro, Italy). At the 
start of the experiment, the cows had an average 119 
± 17 DIM and 30.8 ± 3.4 kg/d of milk yield, and an 
average BW of 621 ± 26.1 kg and BCS of 2.69 ± 0.32 
on a 5-point scale. The cows were assigned to 4 feeding 
treatments in a 4 × 4 Latin square design. Each experi-
mental period lasted 14 d, 7 d for adaptation and 7 d 
for recording and sample collection, and was followed 

by a 7-d transition period to reduce possible carryover 
effects. Feeds were distributed to each cow as a low-
protein TMR, the ingredients and nutritional composi-
tion of which were in accordance with NRC (2001) and 
Schiavon et al. (2015) for a milk yield of 30 kg/d (Table 
1). The 4 experimental treatments were a control 
diet (no supplementation), a supplement of 2 g/d of 
pure (0.97) diallyl sulfide (allyl sulfide, Sigma-Aldrich 
Chemical, Milan, Italy), and 100 or 400 g/d of fresh 
peeled garlic cloves (cultivar ‘Aglio Bianco Polesano’). 
The garlic supplements were devised to provide ap-
proximately 4.35 or 17.39 g/kg of DMI, compared with 
the 10 g/kg of DM used by Patra and Saxena (2010) 
for sheep. The 2 g/d of diallyl sulfide corresponded, in 
terms of total sulfur content, to approximately 100 g/d 
of fresh garlic cloves.

At 0800 h, before TMR distribution, the peeled garlic 
cloves were weighed and mixed with about 3 kg of feed 
in a bowl to ensure they were completely consumed. 
Similarly, the diallyl sulfide was diluted in 150 mL of 
water and sprayed evenly over 3 kg of feed in a bowl 
and then distributed to the animal. The TMR was then 

Table 1. Ingredients and chemical composition (g/kg of DM unless 
otherwise noted) of the TMR top-dressed or not with garlic cloves or 
diallyl sulfide1

Item TMR Garlic cloves

Ingredient    
  Corn silage 291 —
  Corn-barley based mixture 233 —
  Sunflower-soybean based mixture 173 —
  Alfalfa hay 123 —
  Ryegrass hay 120 —
  Sugar beet pulp 37 —
  Mineral and vitamin mixture2 13
  Linseed 10 —
Chemical composition    
  DM, g/kg as fed 462 744
  CP 130 192
  Ether extract 34 5
  NDF 375 62
  ADF 219 25
  ADL 37 3
  Starch 253 —
  NSC3 401 704
  Ash 60 37
  Total S, mg/g of DM 1.27 8.45
1Diallyl sulfide (Allyl sulfide, 0.97 pure, Sigma-Aldrich Chemical, 
Milan, Italy), with a stoichiometric S content of 0.281 (C6H10S), was 
top dressed in dose of 0 or 2 g/d, where garlic cloves were top-dressed 
in doses of 0, 100, or 400 g/d.
2Milk H (Tecnozoo, Torreselle di Piombino Dese, Padova, Italy); con-
tained per kilogram: 470,000 IU of vitamin A, 60,000 IU of vitamin D3, 
2,000 mg of vitamin E, 200 mg of vitamin B1, 150 mg of vitamin B2, 
100 mg of vitamin B6, 0.3 mg of vitamin B12, 12,000 mg of niacin, 40 
mg of biotin, 60 mg of calcium (as calcium d-pantothenate), 2,000 mg 
of betaine (as betaine hydrochloride), 1,000 mg of choline chloride, 300 
mg of iron, 150 mg of iodine, 30 mg of cobalt, 300 mg of copper, 2,000 
mg of manganese, 3,000 mg of zinc, and 15 mg of selenium.
3Calculated as 1,000 – ether extract – CP – NDF – ash.
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distributed to the cows at about 0900 and 1300 h every 
day.

Sampling and Controls

The cows were weighed and assigned a BCS by the 
same trained technician at the beginning and end of 
each experimental period (Edmonson et al., 1989). Dry 
matter intake was calculated from the weight of the 
TMR distributed daily to each cow and the orts col-
lected during the second experimental week. Samples 
of the base TMR and orts (1 kg) were collected on d 
12 and 14 of each experimental period, and pooled by 
period before analysis. Feed efficiency was computed as 
the milk yield/DMI ratio.

Cows were milked twice a day, at 0600 and 1700 h, 
and daily milk yield was recorded during the second ex-
perimental week of each period. Milk samples (50 mL) 
were collected every day at the morning and evening 
milkings for analysis of chemical composition, and milk 
coagulation and curd firming properties. Aliquots of 
milk produced by each cow (5 L) were also collected in 
the morning and evening of d 12 and 14 of each experi-
mental period for cheese making. Milk samples (1 L) 
for sensory analysis were collected from each cow in the 
morning and evening of d 12 of each experimental pe-
riod. The milk samples were immediately sent in sealed 
bottles to the sensory laboratory for analysis. Other 
milk samples were collected for the analysis of the milk 
fatty acid profile to achieve an indirect estimation of 
the in vivo enteric methane emission, but the results 
are not given in this paper (Negussie et al., 2017).

