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Abstract: The objective of this study was to determine the application of citric waste fermented yeast
waste (CWYW) obtained from an agro-industrial by-product as a protein source to replace soybean
meal (SBM) in a concentrate diet. We also determined the effect of various roughage to concentrate
ratios (R:C) on the gas production kinetics, ruminal characteristics, and in vitro digestibility using an
in vitro gas production technique. The experiment design was a 3 × 5 factorial design arranged in a
completely randomized design (CRD), with three replicates. There were three R:C ratios (60:40, 50:50,
and 40:60) and five replacing SBM with CWYW (SBM:CWYW) ratios (100:0, 75:25, 50:50, 25:75, and
0:100). The CWYW product’s crude protein (CP) content was 535 g/kg dry matter (DM). There was
no interaction effect between R:C ratios and SBM:CWYW ratios for all parameters observed (p > 0.05).
The SBM:CWYW ratio did not affect the kinetics and the cumulative amount of gas. However, the
gas potential extent and cumulative production of gas were increased with the R:C ratio of 40:60,
and the values were about 74.9 and 75.0 mL/0.5 g, respectively (p < 0.01). The replacement of SBM
by CWYW at up to 75% did not alter in vitro dry matter digestibility (IVDMD), but 100% CWYW
replacement significantly reduced (p < 0.05) IVDMD at 24 h of incubation and the mean value. In
addition, IVDMD at 12 h and 24 h of incubation and the mean value were significantly increased
with the R:C ratio of 40:60 (p < 0.01). The SBM:CWYW ratio did not change the ruminal pH and
population of protozoa (p > 0.05). The ruminal pH was reduced at the R:C ratio of 40:60 (p < 0.01),
whereas the protozoal population at 4 h was increased (p < 0.05). The SBM:CWYW ratio did not
impact the in vitro volatile fatty acid (VFA) profile (p > 0.05). However, the total VFA, and propionate
(C3) concentration were significantly increased (p < 0.01) by the R:C ratio of 40:60. In conclusion, the
replacement of SBM by 75% CWYW did not show any negative impact on parameters observed, and
the R:C ratio of 40:60 enhanced the gas kinetics, digestibility, VFA, and C3 concentration.

Keywords: citric waste; yeast waste; industrial by-product; protein source

1. Introduction

The security of livestock feed is a fairly frequent topic of discussion in terms of
quality and quantity, especially in terms of the lack of protein sources, which results in
low performance. High-quality protein feed sources such as soybean meal are expensive
and lead to an increase in the cost of livestock production [1]. Many researchers have
attempted to look for alternative sources of protein that could help improve the production
and productivity of livestock [2,3]. The utilization of agro-industrial by-products as animal
feed is an interesting consideration, since it could reduce feed costs and help reduce
environmental pollution [4].

Fermentation 2021, 7, 120. https://doi.org/10.3390/fermentation7030120 https://www.mdpi.com/journal/fermentation1
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Citric waste is a by-product of the citric acid industry and is generated from rice, corn,
cassava, or cassava pulp that is fermented with Aspergillus niger [5]. The citric waste still
has some nutritive value of 30–70 g/kg DM of crude protein and contain high fiber content
(861.3 g/kg DM of neutral detergent fiber (NDF) and 197.4 g/kg DM of acid detergent fiber
(ADF), respectively) [6]. Uriyapongson et al. [6] reported that the inclusion of 10% citric
waste in the diet of buffalos did not negatively affect feed intake, average daily gain (ADG),
and the feed conversion ratio (FCR), whereas the digestibility was decreased with more
than 10% citric waste. This might be due to the high content of fiber limiting digestion by
animals, resulting in them being able to utilize only a low amount of nutrients [7]. Therefore,
for the use of citric waste as animal feed, we should improve the quality by reducing the
fiber composition and enhancing another nutrients, particularly the protein content.

Yeast (Saccharomyces cerevisiae) is a source of probiotics that enable a positive effect on
the rumen fermentation of ruminants. It has been used as a biological method to improve
the protein quality of feedstuff [8]. In ethanol production processes, the initial substrates
are molasses and inoculants of the yeast S. cerevisiae. Yeast waste is a residue generated
from ethanol production. Díaz et al. [9] reported that yeast waste contains a high content
of live yeast cells (about 60–70%). Furthermore, Cherdthong et al. [10] revealed that yeast
waste contains around 264.0 g/kg of crude protein and is rich in vitamins and minerals.
Cherdthong et al. [11] found that dried yeast waste can replace up to 100% of soybean meal
in animal feed with no negative effect to feed intake, feed utilization, and ruminal ecology
in beef cattle. Therefore, yeast waste obtained from industrial by-products containing
many live yeast cells might be beneficial for enhancing feed quality and feed utilization
in animals.

The ratio of roughage to concentrate (R:C) in feeds is important for good nutrient
utilization for production. Feeds have strong ties with the ecology of the rumen, ruminal
bacteria, and trends of rumen fermentation [12]. Suitable amounts of concentrate can
provide fiber utilization by enhancing fermentable organic matter, nitrogen, and energy
sources for ruminal microbes [3]. Generally, feeding with a concentrate can provide more
fermentation end-products than feeding with only roughage. Rice straw is easily obtainable
from rice cultivation areas and is usually collected by farmers for feeding cattle [13]. Hence,
the feeding of ruminants with rice straw and a concentrated diet that contains a high
amount of protein and energy would be beneficial for ruminant productivity [14].

It was hypothesized that inoculated yeast waste obtained from industrial by-products
could improve the quality of citric waste and could be used as a potential alternative
protein source. Therefore, we investigated the utilization of citric waste fermented yeast
waste (CWYW) obtained from agro-industrial by-products as a protein source to replace
soybean meal in a concentrated diet, as well as the effect of various roughage to concentrate
ratios (R:C) on gas production kinetics, rumen characteristics, and in vitro feed digestibility
using an in vitro gas measuring technique.

2. Materials and Methods

The experimental cattle involved in this research were approved by Khon Kaen
University’s Animal Ethics Committee (record no. IACUC-KKU-27/64).

2.1. Preparation of Citric Waste Fermented Yeast Waste (CWYW)

Yeast waste was received as a by-product of ethanol production from KSL Green
Innovation Public Company Limited (KGI), Nam Phong District, Khon Kaen Province,
Thailand. Citric waste was obtained as a by-product of the citric acid industry from Sam
Mor Farm Limited Partnership, Muang District, Udon Thani Province. Commercial grade
urea and molasses were purchased from a local shop.

CWYW was prepared with the procedure that follows. First, 100 mL of yeast waste
was added to a flask (A). Next, 20 g of brown sugar was weighed and dissolved in 100 mL
of distilled water, and then 50 g of urea was mixed in (B). Yeast waste media solution was
made by mixing A and B at a ratio of 1:1 and then flushing them for 16 h with air using an
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air pump at room temperature. The pH was adjusted to a range of 3.9 to 4.5. After 16 h, we
transferred the yeast waste media solution and mixed it with citric waste at a ratio of 1 mL
to 1 g. After that, anaerobic fermentation was performed in container bottles for 14 days,
followed by 48 h of sun-drying to obtain less than 10% moisture. The CWYW was packed
in a plastic bag for subsequent use as an experimental ingredient for dietary treatment.

2.2. Experimental Design and Dietary Treatments

The present experiment was performed at different incubation intervals using a gas
production technique. A 3 × 5 factorial experiment design was conducted and arranged
according to a completely randomized design (CRD) with three replication runs. The
experimental diets had three roughage to concentrate (R:C) ratios of 60:40, 50:50, and 40:60
with five replacing soybean meal ratios of replacement in diets (SBM:CWYW) of 100:0,
75:25, 50:50, 25:75, and 0:100. All of the experimental dietary samples were oven-dried at
72 ◦C and ground to pass a 1 mm sieve (Cyclotech Mill, Tecator, Sweden) for the analysis
of the chemical composition and the gas production test. Experimental diets including
concentrate, rice straw, and CWYW were analyzed for dry matter (DM; ID 967.03), ash
(ID 492.05), and crude protein (CP; ID 984.13) content using the standard analysis of the
AOAC [15]. NDF and ADF contents were determined using the procedures of Van Soest
et al. [16]. Table 1 shows the diet compositions and ingredients of the concentrate, rice
straw, and CWYW used in this experiment. The concentrate diets were prepared with
141.0–142.0 g/kg of CP, which is recommended for beef cattle.

Table 1. Ingredient and chemical composition of concentrates, rice straw and citric waste fermented yeast waste used in
the experiment.

Item
SBM:CWYW 1 RS 2 YW 3 CW 4 CWYW 5

100:0 75:25 50:50 25:75 0:100

Ingredients (kg of dry matter)
Cassava chips 59.3 58.5 59.5 58.8 59.7 - - - -

Rice bran 9.0 9.0 9.0 9.0 9.0 - - - -
Soybean meal 15.0 12.3 7.5 3.8 0.0 - - - -

Palm kernel meal 13.0 13.0 13.0 13.0 13.0 - - - -
CWYW 1 0.0 3.8 7.5 12.3 15.0 - - - -

Urea 1.3 1.0 1.0 0.7 0.8 - - - -
Mineral premix 1.0 1.0 1.0 1.0 1.0 - - - -
Molasses, liquid 1.0 1.0 1.0 1.0 1.0 - - - -

Pure sulfur 0.5 0.5 0.5 0.5 0.5 - - - -
Salt 1.0 1.0 1.0 1.0 1.0 - - - -

Chemical composition
Dry matter (g/kg) 926 923 922 922 918 944 360 919 882

g/kg of dry matter
Organic matter 888 882 877 861 860 827 899 889 894

Ash 112 118 123 139 140 173 101 111 106
Crude protein 141 142 141 141 142 26 315 110 535

Neutral detergent fiber 159 167 169 171 174 779 217 709 402
Acid detergent fiber 72 84 91 94 99 536 44 426 294

1 SBM:CWYW = replacing soybean meal with citric waste fermented yeast waste ratio; 2 RS = rice straw, 3 YW = yeast waste, 4 CW = citric
waste; 5 CWYW = citric waste fermented yeast waste.

2.3. Animals and Ruminal Inoculums Preparation

Two male 3-year-old ruminally fistulated crossbreed (Thai × Holstein) cattle with body
weights (BW) of 280 ± 15.0 kg were used as ruminal liquor donors. Ruminal liquor was
obtained while the animals were fed ad libitum with roughage (rice straw) and concentrate
(140 g/kg CP and 805 g/kg TDN) at 0.5% of BW daily (6:30 a.m. and 4:30 p.m.). The
cattle were housed in individual pens, and clean water and mineral blocks were freely
available. The cattle were fed with the diet for 21 d before collecting the rumen liquor.
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From each of the cattle, 1000 mL of ruminal liquor was collected before feeding time in the
morning. Ruminal liquor was filtered through five layers of cheesecloth and then moved
to the laboratory in pre-warmed thermos bottles.

The medium was prepared using the procedures reported by Makkar et al. [17] which
consisted of combining 3000 mL of reduced medium with 1500 mL of ruminal liquor from
cattle (2:1; reduced medium: ruminal liquor). The medium mixture was then kept under
stirring at 39 ◦C under CO2 with a hot plate. Each experimental bottle was filled with
40 mL of ruminal fluid mixture and incubated in a water bath at 39 ◦C.

2.4. In Vitro Gas Production and Ruminal Fermentation Characteristics

The gas production was measured instantly after incubation for 0, 0.5, 1, 2, 4, 6, 8,
12, 18, 24, 48, 72, and 96 h according to the modified procedures of Cherdthong et al. [10].
Ørskov and McDonald [18] models were used for curve fitting and analysis of the kinetics
of gas as follows:

y = a + b (1 − e(−ct))

where a = soluble fraction from gas production, b = insoluble fraction from gas production,
c = rate of gas production constant for the insoluble fraction (b), t = incubate time, (|a| + b)
= the potential extent of gas production, and y = gas produced at time ‘t’.

The ruminal pH was recorded using a digital pH meter (HANNA Instrument (HI)
8424 microcomputer, Singapore) at incubation times of 0 and 4 h. The incubated ruminal
liquor was divided into two parts. The first part (20 mL) was kept in 5 mL of 1 M H2SO4 and
stored at −20 ◦C for ammonia nitrogen (NH3-N) analysis according to the micro-Kjeldahl
methods, and in vitro volatile fatty acid (VFA) concentration was performed according
to the procedures of Samuel et al. [19] using high performance liquid chromatography
(HPLC machine; Shimadzu LC-20A, Kyoto, Japan) equipped with an Inertsil ODS-3 C18
(250 mm × 4.6 mm i.d., 5 μm,) column and mobile phase: phosphoric acid 25 mM, flow
rate: 1 mL/minute, detection (UV): 210 nm: injection: 20 microliters (Shimadzu LC-20A,
Kyoto, Japan). The second part (1 mL) was collected in 9 mL of 10% formalin for the direct
counting of protozoa [20].

In vitro dry matter digestibility (IVDMD) and in vitro organic matter digestibility
(IVOMD) were analyzed after incubation for 12 and 24 h using the procedures of Tilley and
Terry [21].