Chemical Analyses

The TMR and garlic cloves used during the trial were 
analyzed in triplicate according to AOAC International 
(2003) for DM (method 934.01), CP (method 976.05), 
ether extract (method 920.29) and ash (method 942.05). 
Neutral detergent fiber, expressed inclusive of residual 
ash, was determined with α-amylase and sodium sulfite 
in a neutral detergent solution (Mertens et al., 2002) 
using an Ankom220 Fiber Analyzer (Ankom Technol-
ogy Corporation, Macedon, NY). Acid detergent fiber, 
expressed inclusive of residual ash, and sulfuric acid lig-
nin (ADL) content were determined sequentially after 
NDF analysis (Robertson and Van Soest, 1981). Starch 
content was determined after hydrolysis to glucose by 
liquid chromatography (AOAC International, 2003), 
and NSC were calculated as 1,000 – ether extract – CP 
– NDF – ash.

Garlic cloves and TMR samples (0.5 g of DM) were 
analyzed for their S content. The samples were digested 
in a microwave (Milestone Srl, Sorisole, Bergamo, Italy) 

with 7 mL of superpure 67% HNO3 and 2 mL of 30% 
H2O2. The operating conditions were temperature in-
crease from 25 to 200°C in 15 min, held for 18 min, and 
temperature decrease from 200 to 35°C in 25 min. After 
cooling to room temperature, the dissolved sample 
was diluted with ultrapure water to a final volume of 
50.0 mL. Sulfur was determined using an Arcos EOP 
inductively coupled plasma-optical emission spectrom-
eter (Spectro Analytical Instruments GmbH, Kleve, 
Germany).

Individual morning and evening milk subsamples, 
preserved with 2-bromo-2-nitro-1,3-propanediol, 
were separately subjected to infrared analysis for fat, 
protein, casein, lactose, and total solids contents us-
ing a Milko-Scan (FT2, Foss Electric A/S, Hillerød, 
Denmark). Somatic cell counts were obtained with a 
Fossomatic (FC automatic counter, Foss Electric A/S) 
and log-transformed using the following equation: SCS 
= 3 + ln2 (SCC × 10−5), as reported by Ali and Shook 
(1980). Milk pH was measured using a Crison Basic 25 
electrode (Crison, Barcelona, Spain). Milk protein frac-
tions were analyzed by reverse-phase HPLC, following 
Maurmayr et al. (2013).

Milk Coagulation Properties

Traditional milk coagulation properties (MCP) were 
measured with a Formagraph (Foss Electric A/S) and 
expressed in terms of rennet coagulation time (RCT, 
min), curd-firming time (k20, min), and curd firmness 
30 min after rennet addition (a30, mm), according to 
the method proposed by McMahon and Brown (1982). 
Because, on average, the milk samples coagulated very 
late, curd firmness was also recorded 45 and 60 min 
after rennet addition (a45, a60, mm). Given the short-
comings of traditional MCP demonstrated by Bittante 
(2011), all 240 Formagraph measures (one every 15 s 
for 60 min) taken from each milk sample were retrieved 
from the instrument and modeled using the following 
equation:

	 CF CFt P
k t RCTCF eq= × −













− × −( )1 e , 	

where CFt is curd firmness at time t (mm); CFP is the 
asymptotical potential value of CF at an infinite time 
(mm); kCF is the curd-firming rate constant (%/min); 
and RCTeq is the rennet coagulation time estimated 
from all the information recorded. The parameter CFP 
is conceptually independent from test duration and is 
not intrinsically dependent on RCT (unlike a30). The 
parameter kCF describes the shape of the curve from 
milk gelation to infinity and is conceptually different 
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from k20, as it is independent of CFP, but uses all the 
available information.

Cheese Making

The morning and evening milk samples collected 
from each cow were pooled by day. Two cheese-making 
sessions were carried out in each period, giving a to-
tal of 32 cheese wheels produced in this experiment 
(8 per period). Cheeses from the 4 treatments were 
manufactured (Cattani et al., 2014) simultaneously in 4 
small-scale experimental vats, without any preliminary 
heat treatment or skimming of milk samples. Briefly, 
milk from each cow was poured into a 10-L vat (Pierre 
Guérin Technologies, Mauze, France) and heated to 
35°C by water circulation. The starter culture Strepto-
coccus thermophilus (CSL Starter Cultures, Lodi, Italy) 
was added to facilitate milk acidification. After 20 min, 
2.5 mL of liquid rennet (Naturen Standard 215, Han-
sen, Pacovis Amrein AG, Bern, Switzerland) diluted in 
40 mL of distilled water was added to the milk. After 
milk gelation, the curd was cut in 4 consecutive steps 
(at 3, 4.15, 5.30, and 10.45 min after gelation; each step 
15 s) to obtain curd cubes of about 0.5 cm3, and then 
cooked to 45°C. Following the syneresis phase (20 min), 
each individual curd was extracted from the vat, put 
into a cheese mold, pressed, and immersed in a brine 
solution (20% NaCl) for 24 h. Cheese yields and nutri-
ent recoveries were computed for fresh curd according 
to Cipolat-Gotet et al. (2013). Finally, the cheeses were 
stored for 63 d at 15°C and 85% relative humidity and 
weighed.

Sensory Analysis

Sensory analyses were carried out by a panel of 7 
trained evaluators with experience of the products in 
a testing room designed in accordance with ISO 8589 
(ISO, 1988) and equipped with individual booths 
and standard CIE (Commission internationale de 
l’éclairage) white illumination D65 (Pinho et al., 2004). 
The panelists were 7 women, 37 ± 2 yr old, selected on 
the basis of their ability to identify the 4 basic tastes of 
sweetness, bitterness, saltiness, and sourness, and the 
aroma/flavor compounds, including diallyl sulfide and 
garlic cloves.

The panelists had previously attended 4 training 
sessions in which commercial fresh whole milk and ca-
ciotta cheese (50 d of ripening) were used to familiarize 
them with the products and in which they discussed 
the vocabulary (Meilgaard et al., 1991) for the quanti-
tative descriptive analysis of the milk and cheese. Dur-
ing these preliminary sessions, the evaluators agreed 
upon a list of descriptors for the aroma, taste, and 

flavor of milk and cheese, as suggested by Pagliarini et 
al. (1991). Garlic-like aroma and flavor were identified 
using crushed garlic cloves, fruit flavor was associated 
with almond and walnut, and grass aroma with green 
grass. The panel made their sensory assessment of 
milk in terms of 2 aromas (overall aroma intensity and 
garlic-like aroma), 3 tastes (sweet, salty, and bitter), 
and 2 flavors (overall flavor intensity and garlic-like 
flavor). The descriptors for the cheese samples included 
4 aromas (aroma intensity, grass, fruit, garlic), 4 tastes 
(sweet, salty, sour, bitter), and 2 flavors (flavor inten-
sity and garlic-like flavor). Attributes were scored on a 
scale of 1 (absence of perception) to 10 (very intense) 
anchored with standard food references (Lavanchy et 
al., 1999), which, in the current work, were represented 
by commercial milk and caciotta cheese.

Four milk evaluation sessions and 4 cheese evalua-
tion sessions were carried out, in conformity with ISO 
6658 (ISO, 1985). In each milk testing session, the 4 
individual milk samples of the evening and those of the 
following morning were pooled by cow into 2-L bottles, 
kept at room temperature, and scored in 2 replications. 
Ripened cheese samples were prepared according to 
Bàrcenas et al. (2007), and the wheels were cut into 
2 and placed under vacuum. Immediately before the 
evaluation, cheese samples (1.5 cm thick × 5 cm wide 
× 6–8 cm long) were prepared, representing the whole 
cheese wheel without the rind. The cheese evaluations 
were also performed in 2 replications.

All milk and cheese samples, equilibrated at room 
temperature (21 ± 1°C), were identified by random 
3-digit codes and presented to assessors in randomized 
order (Suzzi et al., 2015). Water and breadsticks were 
provided to rinse the mouth after each taste.

Rheological Analysis

The following analyses were performed on all the 
cheese wheels after 63 d of ripening. The pH was 
measured in triplicate with a pH meter (Hach Lange, 
Crison Instruments Sa, Carpi, Italy) equipped with a 
specific electrode (cat. 5053T, Crison Instruments s.a.).

Color was assessed on cheese cylinders 1 cm in di-
ameter and 1 cm long after exposure to the air (1 h, 
21 ± 1°C) from 5 consecutive sites from the rind to 
the center by a spectrophotometer (CM-600, Minolta 
Corp., Ramsey, NJ) set on illuminant D65 (standard 
daylight), and with a 10° observer. Data were expressed 
according to the CIE L*a*b* colorimetric system (CIE, 
1986), where L* represents reflection (0 = black, 100 = 
white) and a* and b* have no specific numerical limits: 
a* ranges from green (negative values) to red (positive 
values), and b* ranges from blue (negative values) to 
yellow (positive values).
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The shear force and corresponding shear work (the 
work done to cut the sample from the starting point 
to maximum shear force) were measured using an LS5 
dynamometer (Lloyd Instruments Ltd., Bognor Regis, 
UK) equipped with a Warner-Bratzler probe, 500-N 
load cell, and crosshead speed of 2 mm/s, as reported 
by Segato et al. (2007).