2.5. Statistical Analysis

The data of the experiment were statistically evaluated with a 3 × 5 factorial arrange-
ment according to CRD using the Proc. GLM procedure of SAS software version 9.4 (SAS
Inst. Inc., Cary, NC, USA) [22]. All data were analyzed by the following equation:

Yij = μ + Ai + Bj + ABij + εij

where: Y = observations; μ = overall mean; Ai = effect of factor A (R:C ratio at 60:40,
50:50, and 40:60; i = 1 to 3); Bj = effect of factor B (SBM:CWYW ratio at 100:0, 75:25, 50:50,
25:75, and 0:100; j = 1 to 5), ABij = the interaction effect of R:C ratio and SBM:CWYW, and
εij = the residual effect. Duncan’s New Multiple Range Test (DMRT) performed multiple
comparisons between treatment methods [23]. Differences between mean values of p < 0.05
were considered to represent statistically significant differences.

3. Results

3.1. Dietary Chemical Composition

Experimental dietary ingredients and chemical compositions of rice straw, concentrate,
yeast waste, citric waste and CWYW are presented in Table 1. The concentrate diets were
provided with almost the same protein content in each group, ranging from 141 to 142 g/kg
DM, and urea was administered to adjust the CP content. The yeast waste’s CP content was
315 g/kg DM. The citric waste had low CP and high fiber contents (NDF and ADF) of 110,
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709, and 426 g/kg DM, respectively. After quality improvement, the CWYW product’s CP
was increased, and the fiber (NDF and ADF) value was reduced to 535, 402, and 294 g/kg
DM, respectively.

3.2. Kinetics and Cumulative Production of Gas

The data obtained for the substrates analyzed from the kinetics and cumulative pro-
duction of gas are shown in Table 2. The data demonstrated that the soluble fractions of gas
production (a), insoluble fraction of gas production (b), rate of constants for the insoluble
fraction (c), potential extent of gas production (|a| + b) and the cumulative production of
gas were not affected by the interaction between the R:C ratio and SBM:CWYW ratio. In
addition, the SBM:CWYW ratio did not affect the kinetics and cumulative amount of gas.
However, soluble fractions of gas production (a) ranged from −3.7 to −5.3 mL/0.5 g and
were decreased at the R:C ratio of 40:60 (p < 0.01). The value of the insoluble fraction of gas
production (b) was also decreased at the R:C ratio of 40:60 (p < 0.01). The value of the rate
of gas production (c) ranged from 0.06 to 0.08 mL/h and was increased at the R:C ratio of
40:60 (p < 0.01). The potential extent of gas (|a| + b) value and the cumulative production
of gas (at 96 h of incubation) were increased (p < 0.01) at the R:C ratio of 40:60, and the
values were about 74.5 and 77.0 mL/0.5 g, respectively.

Table 2. Effect of R:C ratio level combined with SBM:CWYW ratio level on gas kinetics and cumula-
tive gas at 96 h after incubation.

R:C 1 SBM:CWYW 2
Gas Kinetics 3

Cumulative
Gas (mL/0.5g)a b c |a| + b

60:40

100:0 −3.9 70.4 0.06 74.4 74.7
75:25 −3.8 70.2 0.06 74.0 73.9
50:50 −3.7 70.2 0.06 73.9 74.0
25:75 −3.8 70.4 0.06 74.2 73.6
0:100 −4.0 70.4 0.06 74.4 74.3

50:50

100:0 −4.9 69.8 0.07 74.8 74.8
75:25 −5.0 69.8 0.07 74.9 75.7
50:50 −5.0 69.7 0.07 74.8 75.6
25:75 −5.0 69.9 0.07 74.9 76.0
0:100 −5.1 69.7 0.07 74.9 75.7

40:60

100:0 −5.3 69.9 0.07 75.3 76.4
75:25 −5.4 69.2 0.08 74.6 77.1
50:50 −5.4 69.5 0.07 74.6 76.0
25:75 −5.2 69.5 0.07 74.8 75.8
0:100 −5.2 69.7 0.07 75.1 76.3

SEM 0.21 0.26 0.002 0.30 1.31
Comparison

R:C ratio <0.01 <0.01 <0.01 <0.01 <0.01
60:40 −3.8 a 70.3 a 0.063 c 74.2 b 74.5 c

50:50 −5.0 b 69.8 b 0.068 b 74.8 a 75.8 b

40:60 −5.3 c 69.6 b 0.071 a 74.9 a 77.0 a

SBM:CWYW ratio 0.31 0.58 0.96 0.40 0.98
100:0 −4.6 70.1 0.07 74.8 75.9
75:25 −4.6 69.9 0.07 74.5 75.8
50:50 −4.7 69.9 0.07 74.4 75.8
25:75 −4.7 69.8 0.07 74.6 75.7
0:100 −4.8 69.7 0.07 74.8 75.6

Interaction 0.94 0.96 0.39 0.95 0.99
a–c Value on the same row with different superscripts differ (p < 0.05); 1 R:C = roughage to concentrate ratio.
2 SBM:CWYW = replacing soybean meal with citric waste fermented yeast waste ratio; 3 a = the gas production
from the immediately soluble fraction, b = the gas production from the insoluble fraction, c = the gas production
rate constant for the insoluble fraction (b), |a| + b = the gas potential extent of gas production.
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3.3. In Vitro Digestibility

Table 3 shows the influence of substituting SBM for CWYW in combination with the
R:C ratio on IVDMD and IVOMD. It was found that IVDMD and IVOMD did not show
interaction with each other. There were no changes in IVOMD when the SBM:CWYW ratio
was included. The replacement of SBM by CWYW by up to 75% did not alter IVDMD, but
100% CWYW replacement significantly reduced (p < 0.05) IVDMD at 24 h of incubation
and the mean value (p < 0.05). In addition, IVDMD at 12 h and 24 h of incubation and the
mean value were significantly increased (p < 0.01) with the R:C ratio of 40:60 (about 559,
701, and 631 g/kg, respectively). Moreover, the R:C ratio of 40:60 significantly increased
(p < 0.01) IVOMD at 12 h, 24 h, and the mean value (706, 793, and 750 g/kg, respectively).

Table 3. Effect of R:C ratio level combined with SBM:CWYW ratio level on in vitro dry matter
digestibility (IVDMD) and in vitro organic matter digestibility (IVOMD).

R:C 1 SBM:CWYW 2
IVDMD (g/kg) IVOMD (g/kg)

12 h 24 h Mean 12 h 24 h Mean

60:40

100:0 541 682 622 683 770 726
75:25 542 676 618 675 773 724
50:50 540 675 612 675 774 725
25:75 540 674 619 674 774 724
0:100 539 678 611 679 768 723

50:50

100:0 553 691 630 692 781 736
75:25 553 690 623 693 782 737
50:50 551 688 621 692 781 736
25:75 551 689 622 691 775 733
0:100 551 688 622 691 775 733

40:60

100:0 560 704 634 709 792 751
75:25 560 702 632 707 795 751
50:50 559 702 630 706 793 749
25:75 559 701 626 705 793 749
0:100 559 700 621 705 793 748

SEM 0.21 0.13 0.10 0.33 0.31 0.19
Comparison

R:C ratio <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
60:40 540 c 677 c 609 c 677 c 772 c 724 c

50:50 552 b 689 b 621 b 692 b 778 b 735 b

40:60 559 a 701 a 631 a 706 a 793 a 750 a

SBM:CWYW ratio 0.86 <0.01 0.02 0.50 0.32 0.23
100:0 551 692 a 622 a 693 781 738
75:25 551 689 ab 620 ab 692 783 737
50:50 551 688 ab 620 ab 690 782 737
25:75 551 688 ab 620 ab 691 780 735
0:100 549 686 c 617 c 692 779 735

Interaction 0.95 0.28 0.78 0.92 0.73 0.94
a–c Value on the same row with different superscripts differ (p < 0.05); 1 R:C = roughage to concentrate ratio.
2 SBM:CWYW = replacing soybean meal with citric waste fermented yeast waste ratio.

3.4. Ruminal NH3-N, pH and Protozoal Population

Table 4 shows the influence of substituting SBM for CWYW in combination with
the R:C ratio on the ruminal NH3-N, pH, and population of protozoa. There was no
interaction effect between factors on the ruminal NH3-N, pH, and protozoal population
(p > 0.05). The SBM:CWYW ratio of 0:100 significantly increased the impact (p < 0.05) on
ruminal NH3-N at 2 h, 4 h, and the mean value with the highest values of 17.6, 19.4 and
18.2 mg/dL, respectively. However, the pH and protozoal population were not affected by
the SBM:CWYW ratio (p > 0.05).
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Table 4. Effect of R:C ratio level combined with SBM:CWYW ratio level on ruminal NH3-N, pH and protozoal population.

R:C 1 SBM:CWYW 2
NH3-N (mg/dL) pH Protozoal Count (×105 cell/mL)

2 h 4 h Mean 2 h 4 h Mean 2 h 4 h Mean

60:40

100:0 15.4 16.5 16.4 7.04 6.99 7.01 3.8 3.9 3.8
75:25 14.8 15.8 16.0 7.10 7.04 7.07 3.8 3.9 3.8
50:50 15.6 16.6 16.6 7.11 7.05 7.08 3.7 4.0 3.9
25:75 15.7 16.7 17.2 7.11 7.04 7.07 3.8 3.9 3.8
0:100 16.0 17.1 17.2 7.10 7.04 7.08 3.7 4.0 3.9

50:50

100:0 16.7 17.0 16.8 6.97 6.93 6.94 3.7 4.1 3.9
75:25 16.7 17.8 17.6 6.97 6.93 6.95 3.7 4.1 3.9
50:50 17.3 17.7 17.4 7.00 6.93 6.95 3.7 4.1 3.9
25:75 17.8 18.4 17.9 6.97 6.94 6.95 3.6 4.2 3.8
0:100 17.8 18.9 18.3 6.97 6.92 6.94 3.7 4.2 4.0

40:60

100:0 17.9 18.8 18.8 6.97 6.73 6.84 3.8 4.3 4.0
75:25 18.6 19.6 19.3 6.97 6.73 6.84 3.8 4.3 4.0
50:50 19.2 20.2 19.7 6.97 6.74 6.85 3.7 4.3 4.0
25:75 19.3 20.4 19.8 6.97 6.73 6.84 3.7 4.3 4.0
0:100 19.3 20.4 19.8 6.99 6.74 6.87 3.9 4.3 4.1

SEM 0.42 0.45 0.44 0.04 0.04 0.06 0.48 0.07 0.26
Comparison

R:C ratio <0.01 <0.01 <0.01 0.04 <0.01 <0.01 0.43 <0.01 0.92
60:40 15.4 b 16.6 c 16.0 c 7.09 a 7.03 a 7.06 a 3.8 3.9 b 3.9
50:50 16.9 b 17.9 b 17.4 b 6.97 b 6.90 b 6.94 b 3.7 4.1 b 3.9
40:60 18.9 a 19.8 a 19.4 a 6.96 b 6.83 c 6.85 c 3.6 4.2 a 3.8

SBM:CWYW ratio 0.02 0.01 0.02 0.98 0.93 0.96 0.98 0.58 0.98
100:0 16.4 c 17.5 c 16.9 c 7.02 6.90 6.93 3.7 4.1 3.9
75:25 16.9 bc 17.6 bc 17.2 bc 7.01 6.90 6.95 3.7 4.1 3.9
50:50 17.2 abc 18.3 abc 17.6 abc 7.01 6.90 6.95 3.7 4.1 3.9
25:75 17.4 ab 18.5 ab 18.0 ab 7.00 6.90 6.96 3.7 4.1 3.9
0:100 17.6 a 19.4 a 18.2 a 6.98 6.88 6.96 3.8 4.2 4.0

Interaction 0.54 0.70 0.63 0.99 0.98 0.99 0.99 0.77 0.99
a–c Value on the same row with different superscripts differ (p < 0.05); 1 R:C = roughage to concentrate ratio. 2 SBM:CWYW = replacing
soybean meal with citric waste fermented yeast waste ratio.

Additionally, the R:C ratio of 40:60 significantly increased (p < 0.01) the ruminal NH3-
N at 2 h, 4 h, and the mean value and the values, which were 18.9, 19.8, and 19.4 mg/dL,
respectively. The ruminal pH at 2 h, 4 h, and the mean values ranged from 6.73 to 7.10,
which were reduced (p < 0.01) by the R:C ratio of 40:60 group. The protozoal population at
2 h and the mean values remained unchanged (p > 0.05), while the protozoal population at
4 h was increased (p < 0.05) by the R:C ratio of 40:60.

3.5. In Vitro VFAs Concentration

Table 5 shows the influence of substituting SBM for CWYW in combination with the
R:C ratio level on in vitro VFAs. An interaction effect was not detected between factors on
the in vitro VFA concentration (p > 0.05). In addition, the SBM:CWYW ratio did not impact
the in vitro VFA profile (p > 0.05). However, the total VFA at 2 h, 4 h, and the mean value
were significantly increased (p < 0.01) by decreasing the R:C ratio to 40:60. Propionate (C3)
at 2 h, 4 h, and the mean value were significantly increased (p < 0.01) by decreasing the
R:C ratio to 40:60. Furthermore, the decrease in the R:C ratio to 40:60 decreased (p < 0.01)
acetate (C2) at 2 h, 4 h, and the mean value. The C2 to C3 ratio (C2:C3) at 2 h, 4 h, and
the mean value were decreased (p < 0.01) by decreasing the R:C ratio, while butyrate (C4)
remained similar (p > 0.05).
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4. Discussion

4.1. Dietary Chemical Composition

In this study, the CP content of non-fermented citric waste was 110 g/kg DM, which
was comparable to the result reported by Silva et al. [5] (79.3–110.8 g/kg DM of CP).
However, a lower content of CP of 61.1 g/kg DM in citric waste was found in a study of
Tanpong et al. [7]. The NDF and ADF contents in non-fermented citric waste were lower
than in the report by Uriyapongson et al. [6] (861.3 and 197.4 g/kg DM, respectively). This
was probably due to the differences between raw materials used for citric production, such
as the variety, age of harvest, and soil fertilizer [24,25]. In addition, the processing of citric
production might influence the different nutrient compositions [5].

The CP content in the yeast waste used in this study was 315 g/kg DM, which is close
to the result from Bátori et al. [26], who reported 320 g/kg DM. However, the CP content in
yeast waste could vary from about 182.5 to 296 g/kg DM [10,27–29]. This might be caused
by substrate used in ethanol production, heat from the fermentation process, yeast strain,
and freshness of the yeast stillage, which is a complex medium [26,30,31].

After improving the citric acid waste quality by yeast waste fermentation, CWYW
was found to have increased CP to 535 g/kg DM when compared with non-fermented
citric waste. This could be due yeast waste containing high protein content and being rich
in essential amino acids [9,10]. In addition, the inclusion of media solution containing
urea in the CWYW fermented product during the fermentation process might enhance the
CP content [3]. Fiber contents were reduced when citric acid waste was fermented with
yeast waste. Similarly, Suntara et al. [32] indicated that some strains of yeast could produce
cellulolytic enzymes to break down fiber in plant materials. Furthermore, the fermentation
process with a media containing urea as an alkaline agent might degrade the structure fiber
of CWYW and lead to the fiber structure decreasing [33].

4.2. Kinetics and Cumulative Production of Gas

Yeast waste rich in S. cerevisiae could promote the microorganism in the rumen and
improve the incubated substrate’s digestibility, thus improving the kinetics of gas produc-
tion and increasing the total production of gas [34]. However, in this study, the kinetics
of gas was not changed by the SBM:CWYW ratio. This is probably due to the fermenta-
tion of protein not leading to the production of gas [35]. This agreed with the results of
Cherdthong et al. [10], who stated that the gas and fermentation kinetics was not changed
by the substitution of soybean meal with yeast waste.

Moreover, soluble fraction (a), rate of gas production (c), potential extent of gas
production (|a| + b), and the cumulative production of gas were significantly affected by
the R:C ratio. The addition of a high concentration ratio contributes to an improvement in
the rate of fermentation and soluble fraction of the rumen [34]. Starch degradation is an
important factor in regulating energy utilization for the growth of rumen microorganisms,
increasing the rumen population, and increasing digestion [36]. The potential extent of gas
production (|a| + b) is known to be essentially the result of the carbohydrates fermented
into acetate, propionate, and butyrate [37].

The present results demonstrated that the intercept value of (a) was negative in this
study. This was a result of the delay in ruminal microbial growth of the substrates during
the early stage of incubation. The data show that there is a lag period after the soluble
part of the substrate is ingested but before the cell walls are fermented [38,39]. Several
researchers [35,40] have also stated that, when using mathematical models to match the
kinetics of gas output, there were negative values for different substrates. It is understood
that it is possible to use the absolute value of a, (|a|), to define the ideal fermentation of
the soluble fraction. In this experiment, the absolute gas production was the highest for
the R:C ratio of 40:60. The soluble fraction makes it easy for rumen microbes to bind and
contribute to the greater production of gas [41]. The results revealed that the insoluble
fraction (b) at the R:C ratio of 60:40 was significantly the highest value. The high fiber in
feed had an effect of the increase in (b), which increases the polysaccharides and activities of
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glycoside hydrolase against lignified plant tissues [3]. Particularly, the NDF degradability
was substantially associated with the NDF fraction. Similarly, Phesatcha et al. [34] revealed
that (b) of gas production increased as the ratio of concentrates in the diet decreased.

4.3. In Vitro Digestibility

The yeast S. cerevisiae can scavenge the accessible oxygen to support metabolic activity,
thus reducing the ruminal redox potential and stimulating the ruminal microbes to have a
higher rate of feed digestion. This improves the digestibility of nutrients [34]. In addition,
the findings of Cherdthong et al. [11] showed that 100% of yeast waste could be used
to replace SBM as a source of protein in concentrated diets without detrimental effects
on digestibility. The present results indicated that CWYW can replace SBM at up to 75%
without a negative impact on IVDMD and IVOMD.

During its metabolic activities, S. cerevisiae may be responsible for secreting extracellu-
lar enzymes into the citric waste mash, such as lignocellulose peroxidase, lignin peroxidase,
cellulase, and hemicellulose [32,42]. This results in yeast proliferation. Additionally, this
could happen because the alkaline agents (ammonium hydroxide; NH4OH) produced from
urea during the fermentation process of CWYW cause the hemicellulose–lignin complex in
citric waste to swell [33]. The concentrated alkaline agents can physically swell structural
fibers by chemically degrading their ester bonds [43]. This could help enable the extra-
cellular enzymes from S. cerevisiae to attack the structural carbohydrates more easily and
increase the degradability of CWYW.

However, replacement with SBM:CWYW at up to 100% decreased IVDMD at 24 h and
the mean value. This could be due to the structural carbohydrates content in the CWYW
negatively affecting digestibility in vitro. Uriyapongson et al. [6] reported that the use of
citric waste at more than 10% in the diet results in the digestibility decreasing because of
the high fiber content. It was concluded that changes in cell-wall composition involving
structural carbohydrate contents in CWYW restricted the possible degree of digestion,
while chemical factors other than the crystalline or physical nature of the fiber limited the
rate of digestion [44].

The R:C ratio of 40:60 improved the in vitro digestibility. This may have been due to
increased levels of concentrate, which would supply energy that is more readily available,
thereby improving the subsequent degradability by ruminal microbes. The concentrate
diet has a pronounced stimulatory effect on the ruminal microflora that is achieved more
readily from carbohydrates than from forages in the rumen [45]. These studies agree with
Cherdthong et al. [12], who demonstrated that when the fiber value was reduced, particu-
larly with a higher concentrate level, ruminal microbe activity could be encouraged [46].
However, in buffalo, the in vitro organic matter digestibility (IVOMD) increased with
the increase in concentrate in the diet, while the cumulative gas production showed an
irregular trend and was not closely correlated to digested OM [47].

4.4. In Vitro Ruminal NH3-N Concentration and Ruminal pH

In the present study, the ruminal NH3-N concentration was increased with higher
levels of concentrate diet and levels of CWYW used to replace soybean meal. This is
probably due to CWYW containing yeast waste, which has a high protein content of
315 g/kg DM. Thus, substantial increases in NH3-N concentrations occur in response to
the microbial degradation of yeast cells [48,49]. Additionally, it could be due to the ability
to provide stimulatory factors and even protein [50,51] to ruminal bacteria, or by changing
in the abundance of microbes with proteolytic activity [52].

Another reason is likely the NPN-urea level in CWYW, which was higher than in
previous studies by Polyorach et al. [3], where increased levels of urea-N in feed resulted
in an increase in ruminal NH3-N concentration from the dissolution of urea. The rapid
hydrolysis of NPN-urea to rumen NH3-N by microbial enzymes is another possible cause
in the present study [10]. The amount of N actually digested in the rumen increased as
the proportion of concentrate in the diet increased, which is likely to be a key explanation
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for enhancing in the concentration of NH3-N in the rumen [14]. Additionally, decreasing
the R:C ratio from 60:40 to 40:60 in the diet increased the ruminal NH3-N concentration.
Similarly, Suriyapha et al. [46] and Matra et al. [53] revealed that the concentrations of
rumen NH3-N increased significantly with a decreasing R:C ratio.

The ruminal pH is an important parameter that reflects the internal homeostasis of the
rumen environment. Normally, ruminants have a highly balanced ecology for preserving
a ruminal pH range of 6.0–7.0 [14]. The yeast motivates lactate users and enhances their
population, but it also serves as a contender with the producers of lactate [54]. However,
the data of this study revealed that the ruminal pH was not changed by the influence of the
SBM:CWYW ratio. Similarly, Cherdthong et al. [10] found that 100% of yeast waste used to
replace soybean meal did not change the ruminal pH in vitro, and saw no negative impact
on the ruminal pH in Thai native bulls [11]. Additionally, ruminal pH at 4 h and the mean
value were decreased by the higher R:C ratio. This agrees with Cherdthong et al. [12], who
reported that a high ratio of concentrate diet usually results in a significant drop in ruminal
pH, which decreases the activity of cellulolytic bacteria and slows digestion.

4.5. In Vitro Protozoal Population

This study revealed that the number of protozoa did not change when changing the
SBM:CWYW ratio. However, the protozoal counts at 4 h was increased by the highest
concentrate ratio, which agrees with Cherdthong et al. [12]. This might have happened
because of the role of protozoal in starch utilization, which progressively increase when a
carbohydrate with fast fermentation is added [34]. In contrast, Van Soest [55] demonstrated
that feeding over a certain level of concentrate diet could reduce the population of protozoa.
Suriyapha et al. [46] and Matra et al. [53] revealed that an experimental diet with an R:C
ratio higher than 30:70 decreased the protozoal population. This is probably due to the
increased concentrate diet leading to a high fermentation rate, which results in a lower pH
that is unsuitable for the rumen ecology and decreases protozoal populations [3].

4.6. In Vitro VFAs

When replacing SBM with CWYW at up to 100%, the concentration of VFA and VFA
profiles could be maintained. Similar results on VFA production between CWYW and SMB
indicate that CWYW has similar nutritional quality and that it could be comparable to
SBM when used to enhance ruminal end-products. Increased concentrate levels enhanced
in vitro VFA, which could be supported by the fact that a concentrate diet contains a
fraction of highly degradable carbohydrates, particularly starch. The high level of starch in
concentrate diet appeared to increase the total VFA and C3, while C2 and the C2:C3 ratio
were decreased with an expanding concentrate level [45,56].

In particular, C3 is obtained by the fermentation of soluble carbohydrates with more
concentrate diet by ruminal bacteria activity [57]. This agrees with Cherdthong et al. [11],
who also reported that the fermentation of a high concentrate level resulted in a greater
molar concentration of ruminal C3. In addition, Phesatcha et al. [34] reported that increasing
the ratio of a concentrate diet to 80% could increase VFA and C3, whereas C2 and the C2:C3
ratios decreased.

5. Conclusions

Citric waste can improve the nutritional values by being fermented with yeast waste
and appropriate media solutions. No interaction effect was found between the R:C ratio and
SBM:CWYW for all parameters. CWYW could be substituted for SBM in concentrate diets
at up to 75% by without negative impact on gas kinetics, ruminal parameters, and in vitro
digestibility. In addition, the R:C ratio of 40:60 could be beneficial for gas kinetics, ruminal
ecology, digestibility, volatile fatty acids, and propionic acid concentration. However, more
in vivo trials should be conducted in order to determine the success of animal production.
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Abstract: There is ever increasing evidence that isocitric acid can be used as a promising compound
with powerful antioxidant activity to combat oxidative stress. This work demonstrates the possibility
of using waste product from the alcohol industry (so-called ester-aldehyde fraction) for production
of isocitric acid by yeasts. The potential producer of isocitric acid from this fraction, Yarrowia
lipolytica VKM Y-2373, was selected by screening of various yeast cultures. The selected strain
showed sufficient growth and good acid formation in media with growth-limiting concentrations of
nitrogen, sulfur, phosphorus, and magnesium. A shortage of Fe2+ and Ca2+ ions suppressed both
Y. lipolytica growth and formation of isocitric acid. The preferential synthesis of isocitric acid can be
regulated by changing the nature and concentration of nitrogen source, pH of cultivation medium,
and concentration of ester-aldehyde fraction. Experiments in this direction allowed us to obtain
65 g/L isocitric acid with a product yield (YICA) of 0.65 g/g in four days of cultivation.

Keywords: microbial synthesis; yeast; isocitric acid; Yarrowia lipolytica; waste from alcohol industry;
ester-aldehyde fraction; optimization

1. Introduction

Over the past two decades, isocitric acid has attracted the attention of researchers as a
promising compound for the pharmaceutical and food industry [1–11]. The antioxidant
activity of microbially produced isocitric acid exceeds that of the classic antioxidant ascorbic
acid [7]. Isocitric acid beneficially influences the spatial memory of intact laboratory rats
and those intoxicated with heavy metals. It reduces the number of inadequate conditioned
reactions and promotes the development of skills that meet new spatial conditions [8,10].