Statistical Analysis

All data were averaged by period and cow (15 df) 
and analyzed according to a model of response for a 
classic 4 × 4 Latin square design using SAS PROC 
MIXED (SAS Institute, 2007):

	 yijkl = µ + Ti + Pj + Ck + eijkl,	

where yijkl is the observed trait; µ is the overall mean; 
Ti is the fixed effect of the feeding treatment (i = 
1,…,4); Pj is the random effect of period (j = 1,…,4); 
Ck is the random effect of cow (k = 1,…,4); and eijkl is 
the residual error term ~ ,N e0 2σ( ) (6 df), where σ2 is the 
residual variance. The model used for statistical analy-
sis of milk quality traits and milk sensory traits also 
included SCS as a covariate. Orthogonal contrasts were 

run to test the significance of the treatment (control vs. 
treated samples), the type of supplement (diallyl sulfide 
vs. fresh garlic), and the garlic dose (100 vs. 400 g/d of 
fresh garlic cloves). Differences were considered statisti-
cally significant at P < 0.05.

RESULTS

Dietary treatment had no influence on DMI (23.4 
kg/d), milk yield (34.1 kg/d), or milk yield/DMI ratio 
(1.62 kg of milk/kg of DMI; Table 2), and had a weak 
or null influence on milk quality traits compared with 
controls, with the exception of milk protein content 
(P = 0.011) and pH (P = 0.033), which were slightly 
lower, and β-casein, which was higher (P < 0.001). The 
proportion of β-casein exhibited a greater increase with 
diallyl sulfide than with garlic cloves (P = 0.002).

Rennet coagulation time (both RCT and RCTeq) was 
very long, averaging 28 min. The 32.5% of milk samples 
coagulating after 30 min were considered noncoagulat-
ing samples and therefore had no a30 values. The CFt 
modeling was not affected by these limitations and all 
parameters were obtained for all samples. However, 
the treatments did not influence any of the traditional 
MCP traits or curd firming equation parameters (Table 

Table 2. Productive performance and milk quality of cows fed TMR supplemented or not with diallyl sulfide1 (2 g/d) or with 100 or 400 g/d 
of garlic cloves

Variable

Treatment2

SEM

Contrast (P-value)

Control

Supplement

Diallyl 
sulfide

Garlic cloves
Control vs. 
supplements

Diallyl sulfide 
vs. garlic cloves

100 vs. 
400 g/d100 g/d 400 g/d

DMI, kg/d 23.1 23.8 23.6 23.0 1.17 0.78 0.72 0.70
Milk yield, kg/d 33.8 34.5 34.0 34.1 1.20 0.66 0.65 0.94
Milk yield/DMI 1.62 1.59 1.64 1.63 0.08 0.97 0.47 0.91
BCS3 2.62 2.69 2.69 2.62 0.04 0.35 0.51 0.27
Milk quality traits                
  DM, % 13.0 12.9 12.9 13.1 0.37 0.80 0.80 0.35
  Fat, % 4.17 4.05 4.06 4.27 0.33 0.86 0.61 0.40
  Protein, % 3.43 3.39 3.35 3.34 0.15 0.014 0.14 0.91
  Casein, % 2.63 2.63 2.58 2.59 0.13 0.14 0.09 0.67
  Casein index, % 76.7 77.5 77.0 77.3 0.92 0.18 0.43 0.56
  Lactose, % 4.89 4.96 4.93 4.95 0.04 0.10 0.54 0.70
  SCS,4 units 1.74 2.76 1.93 1.64 0.74 0.54 0.13 0.70
  pH 6.63 6.65 6.64 6.65 0.02 0.031 0.64 0.51
Milk protein profile                
  αS1-Casein, % 34.0 33.6 33.7 33.8 0.41 0.47 0.71 0.86
  αS2-Casein, % 7.06 6.94 6.77 7.16 0.43 0.80 0.95 0.40
  β-Casein, % 28.9 30.8 30.0 29.7 1.76 <0.001 0.002 0.41
  κ-Casein, % 9.28 8.62 8.95 8.74 0.48 0.26 0.62 0.67
  α-LA, % 2.16 2.14 2.06 2.19 0.05 0.68 0.78 0.08
  β-LG, % 13.8 13.1 13.7 13.6 0.69 0.71 0.49 0.90
1Diallyl sulfide, 0.97 pure (Allyl sulfide, Sigma-Aldrich Chemical, Milan, Italy).
2n = 16 (4 periods × 4 cows).
3BCS on 1–5 scale.
4SCS = 3 + ln2 (SCC × 10−5).
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3). Similarly, dietary treatment had no influence on 
curd and solid cheese yields; retained water; recoveries 
of protein, fat, solids, and energy; daily production of 
curd and cheese solids; and daily retained water.