Despite many positive properties, isocitric acid is still rarely used due to its difficult
production. Chemical synthesis gives a mixture of four stereoisomers of isocitric acid: threo-
DS-, threo-Ls-, erythro-Ds-, and erythro-Ls- [12], of which only threo-DS- or (2R,3S)-isocitric
acid (according to IUPAC Organic Nomenclature) is a metabolite of the tricarboxilic acid
(TCA) cycle used by all aerobic organisms. It is this isomer that is commonly called isocitric
acid (ICA). At the moment, the technology of separation of mixtures of stereoisomers has
not been developed. In other words, chemical synthesis cannot be used for production of
pharmacopoeial quality ICA. As for the production of naturally occurring ICA with the aid
of the specially cultivated plant Sedum spectabile, the cost of ICA produced by this method
is too high (USD 750 per 1g ICA) [8].

Alternatively, ICA can be produced using the yeast Yarrowia lipolytica [3,11]. The
representatives of this species are nonpathogenic and have a status of GRAS (generally
regarded as safe). They do not form mycotoxins and potentially allergenic spores during
cultivation. Their metabolites are not toxic, mutagenic or clastogenic and hence can be used
as food additives [13,14]. The microbial synthesis of ICA is relatively simple, fast, and cheap.
As a result, the produced ICA becomes affordable and cost-effective for wide application.
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The existing microbial methods of ICA production suggest the use of purified substrates
as sources of carbon and energy. The range of such substrates includes ethanol [7,8,15,16],
rapeseed oil [17–19], sunflower oil [1,3,4,20], glucose [21–24] and glycerol [21–25]. Besides,
researchers used cheap wastes from biodiesel production [10,26,27]. In the works cited
above, it is emphasized that the main condition of ICA production is the limitation of
yeast growth by nitrogen source and the excess of carbon source. In all cases, ICA was
synthesized together with citric acid (CA).

An urgent task is to expand the list of growth substrates used, increase the yield of
organic acids, and reduce the cost of the final product. When developing the process of
ICA production by yeast Y. lipolytica, we decided to use waste from the alcohol industry
known as ester-aldehyde fraction (EAF).

EAF is formed as an ethanol distillation byproduct and contains some amount of
ethanol and a range of volatile substances with a specific color and odor. These substances
include aldehydes, methanol, esters, and carboxylic acids. Despite the low content of these
substances, they are harmful, especially aldehydes, and cause a strong irritant effect on the
mucosa of the eyes and upper respiratory tract. As a result, EAF is widely used only in
the paint and varnish industry. At the same time, the main component of EAF, ethanol,
is readily utilized by the yeast Y. lipolytica in concentrations up to 3 wt% [28] and may
serve as an excellent substrate for the biosynthetic production of ICA [7,8,15,16]. To date,
EAF has not been investigated as a potential source of carbon and energy for microbial
ICA production.

The aim of this work was to study the possibility of using EAF for ICA production
with the aid of yeasts, to select a promising producer, and to determine the cultivation
conditions that provide an enhanced and directed synthesis of ICA.

2. Materials and Methods

Experiments were carried out with 35 wild strains of various yeast species and genera
obtained from the All-Russian Collection of Microorganisms (VKM), as well as with the
mutant and recombinant strains of Y. lipolytica from the culture collection of the laboratory
of aerobic microbial metabolism of the Institute of Biochemistry and Physiology of Microor-
ganisms of Russian Academy of Sciences. The mutant strain Y. lipolytica UV/NNG was
derived from the wild strain Y. lipolytica VKM Y-2373 by ultraviolet irradiation (4 min) and
treatment with N-methyl-N′-nitro-N-nitrosoguanidine (50 μg/mL) [17]. The recombinant
strain Y. lipolytica ACO1 (no. 20) with the superexpressed gene of aconitate hydratase was
derived from the wild strain Y. lipolytica 607 [18]. All strains under study were maintained
at +4 ◦C on Reader agar with paraffin and re-cultured each 3 months.

All chemicals were of analytical grade (Mosreactiv, Russia). EAF represented a light-
yellow liquid with a persistent unpleasant odor. EAF contained ethanol (90 vol%), alde-
hydes (0.5 g/L in terms of acetaldehyde), esters (0.4 g/L in terms of ethylacetate), and
methanol (1 vol%).

To select ICA producers, yeast strains were cultivated at 29 ◦C on a shaker (130 rpm)
in large tubes (2 cm in diameter and 20 cm long) with 5 mL of Reader medium with a
10-fold reduced content of ammonium sulfate. This medium contained (g/L): (NH4)2SO4,
0.3; MgSO4·7H2O, 0.7; Ca(NO3)2·4H2O, 0.4; NaCl, 0.5; KH2PO4, 1.0; and K2HPO4, 0.2.
The medium was supplemented with yeast extract “Difco” (0.5 g/L) and Burkholder
microelement solution of the following composition (mg/L): KJ, 0.1; B3+, 0.01; Mn2+, 0.01;
Zn2+, 0.01; Cu2+, 0.01; Mo2+, 0.01; and Fe2+, 0.05. EAF was added in portions (2 g/L) to the
concentration of 20 g/L. Cultivation lasted 4 days.

To study the effect of growth-limiting components of cultivation media, the strain Y.
lipolytica VKM Y-2373 was cultivated at 29 ◦C on the shaker (130 rpm) in 750-mL Erlenmeyer
flasks with 50 mL of a modified Reader medium with the concentrations of KH2PO4,
K2HPO4, and sulfur were reduced 100-fold; the concentrations of MgSO4 and calcium were
reduced 500-fold; and the concentration of iron was reduced by 50 times in comparison
with the original Reader medium. EAF was added in portions (2 g/L) to the concentration
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of 20 g/L. During cultivation, pH was maintained automatically at a level of 6.0 by adding
the necessary amount of a sterile solution of NaOH. Cultivation lasted 4 days.

Experiments on the influence of nitrogen source were carried out in the flasks as
described above. Various nitrogen sources were added in the concentration of 63 mg/L (in
terms of nitrogen). Experiments on the effect of pH were described below in details in the
Results section.

To study the effect of EAF concentration and dynamics of ICA formation, Y. lipolytica
VKM Y-2373 was cultivated in a 10-l ANKUM-2M fermentor (IBP RAS, Pushchino, Russia)
with the culture volume of 5 L. The cultivation temperature was 29 ◦C, the concentra-
tion of dissolved oxygen was 55–60% (of air saturation), pH was 6.0, and agitation was
800 rpm. The modified Reader medium contained (g/L): (NH4)2SO4, 3.0; MgSO4·7H2O, 1.4;
Ca(NO3)2, 0.8; NaCl, 0.5; KH2PO4, 2.0; K2HPO4, 0.2; double volume of Burkholder solution.
The concentration of Zn2+ and Fe2+ was increased to 0.3 and 1.2 mg/L, respectively. Yeast
autolysate was added to the fermentor before inoculation at a concentration of 6.3 mL/L.
EAF was added in portions (from 1 to 10 g/L) at the moments when oxygen concentration
in the fermentor fell by 10% (of air saturation) from the basal level. Cultivation lasted
4 days.

Yeast growth was followed by measuring the biomass dry weight: 1–3 mL of the
culture broth was filtered through a membrane filter; yeast cells were washed with H2O
and dried under vacuum at 110 ◦C to the constant weight.

Concentration of NH4
+ was determined potentiometrically with an Ecotest-120 ionome-

ter using an Ekom-NH4 electrode (Econix, Moscow, Russia).
Ethanol and impurities in the EAF were determined by gas-liquid chromatography on

a Chrom-5 chromatograph (Laboratory Instruments, Praha, Czech Republic) with a flame-
ionization detector using a glass column (200 × 0.3 mm) packed with 15% Reoplex-400 on
Chromaton N-AW (0.16–0.20 mm) at a column temperature of 65 ◦C; argon was used as a
carrier gas.

To analyze organic acids, the culture broth was centrifuged (8000× g, 20 ◦C, 3 min);
1 mL of the supernatant was diluted with an equal volume of 8% HClO4 and the con-
centration of organic acids was measured on an HPLC chromatograph (LKB, Sweden)
equipped with an Inertsil ODS-3 reversed-phase column (250 × 4 mm, Elsiko, Moscow,
Russia) at 210 nm; 20 mM phosphoric acid was used as a mobile phase with a flow rate
of 1.0 mL·min−1; the column temperature was maintained at 35 ◦C. Quantitative determi-
nation of acids was carried out with the help of calibration curves constructed with the
use of appropriate standards (Sigma-Aldrich, St. Louis, MO, USA). Moreover, diagnostic
kits (Roche Diagnostics GmbH, Mannheim, Germany) were used for the assay of ICA
and CA concentrations. The determination of ICA was based on the measurement of
NADPH produced during the conversion of ICA to α-ketoglutarate, a reaction catalyzed
by isocitrate dehydrogenase. The determination of CA was based on the measurement
of NADH produced during the conversion of CA to oxaloacetate and its decarboxylation
product, pyruvate, and subsequent conversion to L-malate and L-lactate. Reactions were
catalyzed by citrate lyase, malate dehydrogenase and L-lactate dehydrogenase.

The calculation of production parameters, such as the product yield (YICA), the specific
growth rate (μ), the specific rate of ICA synthesis (qICA), and volume productivity (QICA),
have been described earlier [20,26].

The results presented in this paper are the means of experiments performed in trip-
licate or quadruplicate. Each measurement was repeated twice. Standard deviation did
not exceed 10%. The product yield (YICA), the specific rate of synthesis (qICA), and volume
productivity (QICA) were calculated based on average values of ICA.

3. Results

3.1. Selection of ICA Producer

The quantitative composition of the metabolites excreted from the cells of various
yeast strains when their growth was limited by nitrogen shortage is shown in Table 1. As
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seen from this table, most of the strains studied (26 from 35) excreted ICA in amounts from
0.06 to 5.51 g/L when they grew on EAF under nitrogen deficiency. Four of these strains
produced ICA in small amounts (below 0.1 g/L); 12 strains produced it in amounts from
0.1 to 0.5 g/L; 2 strains, from 0.5 to 1 g/L; 3 strains, from 1 to 2 g/L; and 2 strains, from 2 to
3 g/L. The maximum ICA-producing ability was exhibited by three strains, Y. lipolytica
VKM Y-2373, Y. lipolytica UV/NNG, and Y. lipolytica ACO1 no. 20 (5.51, 4.61, and 3.73 g/L,
respectively). Besides ICA, the yeast strains excreted other metabolites, such as citric acid
(CA), acetic acid (AA), α-ketoglutaric acid (KGA), succinic acid (SA), malic acid (MA), and
fumaric acid (FA). Most strains of the species Y. lipolytica excreted mainly ICA (from 32.3
to 53.5% of the total amount of acids), the maximum relative content of ICA (53.5% of the
total amount of acids) being demonstrated by the wild strain Y. lipolytica VKM Y-2373. It
is this strain that was chosen for further investigations as a promising producer of ICA
from EAF.

Table 1. Acid production by yeast in the medium containing EAF as a carbon source under nitrogen limitation.

Strain
Acids (g/L)

ICA (% of Total Acids)
ICA AA CA KGA SA MA FA

Aciculoconidium aculeatum VKM
Y-1301 0 0 0.11 0 0 0.11 0.06 -

Babjeviella inositovora VKM Y-2494 0.10 0.09 0.13 0.08 0 0.04 0.05 22.7
Blastobotrys adeninivorans VKM

Y-2676 0 0.11 0.33 0.16 0 0.11 0.11 -

Candida intermedia 0.08 0.12 0.01 0.12 0 0.12 0.12 17.8
C. saitoana 127 0.10 0 0.45 0.07 0 0.1 0.07 13.9

C. utilis VKM Y-33 0 0.14 1.05 0.42 0.32 0.45 0.10 -
C. zeylanoides VKM Y-14 0.50 0.12 1.0 0.10 0.32 0.44 0.07 20.2

C. zeylanoides VKM Y-2324 0.38 0.12 0.55 0.13 0.25 0.22 0.06 23.0
C. valida VKM Y-1493 0.14 0.12 0 0 0.52 0.12 0.01 15.6

Diutina catenulata VKM Y-5 0.15 0.15 0.21 1.50 0.33 0.62 0.08 5.1
D. rugosa VKM Y-67 0 0.14 0.15 0 0.2 0 0.07 -

Kluyveromyces wickerhamii VKM
Y-589 0 0.62 0.18 0.08 0.21 0.10 0.05 -

Kregervanrija fluxuum VKM Y-240 0.31 0.11 0 0.10 0.32 0.15 0.08 31.3
Meyerozyma guilliermondii 0.20 0.53 0.45 0.09 0.15 0.12 0.05 13.0
Pichia besseyi VKM Y-2084 0 0.12 0.43 0.45 0.40 0.32 0.03 -

P. media VKM Y-1381 0.20 0.10 0.40 0.10 0.33 0.10 0.04 16.3
P. membranifaciens VKM Y-292 0 0.13 0.15 0 0.13 0 0.07 -
Sugiyamaella paludigena VKM

Y-2443 0.08 0.55 0 0.40 0.55 0.32 0.07 4.2

Torulaspora candida 420 0.10 0.45 0.32 0.10 0 0.10 0.08 9.3
T. globosa VKM Y-93 0.10 0.10 0 0.10 0.10 0.10 0.10 20.0

Wickerhamomyces anomalus VKM
Y-118 0 0.15 0 0.10 0.43 0.12 0.07 -

Yarrowia lipolytica 12a 0.15 0.15 0 0.09 0.52 0.15 0.06 14.2
Y. lipolytica VKM Y-47 0 0.10 0.52 0.45 0.40 0.30 0.10 -

Y. lipolytica 68 0.06 0.10 0.07 0.10 0.10 0.10 0.10 11.3
Y. lipolytica 69 1.11 0.15 0.92 0.50 0.35 0.41 0.12 32.3

Y. lipolytica VKM Y-57 1.42 0.10 0.72 0.07 0.35 0.21 0.06 49.5
Y. lipolytica VKM Y-2412 1.75 0.10 1.50 0.09 0.24 0.10 0.20 46.3

Y. lipolytica 374/4 2.10 0.15 1.63 0.08 0.14 0.11 0.02 50.0
Y. lipolytica 571 0.55 0.10 0.30 0.10 0.10 0.10 0.10 44.0
Y. lipolytica 581 0.65 0.10 0.72 0.10 0.10 0.10 0.10 36.7
Y. lipolytica 585 0.06 0.08 0.10 0 0.30 0.10 0.08 9.4
Y. lipolytica 607 2.30 0.10 1.50 0.10 0.45 0.10 0.10 50.5

Y. lipolytica VKM-2373 5.51 0.5 4.24 0.10 0.13 0.12 0.08 53.5
Y. lipolytica UV/NNG 4.61 1.17 3.18 1.15 0.12 0.10 0.10 44.6

Y. lipolytica ACO1 no. 20 3.73 1.0 2.65 0.65 0.10 0.10 0.10 45.3

Acids: ICA—isocitric acid, AA—acetic acid, CA—citric acid, KGA—α-ketoglutaric acid, SA—succinic acid, MA—malic acid, FA—fumaric
acid. All the data presented are the mean values of three experiments and two measurements for each experiment (SD < 10%).
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3.2. Effect of Growth-Limiting Component of Cultivation Media

As seen from Table 2, the strain Y. lipolytica VKM Y-2373 growing in the complete
medium with EAF did not produce acids. However, the limitation of its growth by either
of the biogenic elements N, P, and S led to excretion of ICA and CA in the ratio varied
from 1.7:1 to 1.3:1. The limitation of its growth by Mg increased the ICA:CA ratio to
3.4:1, however, the amount of excreted ICA was 2.7 times lower than under nitrogen
deficiency. Under deficiency of Fe2+ (0.001 mg/L) or Ca2+ (0.136 mg/L), ICA and CA were
not produced, although Fe2+ caused the formation of AA in a noticeable amount (1.25 g/L).
The maximum ICA production (6.33 g/L) with a product yield (YICA) (0.32 g/g) were
observed in the case of nitrogen limitation. Moreover, yeast cells require nitrogen in greater
amounts than other nutrient elements (P, S, Mg) and, hence, the deficiency of this element
in the culture medium can easily be controlled. For this reason, further experiments were
carried out with the limitation of yeast growth by a nitrogen source.

Table 2. Effect of limiting component on the growth of Y. lipolytica VKM Y-2373 and ICA production.

Parameters

Full Medium (mg/L)
N—630, P—246,

S—186, Mg—140,
Ca—68, Fe—0.05

Limiting Component (mg/L)

N (63.0) P (2.5) S (1.9) Mg (0.28) Ca (0.136) Fe (0.001)

Biomass (g/L) 8.9 2.33 ± 0.40 1.77 ± 0.15 1.67 ± 0.15 2.10 ± 0.20 1.03 ± 0.21 1.05 ± 0.25

ICA (g/L) 0 6.33 ± 0.32 5.27 ± 0.15 5.65 ± 0.25 2.37 ± 0.21 0 0

CA (g/L) 0 3.70 ± 0.20 3.43 ± 0.31 4.37 ± 0.21 0.70 ± 0.10 0 0

AA (g/L) 0 Tr Tr Tr Tr 0 1.25 ± 0.32

ICA/CA ratio - 1.7:1 1.5:1 1.3:1 3.4:1 - -

YICA (g/g) - 0.32 0.26 0.30 0.11 - -

“Tr” stands for trace amount.

3.3. Effect of Nitrogen Source

As seen from Table 3, the best source of nitrogen was found to be urea ((NH2)2CO)
and ammonium sulfate ((NH4)2SO4) (biomass of 2.35 and 2.33 g/L, respectively), but
ammonium acetate (CH3COONH4) was unable to support the growth of Y. lipolytica VKM
Y-2373 (biomass of 1.19 g/L).

Table 3. Effect of nitrogen source on the growth of Y. lipolytica VKM Y-2373 and ICA production.

Parameters
Nitrogen Concentration (63 mg/L)

(NH4)2SO4 (NH2)2CO NH4CL NH4NO3 CH3COONH4

Biomass (g/L) 2.33 ± 0.04 2.35 ± 0.31 1.63 ± 0.16 1.76 ± 0.14 1.19 ± 0.03

ICA (g/L) 6.33 ± 0.32 5.90 ± 0.15 5.01 ± 0.28 4.43 ± 0.39 2.03 ± 0.15

CA (g/L) 3.70 ± 0.20 3.52 ± 0.19 3.07 ± 0.21 2.93 ± 0.15 1.77 ± 0.21

AA (g/L) 0.5 Tr 0.5 Tr Tr

ICA/CA ratio 1.7:1 1.7:1 1.6:1 1.5:1 1.2:1

YICA (g/g) 0.32 0.30 0.25 0.22 0.10

“Tr” stands for trace amount.

Nitrogen source influenced not only yeast growth, but also the production of ICA.
The production was at the maximum (6.33 g/L) with (NH4)2SO4. With (NH2)2CO the ICA
production was slightly lower (5.9 g/L). With NH4Cl and NH4NO3, the ICA production
decreased by 21% and 30%, respectively, in comparison with the growth limitation by
(NH4)2SO4. CH3COONH4 was found to be the worst nitrogen source for ICA production
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(2.03 g/L). The ICA to CA ratio varied from 1.2:1 to 1.7:1 depending on the nitrogen source
used. The maximum shift toward the formation of ICA and the maximum product yield
(YICA = 0.32 g/g) was observed in the case of growth limitation by (NH4)2SO4.

3.4. Effect of pH

The growth of Y. lipolytica VKM Y-2373 in media with EAF without titration was
accompanied by a drastic fall of pH (down to 2) by the end of cultivation (Table 4) which
was caused by consumption of the cation of physiologically acidic salt (NH4)2SO4 and the
accumulation of excreted organic acids in the medium. In this case, the production of ICA
and CA was low (1.03 and 0.57 g/L, respectively). In contrast, the regular (daily) alkaliza-
tion of the growth medium during yeast cultivation by the addition of 10 wt% NaOH led
to a lower decrease in pH (down to 5) by the end of cultivation and the accumulation of
ICA and CA in greater amounts (6.33 and 3.70 g/L, respectively). Still, better results were
obtained when the medium was supplemented with 2 wt% CaCO3 just after inoculation of
the medium. This approach allowed us to maintain the pH of the medium at the initial
level of 6 during the whole cultivation period. In this case, the production of ICA and CA
increased to 8.3 and 5.53 g/L, respectively, although the accumulation of cell biomass even
slightly decreased. The increase of CaCO3 concentration to 3 wt% did not enhance the
production of ICA.

Table 4. Effect of medium titration on Y. lipolytica VKM Y-2373 growth and ICA production.

Parameters Without Titration
Titration

10 wt% NaOH 2 wt% CaCO3 3 wt% CaCO3

Initial pH 6.0 6.0 6.0 6.5
Final pH 2.0 5.0 6.0 6.5

Biomass (g/L) 1.50 ± 0.10 2.33 ± 0.04 1.90 ± 0.10 1.80 ± 0.10
ICA (g/L) 1.03 ± 0.15 6.33 ± 0.32 8.30 ± 0.30 9.00 ± 0.26
CA (g/L) 0.57 ± 0.12 3.70 ± 0.20 5.53 ± 0.15 6.03 ± 0.65
AA (g/L) 0.5 0.5 0.1 0.1

ICA/CA ratio 1.8:1 1.7:1 1.5:1 1.5:1
YICA (g/g) 0.05 0.32 0.42 0.45

“Tr” stands for trace amount.

Further experiments were designed in order to understand in more detail the depen-
dence of ICA biosynthesis on the pH of the cultivation medium. For this purpose, 1 M
phosphate buffer with pH varied from 4 to 7 was added to the cultivation medium in an
amount of 20 vol%. If the pH of the medium during cultivation shifted from the set value,
it was corrected by the addition of either NaOH. NaOH, rather than other titrants, was
chosen because it provided the maximum shift toward the formation of ICA.

The experiments showed that pH values from 4 to 6.5 are beneficial for yeast growth
(Table 5). The range of pH values favorable for ICA production was narrower. At pH equal
to 4.0, the production of ICA was low (3.04 g/L ICA, YICA = 0.15 g/g). The maximum
production of ICA (9.5 and 9.0 g/L, respectively), was observed at the pH values of 6.0
and 6.5.
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Table 5. Effect of pH medium on the growth of Y. lipolytica VKM Y-2373 and ICA production.

Parameters
pH

4.0 4.5 5.0 5.5 6.0 6.5 7.0

Biomass (g/L) 2.76 ± 0.12 2.70 ± 0.26 2.60 ± 0.10 2.45 ± 0.10 2.30 ± 0.10 2.15 ± 0.10 2.00 ± 0.11

ICA (g/L) 3.04 ± 0.09 5.90 ± 0.20 6.59 ± 0.19 8.00 ± 0.23 9.50 ± 0.26 9.00 ± 0.10 7.31 ± 0.20

CA (g/L) 1.90 ± 0.17 3.67 ± 0.15 3.88 ± 0.11 4.53 ± 0.13 5.16 ± 0.15 5.05 ± 0.21 4.53 ± 0.13

AA (g/L) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

ICA/CA ratio 1.6:1 1.6:1 1.7:1 1.8:1 1.8:1 1.8:1 1.6:1

3.5. Effect of EAF Concentration

EAF was added to the growth medium in the fermentor in the portions varied from 1
to 10 g/L. As seen from Table 6, the content of EAF in the medium weakly influenced the
growth of Y. lipolytica VKM Y-2373, so that the accumulation of cell biomass was between
13 and 14.5 g/L. At the same time, the quantitative composition of excreted organic acids
greatly depended on the EAF concentration. Indeed, at the EAF concentration equal to
1 g/L, the yeast strain synthesized ICA and CA in equal amounts (ICA:CA = 1:1) and
the concentration of AA did not exceed 0.5 g/L. The increase in the concentration of EAF
from 1 to 4 g/L promoted the production of ICA from 51.5 to 60.7 g/L and suppressed
the production of CA from 51.3 to 31.3 g/L, so that the ICA:CA ratio became 2:1. The
increase in the concentration of EAF from 4 to 6 g/L slightly suppressed the production
of both ICA and CA (to 54.1 and 27.0 g/L, respectively). The concentration of EAF equal
to 10 g/L greatly suppressed the formation of ICA (22.2 g/L) and CA (16.0 g/L) and
promoted the accumulation of AA in the medium to 12 g/L. The maximum values of
volume productivity (QICA = 0.89 g ICA/L·h) and product yield (YICA = 0.61 g/g) were
observed when EAF was added to the medium in the concentration of 4 g/L.

Table 6. Effect of EAF on the growth of Y. lipolytica VKM Y-2373 and ICA production.

Parameters
EAF Content, Periodically Added to the Cultivation Medium (g/L)

1 2 4 6 10

Biomass (g/L) 13.0 ± 0.2 13.6 ± 1.2 13.3 ± 0.4 14.5 ± 0.2 14.1 ± 1.3

ICA (g/L) 51.5 ± 5.2 56.6 ± 4.4 60.7 ± 2.1 54.1 ± 3.5 22.2 ± 1.1

CA (g/L) 51.3 ± 2.1 33.4 ± 1.2 31.1 ± 2.2 27.0 ± 2.0 16.0 ± 1.1

AA (g/L) 0.5 0.5 0.5 0.5 12.0 ± 1.4

ICA/CA ratio 1:1 1.7:1 2:1 2:1 1.4:1

YICA (g/g) 0.47 0.55 0.61 0.53 0.25

QICA (g/L·h) 0.78 0.81 0.89 0.81 0.31

3.6. Dynamics of Yeast Growth and Acid Excretion

The dynamics of growth of Y. lipolytica VKM Y-2373 and acid excretion were studied
using cultivation in the fermentor. Cell growth was limited by shortage of the nitrogen
source ((NH4)2SO4 = 3 g/L). The growth substrate EAF was added in portions varied from
2 to 6 g/L. The concentration of dissolved oxygen comprised 60% (of air saturation); pH
was maintained at the level of 6.0.

As seen from Figure 1, the growth curve of Y. lipolytica VKM Y-2373 had a clear-cut
exponential phase (to 12 h of growth), a phase of growth retardation (from 12 to 24 h of
growth), and then a stationary phase. The maximum specific growth rate (μmax = 0.282 h−1)
was observed at 6 h of cultivation. The excretion of ICA and CA began during the transition
of the yeast culture from exponential growth to retarded growth, when the specific growth
rate (μ) fell by two times from its maximum value. In the late phase of retarded growth
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and stationary phase, the yeast strain continued to synthesize ICA and CA with a specific
rate of synthesis (qICA) equal to 0.08–0.083 g/g·h; beginning from 60 h of growth, the rate
of ICA synthesis decreased by 2 times. By the end of the cultivation period, the culture
liquid contained 65.0 g/L ICA and 31.2 g/L CA with the ICA:CA ratio equal to 2.1:1. The
maximum values of volume productivity (QICA) and product yield (YICA) were 0.95 g
ICA/L·h and 0.65 g/g, respectively.