The treatments increased the garlic-like aroma (P < 
0.001) and the garlic-like flavor (P < 0.001) in milk 
compared with controls but not the other sensory traits 
(Table 4). However, the type of supplement and the 
dose of garlic cloves affected milk sensory attributes. 
Perception of all the aroma and flavor traits, but not 
the taste traits, was significantly lower with diallyl 
sulfide than with garlic. Intensity of overall aroma (P 
< 0.001), garlic-like aroma (P < 0.001), saltiness (P = 
0.041), and garlic-like flavor (P < 0.001) were notably 
greater with the 400 g/d dose of garlic cloves than with 
the lower dose.

The treatments increased the garlic-like aroma (P < 
0.001), saltiness (P = 0.004), intensity of overall flavor 
(P = 0.009), and garlic-like flavor (P < 0.001) in the 

cheeses, and lowered the pH (P = 0.007) and the shear 
work (P = 0.045). Diallyl sulfide increased the fruit-like 
aroma (P = 0.031), and a* (P < 0.001) and b* (P < 
0.001) color traits, but lowered the garlic-like aroma 
(P < 0.001), garlic-like flavor (P < 0.001), pH (P = 
0.022), shear force (P = 0.032), and shear work (P < 
0.001) compared with garlic cloves. The highest dose of 
garlic cloves increased the intensity of overall aroma (P 
< 0.001), garlic-like aroma (P < 0.001), sourness (P = 
0.030), and garlic-like flavor (P < 0.001), but lowered 
the L* (P < 0.001), shear force (P < 0.001), and shear 
work (P = 0.003) compared with the lowest garlic dose.

When the individual scores for garlic-like aroma (Fig-
ure 1; R2 = 0.874) and garlic-like flavor (Figure 2; R2 
= 0.796) in milk and cheese were regressed, we found 
strong relationships with exponential coefficients less 
than unity. Furthermore, the garlic-like flavor of milk 
was positively correlated with the sour (r = 0.726) and 
bitter tastes (r = 0.685) of the cheese derived from it.

Table 3. Milk coagulation properties (MCP), curd firming model parameters (CFt), cheese yields, and nutrient recoveries of cows fed TMR 
supplemented or not with diallyl sulfide1 (2 g/d) or with 100 or 400 g/d of garlic cloves

Variable

Treatment2

SEM

Contrast (P-value)

Control

Supplement

Diallyl  
sulfide

Garlic cloves
Control vs. 
supplements

Diallyl sulfide 
vs. garlic cloves

100 vs. 
400 g/d100 g/d 400 g/d

MCP, traditional3                
  RCT, min 27.8 27.2 29.9 27.8 1.48 0.66 0.21 0.15
  k20, min 6.82 6.75 7.27 7.54 0.57 0.43 0.20 0.63
  a30, mm 13.7 11.5 5.82 13.6 4.88 0.39 0.67 0.11
  a45, mm 35.9 36.3 30.4 34.9 3.46 0.47 0.23 0.19
  a60, mm 45.9 46.3 41.6 44.2 2.66 0.39 0.14 0.33
CFt model parameters4                
  RCTeq, min 28.0 27.5 30.1 28.0 2.03 0.66 0.16 0.25
  kCF, min−1 7.36 7.15 6.90 6.88 0.79 0.35 0.96 0.57
  CFP, mm 53.2 53.3 51.1 52.4 3.03 0.49 0.41 0.29
Cheese yield, g/kg                
  CYCURD 126 127 128 133 6.5 0.61 0.53 0.64
  CYSOLIDS 64.9 64.7 64.4 68.0 3.8 0.87 0.51 0.75
  CYWATER 61.2 63.7 63.0 64.8 4.1 0.43 0.66 0.94
Nutrient recovery,5 g/kg                
  RECPROTEIN 771 769 768 774 0.8 0.94 0.68 0.83
  RECFAT 866 870 862 869 16.2 0.95 0.73 0.82
  RECSOLIDS 511 507 506 521 15.4 0.99 0.53 0.75
  RECENERGY 680 682 677 691 16.9 0.88 0.92 0.56
Production trait,6 kg/d                
  dCYCURD 4.17 4.14 4.29 4.47 0.15 0.47 0.42 0.25
  dCYSOLIDS 2.15 2.08 2.18 2.29 0.10 0.77 0.43 0.27
  dCYWATER 2.03 2.08 2.10 2.17 0.10 0.36 0.58 0.61
1Diallyl sulfide, 0.97 pure (Allyl sulfide, Sigma-Aldrich Chemical, Milan, Italy).
2n = 16 (4 periods × 4 cows).
3RCT = rennet coagulation time, k20 = curd firming time; a30, a45, or a60 = curd firmness after 30, 45, or 60 min from rennet addition, respec-
tively.
4RCTeq = rennet coagulation time, kCF = curd-firming rate constant, CFP = asymptotical potential value of CF at an infinite time (Bittante, 
2011).
5REC = recovery of milk protein, fat, solids, and energy in the curd.
6dCY = daily cheese yields of curd, solids, and retained water (CY × daily milk yield).
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DISCUSSION