Figure 1. Time course of growth of Y. lipolytica VKM Y-2373, nitrogen consumption, citric acids production in the medium
with EAF (top) and the calculated parameters of ICA production (bottom). N—nitrogen; ICA—isocitric acid; CA—citric
acid; logX—logarithm of biomass; μ—the specific growth rate; qICA—the specific rate of ICA synthesis.
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4. Discussion

The results obtained revealed the possibility to use a cheap hard-to-recycle waste—
EAF for the microbial production of ICA by yeast strains.

ICA production from EAF was observed in 26 strains (Table 1), but the maximum ICA
concentration and the relative content was indicated in the wild-type strain Y. lipolytica
VKM Y-2373.

The following peculiarities of ICA production from EAF by the selected strain were
revealed.

The strain Y. lipolytica VKM Y-2373 cultivated in the complete nutrient medium showed
good growth but without excretion of organic acids. The basic condition of excretion of
ICA and CA from EAF was the limitation of Y. lipolytica VKM Y-2373 growth by shortage of
nitrogen source (as well as sources of phosphorus, sulfur, or magnesium). The limitation of
the strain growth by Ca2+ ions did not cause acid excretion, while the Fe2+ ions deficiency
stimulated the excretion of acetic acid, but not ICA or CA (Table 2). It should be noted that
the limitation of culture growth by shortage of biogenic elements is a common approach
to stimulation of the excretion of organic acids. For example, the excretion of CA by Y.
lipolytica was stimulated by deficiency of N and P [29–31]; the excretion of itaconic acid by
Aspergillus terreus was stimulated by P shortage [32,33]; and the excretion of gluconic acid
by Aspergillus niger was stimulated by shortage of N and P [34]. The most part of studies
concerned the biosynthesis of ICA and CA by Y. lipolytica was performed under conditions
of nitrogen deficiency [15–17,22,23,35]. On the other hand, some authors reported that the
addition of 0.7 g/L (NH4)2SO4 to the medium with the glycerol-containing wastes from
biodiesel production shifts the biosynthesis of citric acids toward the preferential synthesis
of ICA, as is evident from the shift of the CA:ICA ratio from 1.2:1 to 1:11.5 [26].

Y. lipolytica VKM Y-2373 was found to be able assimilate all nitrogen sources inves-
tigated, including inorganic and organic forms. However, it should be noted that the
most suitable nitrogen source is ammonium sulfate because it provides the maximum
ICA production and its concentration can easily be controlled (Table 3). In experiments
with the wide ICA-producing strains of Y. lipolytica grown in media with rapeseed oil,
glycerol, glucose, and ethanol as the carbon sources, the authors usually employed NH4Cl
or (NH4)2SO4 as the nitrogen source [22,35]. In experiments with the recombinant strains Y.
lipolytica CIT 1 and CIT 2 with the super-expressed citrate synthase genes, the authors used
NH4Cl as the nitrogen source when the strains were grown on glycerol, while (NH4)2SO4
when the strains were grown on vegetable oils [19].

The strain Y. lipolytica VKM Y-2373 is able to grow in a range of pH values from 2 to 6.5
(Table 4). The optimal pH for growth of this strain does not coinside with the optimal pH
for ICA production (6.0–6.5) (Table 5). This data corresponds to our earlier data that ICA is
optimally produced by this strain at pH = 6.0 when it is grown in media with rapeseed
oil [17], ethanol [16], and biodiesel wastes [10]. Literature data clearly demonstrate the
metabolic flexibility of the yeast species Y. lipolytica on pH, depending on the particular
strain and the carbon source used. Moeller et al. (2007) reported that the production of ICA
increases with the pH value and reaches the maximum at pH 7.5 [35]. At the same time,
Papanikolaou et al. (2002) showed that ICA synthesis does not depend on pH [36]. There
is evidence that the genetically modified strains of Y. lipolytica with the superexpressed
GUT1/GUT2 genes cultivated in media with biodiesel wastes efficiently produced ICA
and CA even at pH = 3 and thus did not require the addition of a neutralizing agent [27].
This feature can significantly reduce the profitability of the process. It should be noted
that the cultivation of the wide strains of Y. lipolytica at pH values of 2.5–3.5 generally
caused the accumulation of polyols [37,38], while its cultivation at pH = 4.5–6.0 led to the
accumulation of citric acids [37–39].

EAF in elevated concentrations may suppress the growth and acid formation by
Y. lipolytica VKM Y-2373 (Table 6). For this reason, EAF should be added to the culture
medium in small portions (2–6 g/L) rather than in bulk. The specified value of such
portions for EAF is considerably lower than for glucose (120 g/L) [35]. Still greater portions
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of the carbon source glycerol (up to 150 g/L) can be used in the case of the transformant
Y. lipolytica A101.1.31 with the super-expressed genes CIT1 and CIT2 encoding citrate
synthase [19].

Under optimized cultivation conditions, Y. lipolytica VKM Y-2373 grown on EAF pro-
duced 65.0 g/L ICA with the ICA:CA ratio equal to 2.1:1 and product yield YICA = 0.65 g/g.
The same strain grown on pure ethanol produced 90.5 g/L ICA with a product yield of
0.77 g/g when cultivated in batch culture [16] and 109.6 g/L ICA with a product yield of
0.80 g/g when cultivated in repeated-batch culture [8]. Presumably, the reduced biosyn-
thetic activity of Y. lipolytica VKM Y-2373 in media with EAF as the carbon source is
associated with harmful impurities (aldehydes, esters, and methanol) in this substance.
More efficient processes of ICA production are reported with the use of vegetable oils as the
carbon source, which provide the accumulation of 68.4–93 g/L ICA with the product yield
YICA from 0.64 to 0.95 g/g [1,3,4,17,18,20]. The most efficient process of ICA production
was realized using the yeast strain Y. lipolytica YALI0E34672g with the enhanced coexpres-
sion of the gene coding for the mitochondrial succinate–fumarate carrier YlSfc1 which
controls ICA efflux from mitochondria and adenosine monophosphate deaminase YlAMPD
genes together with inactivation of citrate mitochondrial carrier YlYHM2 gene. This strain
provided the accumulation of 136.7 g/L ICA with a process selectivity of 88.1% [24].

5. Conclusions

It was shown for the first time that EAF could be successfully used for the synthesis
of ICA by Y. lipolytica yeast. Although the ICA production from EAF (65 g/L; product
yield (YICA) of 0.65 g/g) was lower than that from pure ethanol (90.5 g/L; product yield
(YICA) of 0.77 g/g) [16], EAF can be considered as a promising substrate for microbiological
ICA production taking into account its low cost. The optimal fermentation regime which
ensures a good growth of selected strain Y. lipolytica VKM Y-2373 and directed synthesis
of ICA was determined. It included the limitation of growth by nitrogen; (NH4)2SO4
as nitrogen source; pH values from 4 to 6.5; and the addition of EAF by small portions
(2–6 g/L).
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27. Rzechonek, D.A.; Dobrowolski, A.; Rymowicz, W.; Mirończuk, A.M. Aseptic production of citric and isocitric acid from crude
glycerol by genetically modified Yarrowia lipolytica. Bioresour. Technol. 2019, 271, 340–344. [CrossRef] [PubMed]

28. Barth, G.; Gaillardin, C. Physiology and genetics of the dimorphic fungus Yarrowia lipolytica. FEMS Microbiol. Rev. 1997, 19,
219–237. [CrossRef]
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Abstract: The production of citric acid produces 70% waste product or by-product. This by-product
is produced by microbial fermentation which could be used as an alternative raw material for animal
feed because it still contains citric acid, which could help to reduce pathogenic bacteria. The objective
of this study is to evaluate the physical and chemical value of citric acid by-product from rice (CABR)
to compare the properties with those of rice bran and broken rice and to determine its potential as an
alternative energy source in animal feed. The chemical composition of CABR was calculated using
proximate analysis. The color of CABR was darker, and the bulk density value was 549.65 (g/L)
(p < 0.05). With free flow, the angle of repose was 40

◦
, and the particle size had less polygonal starch

granules. CABR had a low pH of 4.77 and contained 19.80% crude protein, 11.97% crude fiber, and
4005.72 kcal/kg of energy. CABR had a higher crude protein value than broken rice and rice bran and
a higher gross energy value than broken rice but less than rice bran. It also had a higher crude fiber
value (p > 0.05). The results suggest that CABR could be utilized as an energy and protein source for
animal feed formulations.

Keywords: cereal crops; organic acid; nutritive value; alternative feedstuff

1. Introduction

Citric acid is a source of organic acid and is produced by microbe fermentation. It has
wide uses, but 75% of it is used in the beverage and food industries as an ingredient in
carbonated drinks, followed by pharmaceuticals, cosmetics, and animal feed [1]. Globally,
1.7 million tons of citric acid are produced per year, and the amount is predicted to increase
annually [2]. Corn and cassava are the main raw materials for citric acid production,
and nowadays, there is a chance of producing citric acid from plants [3]. In particular,
rice is also commonly used for citric acid production in Thailand. Rice is one of the
most important cereals and a primary food for the majority of the world population,
especially in Asian countries. Global rice production has increased by 2.5 percent per year
on average over the last decade, reaching 744.4 million tons in 2014. The citric acid industry
generates a lot of waste and by-product, which can lead to pollution and environmental
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issues if not effectively managed. Therefore, there is a need to develop economically and
environmentally friendly methods for citric acid production. Converting the by-products
as feed is the way to increase their value and decrease the environtmental problem [4].
Tanpong et al. [5] reported that the by-product of citric acid production contains cellulose,
sugar, starch, and protein. Citric acid by-products from cassava contain 3.588 kcal/kg of
energy and 6.11% crude protein and could be utilized as animal feed.

Feed is an essential factor in animal stock sectors. Feed is the most significant ex-
penditure in the livestock industry and represents around 70% of the total production
cost. Feed containing formulations with functional components are needed to improve
livestock productivity, minimize mortality, and improve the feed conversion ratio [6]. As a
general rule, feedstuff’s physical and chemical properties are very influential in selecting
ingredients in feed formulation.

The physical characteristics of alternative feeds are essential for planning feed rations.
They affect the planning and design of feed storage on farms [7]. The physical properties
include the shape, particle size, bulk density, angle of repose, color, and pH related to
processing and handling in feed production [5]. By-products have advantages that are
directly related to their low price as a feed additive, which can decrease animal feed costs
when used as a feed replacement. Thus, the objective of this study was to evaluate the
physical and chemical properties of citric acid by-product from rice (CABR) produced by
microbial fermentation and its potential as an alternative energy source in animal feed.

2. Materials and Methods

2.1. Sample Collection

Samples were provided by PS Nutrition Company Limited, Sai Mai, Bangkok, Thai-
land. Citric acid production was carried out using rice extract media and inoculated with
Aspergillus niger. Then, the waste products from the citric acid production from rice (CABR),
broken rice (BR), and rice bran (RB) were used as samples. The total weight of each sample
was 50 kg, which was collected by random sampling using a tapered bag trier. The samples
were carefully handled whilst maintaining their original state for analysis in the Laboratory
Department of Animal Science, Faculty of Agriculture, Khon Kaen University, Khon Kaen,
Thailand. The methods of Association of American Feed Control Official (AAFCO) were
followed [8].

2.2. Physical Characteristic Measurement

The physical characteristics of the samples were observed, such as the color, bulk den-
sity, angle of repose, and particle distribution. The procedures reported by Tanpong et al. [5]
were used to measure the physical properties of each feedstuff. The particle size and distri-
bution were calculated as follows:

Retain (%) = (the total sample weight in the sieve/total weight of sample) × 100

Passing (%) 100 − retain (%)

Dgw=log−1

[
n

∑
i=1

(
wilogdi

)
÷

n

∑
i=1

wi

]

where Wi is the mass in each sieve (g) and di is the sieve size (mm), which is calculated
as (d×). The geometric mean diameters or median size of particle

(
Dgw

)
followed the

method from [9].

2.3. Microscopy Compound

According to the method reported by Vasconcelos et al. [9], the structure of morpho-
logical starch granules and plant cell walls of the samples was described and observed
under a compound microscope (JNOEC, XS-212-201, Beijing, China) at 40× magnifica-
tion and a stereo microscope (NIKON SMZ-1, Tokyo, Japan) at 20–60× magnification.
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Scanning Electron Microscope (SEM) analysis was conducted using an SEM electron mi-
croscope (JEOL-JSM 6460 LV, Tokyo, Japan) at 50×, 500×, and 1000× magnifications at an
accelerating voltage of 20 kV.

2.4. Chemical Composition

Proximate analysis was performed using the methods of the AOAC [10]. We analyzed
the moisture, ash, soluble ash, insoluble ash, crude protein, crude fiber, crude fat, and
nitrogen-free extract. The gross energy (GE) was analyzed via an automatic Adiabatic bomb
calorimeter (AC500 Isoperibol Clorimeter, LECO Corp., St. Joseph, MI, USA) following the
method of the Leco company. The pH was measured with a pH meter after mixing 10 g of
the sample in a beaker, adding 100 mL of distilled water, and stirring for 30 min.