Interest in the use of bioactive plants or plant me-
tabolites as an alternative to chemical substances to 
mitigate methane emission has greatly increased in 
recent decades (Patra and Saxena, 2010). The use of 
garlic as a feed additive has been advocated due to its 
positive effects on rumen fermentation, digestive pro-
cesses, and metabolic, anti-inflammatory, and immune-
stimulant activities, although the major interest is in 
its antimethanogenic properties (Kamra et al., 2012). 
Additives may be in the form of fresh cloves, extracts, 
oil, or powder, or in the form of organosulfur metabo-
lites derived from garlic cloves, such as allicin, diallyl 

sulfide, diallyl disulfide, and allyl mercaptan, either 
singly or in combination (Calsamiglia et al., 2007). 
These metabolites are produced from S-alk(en)yl-l-
cysteine sulfoxides (allicin being the largest contribu-
tor) by allinase and other enzymes when the garlic cells 
are broken down. The S-alk(en)yl-l-cysteine sulfoxide 
content of garlic fresh by weight is 0.53 to 1.3% (Patra 
and Saxena, 2010).

Garlic and DMI, Milk Yield, and Milk Quality

Different forms and doses of garlic have been found to 
have little or no influence on the DMI of sheep (Patra 
and Saxena, 2010; Klevenhusen et al., 2011), lactating 

Table 4. Sensory attributes of raw milk and cheese and rheological analysis of ripened cheese of cows fed TMR supplemented or not with diallyl 
sulfide1 (2 g/d) or with 100 or 400 g/d of garlic peeled cloves

Sample and attribute

Treatment2

SEM

Contrast (P-value)

Control

Supplement

Diallyl 
sulfide

Garlic cloves
Control vs. 
supplements

Diallyl sulfide 
vs. garlic cloves

100 vs. 
400 g/d100 g/d 400 g/d

Milk                
  Aroma                
    Overall intensity 2.80 2.46 2.95 4.36 0.23 0.09 <0.001 <0.001
    Garlic-like 1.24 1.44 1.38 4.65 0.23 <0.001 <0.001 <0.001
  Taste                
    Sweetness 5.10 4.94 4.98 4.52 0.24 0.38 0.52 0.19
    Saltiness 2.63 2.44 2.44 2.83 0.13 0.69 0.22 0.041
    Bitterness 1.87 1.91 1.99 2.36 0.16 0.25 0.16 0.10
  Flavor                
    Overall intensity 4.69 4.63 5.04 5.39 0.23 0.97 0.033 0.28
    Garlic-like 1.51 1.83 1.83 6.39 0.27 <0.001 <0.001 <0.001

Cheese                
  Aroma                
    Overall intensity 3.96 4.20 3.66 4.53 0.16 0.37 0.62 <0.001
    Grass-like 3.37 3.48 3.11 3.32 0.13 0.63 0.09 0.24
    Fruit-like 2.77 3.07 2.73 2.68 0.14 0.71 0.031 0.78
    Garlic-like 1.27 1.12 1.50 2.89 0.14 <0.001 <0.001 <0.001
  Taste                
    Sweetness 3.23 3.46 3.05 3.25 0.14 0.89 0.08 0.33
    Saltiness 3.30 3.48 3.84 3.61 0.14 0.044 0.18 0.26
    Sourness 2.45 2.48 2.57 3.11 0.17 0.17 0.09 0.030
    Bitterness 2.14 1.89 2.09 2.52 0.19 0.91 0.09 0.12
  Flavor                
    Overall intensity 4.23 4.80 4.61 5.12 0.20 0.009 0.80 0.07
    Garlic-like 1.73 1.27 2.59 4.50 0.24 <0.001 <0.001 <0.001
  pH 5.33 5.21 5.30 5.27 0.02 0.007 0.02 0.31
  Color3                
    L* 66.7 66.5 67.0 64.9 2.53 0.12 0.12 <0.001
    a* 0.25 0.39 0.16 0.18 0.11 0.81 <0.001 0.71
    b* 25.1 25.4 24.5 24.7 2.23 0.16 <0.001 0.18
  Shear force,4 N 32.7 30.1 34.7 29.6 6.21 0.17 0.032 <0.001
  Shear work,5 J × 10−3 140 124 145 124 0.20 0.045 <0.001 0.003
1Diallyl sulfide, 0.97 pure (Allyl sulfide, Sigma-Aldrich Chemical, Milan, Italy).
2n = 16 (4 periods × 4 cows).
3CIElab = L* = reflection index; a* = green-red index; b* = blue-yellow index.
4Maximum force required to cut the sample.
5Work done to cut the sample.
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cows (Oh et al., 2013; Blanch et al., 2016; Prayitno et 
al., 2016), and beef cattle (Staerfl et al., 2012). Patra 
and Saxena (2010) reported that the DMI of sheep de-
creased after the addition of 10 g/kg DM of fresh garlic 
cloves, but the effect was transient and no effects were 
observed after adaptation. Nolte and Provenza (1992) 
observed that garlic and onions influenced the feed pref-
erences of lambs, although the effect was temporary. 
Garlic oil and garlic extracts were found to have a small 
influence on milk yield, milk composition, and feed effi-
ciency (Yang et al., 2007; Oh et al., 2013; Blanch et al., 
2016). In the current study, the various treatments had 
no influence on DMI, milk yield, the milk yield/DMI 
ratio, or milk composition. Garlic cloves and diallyl sul-