2.5. Citric Acid Measurement

Following the method of Ezea et al. [11], the citric acid content in CABR was measured.
The samples were treated by titration with 0.1 NaOH and phenolphthalein as an indicator.
The citric acid content (%) was calculated with the following equation:

Citricacid(%) =
N × W1XTV × DF

W2 × 10

where N is the normality, W1 is the equivalent weight of citric acid, TV is the titrated value,
DF is the dilute factor, and W2 is the weight of the sample.

2.6. Amino Acid Determination

The extraction of amino acids from CABR was performed according to Nimbalkar
et al. [12]. Amino acid contents were measured according to the method of Thiele et al. [13]
and Chumroenphat et al. [14] using the Liquid Chromatography with tandem mass spec-
trometry (LC-MS/MS) system. LC-MS/MS analysis was performed on a triple quadrupole
tendem mass spectrometer (Shimadzu Corp., Kyoto, Japan) coupled with a 1290 Infinity
LC system (Agilent Technologies, Santa Clara, CA, USA). The chromatographic separation
of amino acids was carried out on an Atlantis Silica HILIC column (4.6 mm × 100 mm,
3 μm particle size) (Waters Corporation, Midford, MA, USA). Mobile phases were (A) 5%
acetic acid in water and (B) 10% methanol in acetonitrile. The LC gradient was t(min)/B
(%); 0/5, 25/50, 27/98, 29/98, 29.1/5, and 40/5 operated at a flow rate of 0.25 mL/min.
The injection volume was 2 μL. The column was coupled with a mass spectrometer for
quantification. The mass spectrometer was performed in multiple reaction monitoring
mode (MRM) with argon. Amino acids were counted using internal standard calibration
curves and external standard calibration curves. All data were demonstrated on a fresh
weight (fw) basis as g/kg.

2.7. Aflatoxins and Fumonisin Measurement

The aflatoxins in the samples were detected and quantified with the in-house system
of Central Laboratory (Thailand) Co., Ltd. (TE-CH-025) based on AOAC 991.31 and
994.08 [15]. Samples were blind-coded and processed at 2–8 ◦C. Before analysis, 50 g of
ground sample was put in a clean disposable extraction bottle containing 250 mL of 70%
methanol, and the bottle was shaken for 3 min to extract the sample. One minute was
then allowed for the solids to fall to the bottom of the bottle, and they were filtered with
filter paper.

The amount of fumonisin B1 and B2 were calculated using an in-house process using
LC-MS/MS, which combines high-pressure liquid chromatography (HPLC) separation
with mass spectrometry detection power. High-pressure liquid chromatography HPLC
with tandem mass spectrometry (MS/MS) was used to make the determination. Samples
were immediately transferred to sealed bags to prevent moisture changes and stored. The
sample powders were dissolved in methanol and acetonitrile to prepare stock standard
solutions. Appropriate amounts of sample standard solutions and aflatoxin standard
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solutions were combined and diluted to a volume with methanol to prepare mixed standard
solutions of mycotoxins.

All solutions were stored in the dark at −20 ◦C and prepared for sample pretreatment.
The final sample concentration in the extract of the sample pretreatment was injected for
LC-MS/MS analysis. The sensitivity of the method was estimated by the limit of detection
(LOD). The LOD was determined as the lowest concentration giving a response of three
times the average of the base-line noise obtained from non-contaminated aflatoxin peanut
samples that had been spiked with a mixed standard stock solution containing the four
investigated aflatoxins [16].

2.8. Statistical Analysis

The data were analyzed by using the procedure of the Statistical Analysis System
Institute (SAS, 2015). All data were subjected to analysis of variance (ANOVA) with
a completely randomized design (CRD). Differences among means with p < 0.05 were
accepted as representing statistically significant differences, which were determined by
Duncan’s New Multiple Range Test (DMRT).

3. Results

3.1. Physical Characteristics

The physical characteristics of CABR are shown in Table 1, respectively compared with
broken rice and rice bran. The bulk density of CABR was 549.65 g/L, which is 57.94% lower
than that of broken rice (868.12 g/L) and 21.13% higher than that of rice bran (453.78 g/L).
The results show that the angle of repose for CABR was 40.6◦, which can be classified as fair
to passable flow, whereas broken rice showed an angle of repose of approximately 39.45◦,
which could be classified as a fair to passable flow, and rice bran’s angle of repose value
was 50.6◦, which classified as very poor (46–50◦). Broken rice has bulky and more massive
particles (99.92 g) in mesh 20 when compared with CABR (19.92 g) and rice bran (31.21 g).
The color space value was analyzed by the CIELAB system and is shown in Table 1. The
results show L* = 45.02, a* = 5.64, and b* = 13.88. for CABR L* of CABR which was lower
than that of broken rice (78.37) and rice bran (76.90). The a* value of CABR was higher
than that of broken rice (1.66) and rice bran (1.20), and CABR’s b* value decreased from
rice bran (18.89) and broken rice (17.92). The particle size and distribution of CABR are
shown in Table 2. Compared with broken rice and rice bran, most CABR particle sizes were
increased after processing. When comparing the passing percentage using sieve numbers
20 to 100, the result for CABR was higher than that of broken rice. The geometric mean
diameter (the median particle size) was 232 μm, as a small particle size of the sample.

Table 1. The physical characteristics of citric acid by-product from rice (CABR), broken rice (BR), and
rice bran (RB).

Parameter CABR BR RB SEM p-Value

Bulk density (g/L) 549.65 b 868.12 a 453.78 c 5.867 0.0001
Angle of repose (o) 40.6 b 39.45 a 50.6 c 0.380 0.0001

Color
L* 45.02 b 78.37 a 76.90 c 0.397 0.0001
A* 5.64 a 1.66 b 1.20 c 0.080 0.0001
B* 13.88 c 18.89 a 17.92 b 0.147 0.0001

a,b,c Means in the same row without a common letter are different at p < 0.01, SEM: standard error of mean.
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3.2. Microscopy Compound

A stereo microscope (Figure 1), compound microscope (Figure 2), and scanning
electron microscope (SEM) (Figure 3) were used to show differences in particle size and
content of fiber as a starch between CABR, broken rice, and rice bran. CABR exhibited
a darker color under the stereo microscope when compared to rice bran and broken
rice, which supported the results of the physical analysis (Table 1) and particle size and
distribution (Table 2). The ultrastructure morphology of feedstuff is characterized using
SEM micrographs at 50×, 500×, and 1000× magnification. The result showed CABR starch
granules are polygonal in shape.

Figure 1. Stereoscopic micrographs of citric acid by-product from rice (CABR) (a), rice bran (b), and
broken rice (c) at ×20, ×40, and ×60 magnifications.

Figure 2. Compound micrographs of citric acid by-product from rice (CABR) (a), rice bran (b), and
broken rice (c) at ×40 magnifications.
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Figure 3. Scanning electron micrographs (SEM) of citric acid by-product from rice (CABR) (a), rice
bran (b), and broken rice (c) at ×50, ×500, and ×1000 magnifications.

3.3. Chemical Composition

The chemical properties of CABR were determined by proximate analysis and are
shown in Table 3. The results revealed that CABR contained 8.26% moisture, 9.35% ash,
5.20% soluble ash, 4.15 % insoluble ash, 3.98% ether extract, 0.43% of calcium, 0.07% of
phosphorus, 19.80% of crude protein, and 4005.72 kcal/kg of gross energy. CABR contains
crude protein higher than broken rice and rice bran (Table 3). Moreover, CABR contains
low pH and contains citric acid 3.3%.

Table 3. Nutritive values and chemical composition of citric acid by-product from rice (CABR),
broken rice (BR), and rice bran (RB).

Parameter CABR BR RB SEM p-Value

Moisture (%) 8.26 b 9.35 a 8.43 b 0.114 0.0012
Ash (%) 9.35 a 0.49 c 0.49 b 0.154 0.0001

Soluble ash (%) 5.20 b 0.49 c 6.88 a 0.148 0.0002
Insoluble ash (%) 4.15 a 0.00 c 0.39 b 0.013 0.0001
Ether extract (%) 3.98 b 1.41 c 14.28 a 0.161 0.0001
Crude fiber (%) 11.97 a 0.10 b 0.76 b 0.297 0.0002

Nitrogen-free extract (%) 46.64 c 82.20 a 55.89 b 0.428 0.0001
Ca (%) 0.43 b 0.76 a 0.76 a 0.050 0.0001

Phosphorus (%) 0.07 a 0.04 b 0.01 c 0.003 0.0001
Crude protein (%) 19.80 a 6.47 c 13.37 b 0.159 0.0001

Gross energy (kcal/kg) 4,005.72 b 3,780.52 c 4,287.11 a 7.430 0.0001
pH 4.77 b 6.46 a 6.51 a 0.053 0.0001

Citric acid content (%) 3.3 - -
a,b,c Means in the same row without a common letter are different at p < 0.05, SEM: standard error of mean.

3.4. Amino Acid Composition

The amino acid composition of CABR, broken rice, and rice bran are shown in Table 4.
The table shows the dispensable and indispensable amino acid content of each sample.
CABR contained the highest value of aspartic acid, glutamic acid, threonine, alanine,
and valine compared with broken rice and rice bran. CABR also contains a low value of
methionine and lysine.
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Table 4. Amino acid composition of citric acid by-product from rice (CABR), broken rice (BR), and
rice bran (RB).

Amino Acid (g/kg) CABR BR RB SEM p-Value

Essential amino acid
Leucine 3.72 b 2.72 c 4.42 a 17.23 0.0051
Valine 2.70 a 1.80 b 1.53 c 7.59 0.0012

Isoleucine 2.49 b 1.71 c 3.48 a 11.34 0.0013
Phenylamine 1.53 b 1.20 b 3.63 a 33.20 0.0098

Threonine 1.44 a 0.87 b 0.82 b 4.24 0.0012
Histidine 0.92 b 4.03 a 0.93 b 36.47 0.0052

Tryptophan 0.39 c 1.13 a 0.61 b 18.13 0.0565
Lysine 0.31 c 0.87 b 1.88 a 7.24 0.0005

Methionine 0.05 c 0.96 a 0.37 b 50.41 0.3216
Non-essential amino acid

Tyrosine 5.50 c 6.81 b 12.99 a 30.37 0.0003
Glycine 0.77 a 0.77 0.28 b 4.83 0.0003
Proline 2.96 b 1.49 c 7.58 a 24.04 0.0003
Alanine 9.07 a 4.26 b 2.47 c 12.72 0.0001
Cysteine 0.05 b 0.06 a 0.07 a 0.51 0.1828
Arginine 3.77 b 3.05 b 5.82 a 53.64 0.0293

Aspartic acid 0.81 a 0.38 b 0.13 c 4.28 0.0013
Glutamic acid 1.99 a 0.67 c 0.99 b 7.37 0.0008

Serine 0.07 c 0.09 b 0.11 a 1.08 0.0738
Asparagine 0.32 b 5.07 a 0.66 b 33.23 0.0013
Glutamine 0.31 c 0.90 b 1.97 a 6.90 0.0004

a,b,c Means in the same row without a common letter are different at p < 0.05, SEM: standard error of mean.

3.5. Mycotoxins Contamination

The mycotoxin contamination of CABR is shown in Table 5. The CABR was not
contaminated with aflatoxin (B1, B2, G1 and G2) and fumonisin (B1 and B2) with LOD of
0.8 and 100.000 μg/kg for aflatoxin and fumonisin, respectively, which could be safe for
animal consumption.

Table 5. Observation and LOD (limit of detection) of mycotoxin contamination in citric acid by-
products from rice (CABR).

Parameter Observation LOD

Aflatoxin B1 ND 0.8 μg/kg
Aflatoxin B2 ND 0.8 μg/kg
Aflatoxin G1 ND 0.8 μg/kg
Aflatoxin G2 ND 0.8 μg/kg
Fumonisin B1 ND 100.00 μg/kg
Fumonisin B2 ND 100.00 μg/kg

ND (not detected).

4. Discussion

The bulk density of CABR was lower than that of broken rice and higher than that
of rice bran. Tanpong et al. [5] found that the bulk density of citric acid by-product from
cassava was 601.00 g/L and was higher than that of cassava root meal (64.18%). Bulk
density varies with the particle size and compaction (packing) of the feed. Increasing the
value of the bulk density was influenced by the moisture of raw material. The earlier study
reported that the cassava chips’ bulk density was affected by the moisture content [17]. The
differences among the sizes of each sample affected the bulk density value. Broken rice
has a massive particle size and contains the highest bulk density followed by CABR and
rice bran. The larger the particle size of raw materials, the greater the bulk density [5]. The
bulk physical property of an alternative feed is essential to plan designing, transporting,
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and storing the feed. Different processes during harvest and manufacturing of a product
impact the end products’ physical properties or by-products used as animal feed [18].