fide supplements both reduced the milk protein content 
(N × 6.25) by about 2% compared with controls, but 
although the various protein fractions were lowered, the 
proportion of β-casein increased. Such alterations can, 
at least partially, be explained by the possible influ-
ences that garlic can exert on N metabolism at ruminal 
level (Calsamiglia et al., 2007). We suggest, therefore, 
that the use of garlic at a dose of up to approximately 
17.4 g/kg of DM would have little or no influence on 
nutrient utilization, milk yield, or composition.

Cheese-Making Quality of the Milk

The various garlic treatments had no influence on 
the MCP evaluated by traditional procedures, although 
this result is of limited value due to the high incidence 
of milk samples coagulating later than 30 min after ren-
net addition, as is frequently observed with Holstein-
Friesian cows (Bittante et al., 2012; Stocco et al., 2017). 
The CFt modeling equation parameters, on the other 
hand, are not affected by the length of RCTeq (Stocco 
et al., 2015), although, also in this case, dietary treat-
ment had almost no effect. The cheese yields and milk 
nutrient recoveries we obtained in cheese were close to 
expectations for Holstein cows (Stocco et al., 2018). 
Similarly, we found the treatments to have no effect on 
cheese yield traits or on the recoveries of milk protein, 
fat, solids, and energy in the curd. The absence of any 
effect of garlic cloves on these traits is consistent with 
the small variations we observed in the nutritional com-
position of the milk, particularly in the milk protein 
profile. To our knowledge, this has not been previously 
reported in the literature.

Sensory Characteristics of Milk and Cheese

The sensory qualities of dairy products, and flavor 
in particular, are known to have a strong influence on 
consumer acceptability and preferences and market 
prices (Bittante et al., 2011a,b; Endrizzi et al., 2013). 
Flavor is a complex trait, composed principally of the 
sensations of aroma and taste (McSweeney et al., 1997). 
Milk and cheese flavors are influenced by a variety of 
volatile and nonvolatile substances (Drake, 2007; Ber-
gamaschi et al., 2015), and as some of these are sulfur 
compounds (Sreekumar et al., 2009), the enrichment of 
milk and cheese with undesired flavors is of concern. In 
fact, many milk and cheese factories do not accept milk 
produced from cows fed garlic because of off-flavors. 
Surprisingly, we found no mention of this shortcoming 
in papers reporting on the addition of garlic or garlic 
compounds to the feed of dairy cows. However, the 
presence of odorous metabolites in the cheese is not 
necessarily a defect, as many traditional cheeses con-

Figure 1. Relationship between milk and ripened cheese garlic-like 
aroma (P < 0.01) of cows fed TMR supplemented or not with 2 g/d of 
diallyl sulfide (Sigma-Aldrich Chemical, Milan, Italy) or with 100 or 
400 g/d of garlic cloves.

Figure 2. Relationship between milk and ripened cheese garlic-like 
flavor of cows fed TMR supplemented or not with 2 g/d of diallyl 
sulfide (Sigma-Aldrich Chemical, Milan, Italy) or with 100 or 400 g/d 
of garlic cloves.
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taining garlic are produced in many parts of the world 
(Park, 1990; Regu et al., 2016).

A review of the scientific literature reveals a lack of 
information on the influence of garlic on the flavor of 
milk. In part, this is due to the difficulties of analyzing 
sulfur compounds, because of their volatility, sensitivity 
to oxidation and heat, and presence at very low concen-
trations (Sreekumar et al., 2009). The recent develop-
ment of model cheese-making procedures has made it 
possible to carry out experiments on a large number 
of individual samples (Cipolat-Gotet et al., 2013), and 
offers new research opportunities in this field as it is 
now easier to study the influence of different feeding 
treatments on milk and cheese characteristics.

In our experiment, we found that garlic, particularly 
at high doses, influenced olfactory intensity and garlic-
like aromatic notes in both milk and cheese. However, 
the sensory attributes of milk and cheese from cows 
fed supplements of diallyl sulfide or garlic cloves at 
the lowest dosage were often no different than those 
of controls. It should be borne in mind that sulfur 
compounds, including diallyl sulfide, occur naturally 
in milk and cheese, conferring garlic flavor, and their 
concentrations increase with the aging of the cheeses 
to impart several typical aromatic notes (McGorrin, 
2011). These sulfur compounds mainly arise from ca-
tabolism of l-methionine by bacteria and yeasts, but 
l-cysteine probably has a greater role in the release of 
volatile sulfur compounds, imparting garlic-like flavor 
in cheese (Sutherland et al., 2003).

Garlic is considered to be a taste and flavor enhancer 
because of its high concentrations of organic sulfur 
compounds. In our research, 400 g/d of garlic cloves 
increased the salty taste of milk, the sourness of cheese, 
and the flavor intensity of both milk and cheese. Some 
garlic compounds, such as the γ-glutamyl derivatives 
of S-substituted cysteines found in garlic and in other 
plants of the Allium genus, may be responsible for these 
responses (Speranza and Morelli, 2012).

The garlic-like aroma and garlic-like flavor of the 
milk had close exponential relationships with the char-
acteristics of the cheese derived from it. The intensity 
of these perceptions apparently decreased from the 
milk to the cheese with an exponential coefficient <1 
(Figures 1 and 2). Sensorial perceptions are mediated 
by other compounds that are present in milk and also 
in the cheese but in much greater amounts. The greater 
aromatic and flavor complexity in cheese may mask the 
olfactory notes of garlic and diallyl sulfide, and there-
fore suppress the effect of the garlic-like aroma and 
flavor (Speranza and Morelli, 2012). It should also be 
borne in mind that olfactory and flavor responses to 
sulfur molecules are generally nonlinear, as perception 
differs at low concentrations and at higher concentra-

tions, thereby altering the perception of garlic (McGor-
rin, 2011).

Chemical and Physical Characteristics  
of Milk and Cheese

The properties of the sulfur molecules in garlic and 
their effect on microbial activity during cheese ripening 
may also be responsible for the observed alterations in 
the pH, color, shear force, and shear work of the cheese. 
Both diallyl sulfide and garlic at the highest dose re-
duced the shear force and shear work of the cheese 
compared with controls. This is consistent with results 
obtained by Regu et al. (2016) on cheese matrices with 
added garlic, and with results on other protein matri-
ces obtained by Kim et al. (2009). Garlic compounds 
(polyphenols, such as flavonoids and sulfur-containing 
compounds) exert a strong antioxidant action on pro-
tein bonds, and intermolecular disulfide bridges may 
play a role in the protein strength of meat via oxidation 
of protein thiol (Wu et al., 2011). Although we did not 
look at the redox thiol/disulfide formation of cheese 
proteins in relation to the lowering of the rheological 
parameters, we might speculate that the samples with 
garlic at the higher dose and diallyl sulfide may have 
limited protein thiol oxidation and the resulting disul-
fide formation in the cheese.

The results suggest that garlic at a high dose and 
diallyl sulfide affect cheese texture and limit the forma-
tion of disulfide bridges by reducing the cohesiveness of 
the protein network and the weakened cheese structure. 
The level of pH also seems to play a role in cheese 
texture. Lebecque et al. (2001) assert that “as the pH 
of cheese curds decreases, there is a loss of colloidal 
calcium phosphate from casein submicelles with a pro-
gressive dissociation of submicelles into smaller casein 
aggregates.” In addition, with the breakdown of casein 
micelles, the protein surface is more exposed to the ac-
tion of proteases, and the enzyme–substrate interaction 
is enhanced, leading to a greater proteolytic effect (Up-
reti et al., 2006). Therefore, the low rheological values 
detected in the samples supplemented with 400 g/d of 
garlic cloves and diallyl sulfide may also be due to the 
effect of pH, because these cheeses had lower pH values 
than the other samples.

CONCLUSIONS

We found that the use of garlic or diallyl sulfide in 
the cow has very little influence on DMI, milk yield or 
quality, cheese-making characteristics, nutrient recover-
ies, and yields of cheese. However, garlic cloves at a 
dose of 400 g/d had a strong influence on the sensory 
characteristics of milk and cheese. Some rheological 
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characteristics of the cheese, pH, color, and texture ap-
peared to be influenced by the administration of diallyl 
sulfide and garlic cloves. The current paper provided 
evidence that when garlic or garlic compounds are used 
to reduce enteric methane emissions, the sensory and 
rheological characteristics of milk and cheese are af-
fected. However, the garlic-like aroma and garlic-like 
flavor of milk and cheese are described by exponential 
relationships <1.0, meaning that the increased sensory 
perception of garlic in milk is only partially reflected in 
cheese aroma and flavor.
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