The angle of repose of CABR is shown in Table 1. The result shows that the angle of
repose of CABR classified as fair to passable flow. Baker [19] reported that the ability of
powders to flow is referred to as flowability. Powder flowability is influenced by both the
physical properties of the material and the specific processing conditions in the handling
system. The particle size, density, surface features of materials, and the water and fat
content of feed are all elements that influence the angle of repose. For feedstuffs with
large particle size, the angle of repose will be small. Moreover, the average angle of repose
depends on the moisture of the material. The raw material characteristics indicate flow
behavior and affect the feed mixture. Fitzpatrick et al. [20] reported that feed powder
properties affect the behavior during storage, handling, and processing. Therefore, it is
helpful to predict storage capacity, including friction against a corroded bin wall, and to
indicate the moisture content of raw material [21].

The color space value was analyzed by the CIELAB system and is shown in Table 1.
The a* value of CABR was higher than that of broken rice and rice bran, and CABR’s b*
value decreased compared to rice bran and broken rice. Several researchers report that the
fermentation process includes a browning reaction, which explains why the by-product
becomes dark during fermentation, while lightness is related to rice’s structure [5,22–24].

CABR had a small particle size that could pass through each sieve number better
than broken rice. Comparative retention percentages retained from broken rice and rice
bran with CABR in Table 1 indicate that most of the particle sizes of CABR increased after
processing. The geometric mean diameter (the median particle size) of CABR shows that
CABR has as a small particle size. According to Vu et al. [25], a smaller particle of the
material dissolves faster than a larger one. The particle size distribution influences many
material properties and indicates quality. The particle size and shape influence flow and
compaction properties. A smaller particle can have lower nutrient digestibility, and larger
particles can reduce animal feed intake [26]. More spherical particles enable a faster typical
flow than smaller or high aspect-ratio particles. Smaller particles dissolve more quickly
and lead to higher suspension viscosities than larger particles. The particle size of animal
feed impacts its utilization and production. Larger particles can reduce animal feed intake
by limiting surface area per unit and allowing enzyme digestion of nutrients. Smaller
particles make it more difficult to separate ingredients, but they also increase viscosity in
the digestive tract. Kiarie et al. [27] reveal that finer feed particles provide optimal usage of
nutrients and improve animal performance due to a higher surface area that allows greater
contact with digestive enzymes.

CABR exhibited a darker color under the stereo microscope when compared to rice
bran and broken rice, which supported the results of the physical analysis (Table 1) and
particle size and distribution (Table 2) due to the citric acid production fermentation
process. However, the starch granules and cell walls of the samples were shown under the
compound microscope. CABR contained a few residual starch granules, most likely due to
the acidity of the citric acid, which may weaken the interaction between starch polymer
chains. Mohammed [28] mentioned that after modifying the raw materials with citric acid,
the starch granules were melted and fused to form a continuous phase, most likely because
the acidity of the citric acid may weaken the interaction between the starch polymer chains
of the starch by-products. This microscopic technology analysis could become the primary
front-line protection in the program of feed quality control.

The chemical properties of CABR were shown in Table 3. CABR contains crude protein
higher than rice bran at approximately 67.53% (Table 3). Tanpong et al. [29] reported that
citric acid from cassava had a crude protein content of 6.11%, and when compared with
the current study, the crude protein percentages of CABR were higher at 30.86% (Table 3).
CABR also contained a remaining citric acid content of 3.3%, which could be beneficial
in terms of microorganisms and improving animal growth. However, CABR showed
the highest proportions of crude fiber, which can be a problem when fed to monogastric
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animals, such as poultry species, where only a small percentage of crude fiber is broken
down in the gastrointestinal tract.

Rice normally has a high level of amino acids and protein when compared to other
cereal varieties [30]. In the current study, CABR contained the highest value of valine,
glutamic acid, alanine, threonine, and aspartic acid compared with broken rice and rice
bran. CABR also includes a low value of methionine and lysine; therefore, this should
also be considered when using CABR in animal diets. In protein nutrition, the balance
of amino acids in the diet is essential. Amino acid antagonism occurs when chemically
or structurally-related amino acids are imbalanced. Imbalanced amino acids might affect
the performance of animals [31]. This report of complete amino acid profile in citric acid
by-product from rice could be useful for formulating balanced animals diets.

The CABR is not contaminated with aflatoxin and fumonisin, which means it can be
safe for animal consumption. A previous study in citric acid by-products from cassava
showed that it contains 73.37 ppb of aflatoxin [29]. However, the aflatoxin in CABR is
not detected in the current study, making this raw material safer to use as an animal
feed. The aflatoxin contamination in feed could cause a reduction in immune response
that may cause several diseases. Cereal grains, primarily corn, are widely used as an
energy source in animal feed for different species. They were originating from tropical
and subtropical regions that contain high amounts of aflatoxins. Contamination of various
feeds containing mycotoxin continues to be a safety issue worldwide because it harms
animal health [32]. Thus, mycotoxin contamination in feedstuff should be considered to
ensure a safety product for animal and humans.

5. Conclusions

CABR’s physical properties consist of small particle size, dark color, and having
fewer starch granules. CABR contains 19.80% of crude protein, 11.97% of crude fiber,
and 4,005.72 Kcal/kg of energy. The results imply that CABR could be utilized as an
energy source for animal feed substitution. CABR has low pH and contains 3.3% citric
acid, which could help inhibit bacteria in the GI tracts of animals and improve their growth
performance. CABR is also not contaminated with aflatoxin or fumonisin, which means it
could be safe feed for animals. The physical and chemical data from this research could be
used as guidelines for handling raw materials before use in a feed formulation.
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Abstract: In Saccharomyces cerevisiae, the fermentation rate and the ability to complete the sugar
transformation process depend on the glucose and fructose transporter set-up. Hexose transport
mainly occurs via facilitated diffusion carriers and these are encoded by the HXT gene family and
GAL2. In addition, FSY1, coding a fructose/H+ symporter, was identified in some wine strains. This
little-known transporter could be relevant in the last part of the fermentation process when fructose is
the most abundant sugar. In this work, we investigated the gene expression of the hexose transporters
during late fermentation phase, by means of qPCR. Four S. cerevisiae strains (P301.9, R31.3, R008,
isolated from vineyard, and the commercial EC1118) were considered and the transporter gene
expression levels were determined to evaluate how the strain gene expression pattern modulated
the late fermentation process. The very low global gene expression and the poor fermentation
performance of R008 suggested that the overall expression level is a determinant to obtain the total
sugar consumption. Each strain showed a specific gene expression profile that was strongly variable.
This led to rethinking the importance of the HXT3 gene that was previously considered to play a
major role in sugar transport. In vineyard strains, other transporter genes, such as HXT6/7, HXT8,
and FSY1, showed higher expression levels, and the resulting gene expression patterns properly
supported the late fermentation process.

Keywords: HXT; fructose symporter; late fermentation

1. Introduction

In wine alcoholic fermentation, glucose and fructose present in grape must are co-
fermented by yeasts to ethanol and carbon dioxide. Grape must usually contains equal
or very similar amounts of both sugars [1]. Glucose is known to be the preferred carbon
source for Saccharomyces cerevisiae. Although fructose is used concomitantly with glucose,
the latter is the first sugar to be depleted from the medium during fermentation [2,3].
Consequently, fructose becomes the main sugar present during the late stages of alcoholic
fermentation, and wine yeasts have to ferment this non-preferred sugar in the presence
of large amounts of ethanol. The stress associated with these conditions, together with
nutritional imbalances, may result in sluggish or stuck fermentations [1,4]. Moreover, it
has been reported that stuck fermentations are frequently characterized by an unusually
high fructose-to-glucose ratio [2]. The ability of wine yeasts to ferment fructose is therefore
critically important for the maintenance of a high rate of fermentation at the end of the
process and for fermentation of the must to dryness. The reasons for the difference between
the glucose fermentation rate and the fructose fermentation rate are unclear, but one of the
first steps in hexose metabolism is generally thought to be involved [1].
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The first essential step towards the utilization of hexose sugars is their uptake by
yeast cells. In yeast, hexose uptake may proceed through facilitated diffusion carriers and
energy-dependent active proton-sugar symporters [3,5,6]. Hexose transport in S. cerevisiae
occurs via facilitated diffusion carriers and these are encoded by several genes, including
the HXT genes, the GAL2 gene encoding a galactose transporter, and SNF3 and RGT2
encoding two glucose sensors [5,6]. Among the 17 HXT genes in S. cerevisiae, only seven of
them, Hxt1p–Hxt7p, are required for growth on glucose or fructose [3,7]. Although all the
hexose transporters in S. cerevisiae can also transport fructose, glucose is the preferential
sugar for Hxt carriers [3]. The catabolic hexose transporters exhibit different affinities for
their substrates; furthermore, the expression of their corresponding genes is controlled
by the glucose sensors, according to the availability of carbon sources [8]. Expression of
the HXTs, all of which exhibit different levels of glucose affinity, is differentially regulated
depending on extracellular glucose concentrations [9].

The complete genome sequence of the commercial wine yeast strain EC1118 [10] and
the vineyard strain P301 [11] revealed the presence of a new gene (named EC-1O4_6634g in
the former study and P301_O3_0021 in the latter study) highly similar to the S. pastorianus
FSY1 gene [10]. This gene was designated FSY1 as well, and Galeote and colleagues [3]
demonstrated that, in S. cerevisiae, it encoded a high-affinity fructose/H+ symporter. In
the EC1118 genome, FSY1 is in the C region that resulted from a horizontal gene trans-
fer (HGT) from Torulaspora microellipsoides, a distant yeast species identified in the wine
environment [12]. This region includes the FOT genes that confer a strong competitive
advantage during grape must fermentation by increasing the number and diversity of
oligopeptides that yeast can utilize as a source of nitrogen, thereby improving biomass
formation, fermentation efficiency, and cell viability. Thus, the acquisition of the C re-
gion genes is related to better fermentation performance in the nitrogen-limited wine
fermentation environment [13].

Moreover, FSY1 expression is repressed by high concentrations of glucose or fructose
and is induced by ethanol as the sole carbon source [3]. This observation leads to suppose
that this transporter is active in the last part of the fermentation process, where ethanol
concentration is high and fructose residue is more abundant than glucose. Although the
presence of HXT gene family and GAL2 gene is well documented in the Saccharomyces
genus, studies on FSY1 gene diffusion among Saccharomyces strain genomes is lacking, as
well as the FSY1 gene expression level during the fermentation process.

Previously, sugar transporter genes expression studies were mainly focused on a single
strain in the fermentation process [14–17]. Therefore, in this work, the gene expression
patterns of four S. cerevisiae strains (P301.9, R31.3, R008, and EC1118) have been studied at
two time points of the late fermentation phase. The aim was to investigate how the strain
gene expression pattern modulated the late fermentation process.

2. Materials and Methods

2.1. Yeast Strains

In the present work, four Saccharomyces cerevisiae strains were used: The industrial
strain EC1118 (Lallemand Inc.—Montreal, QC, Canada) and three natural strains isolated
in a vineyard: P301.9, R008, and R31.3 (University of Padova, Padova, Italy).

2.2. Fermentation Trial and Samplings

Fermentations were performed at 25 ◦C in synthetic grape must MS300 [18] modified
for the carbon source: 100 g/L of glucose and 100 g/L of fructose were added instead of
200 g/L of glucose. Three independent biological replicates were carried out for each strain
in 1 L bioreactors (Multifors, Infors HT, Basel, CH, Switzerland). These instruments are
equipped with sensors to monitor temperature and a flow meter to determine CO2 outflow
(red-y mod. GSM-A95A-BN00, Infors HT, Basel, CH, Switzerland) (range 1–20 mL/min).
Strict anaerobiosis was not imposed, but fermentation conditions were largely anaerobic
due to the design of the bioreactor and the effect of CO2 production. CO2 production was
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monitored by the flow meter every 5 min to determine the rate of CO2 production. For
each strain, approximately 3 × 106 cells/mL have been inoculated in 1 L of MS300 must.
For each strain, cells were collected for Real Time-PCR assay at two sampling points during
the late fermentation phase, when 45 and 60 g/L of CO2 were produced. After sampling,
the cells were centrifuged to remove the growth media and immediately frozen at −80 ◦C.
At the same sampling points, 50 mL of fermented media have been collected and frozen
for chemical analysis.

2.3. Chemical Analysis

HPLC analysis was performed to determine the concentrations of residual sugars
and ethanol, as described by Lemos Junior [19]. Ten microliters of sample was analyzed
by the Waters 1525 HPLC binary pump (Waters, Milford, MA, USA) equipped with a
300 × 7.8 mm stainless-steel column packed with Aminex HPX_87H HPLC column (Bio-
Rad, Hercules, CA, USA) and a Waters 2414 Refractive Index Detector (Waters, Milford,
MA, USA). The analyses were performed isocratically at 0.6 mL/min and 65 ◦C with a
cation-exchange column (300 by 7.8 mm [inner diameter]; Aminex HPX-87H) and a Cation
H+ Microguard cartridge (Bio-Rad Laboratories, Hercules, CA, USA), using 0.01 N H2SO4
as the mobile phase. Ammonia and amino nitrogen were measured by means of specific
enzymatic kits (Steroglass, Perugia, Italy) according to the manufacturer’s instructions.

2.4. RNA Extraction and Reverse Transcription

Total RNA was extracted using the TRIzol® Plus RNA Purification Kit (Ambion,
Austin, TX, USA). The concentration, purity, and integrity of RNA samples were deter-
mined by spectrophotometric analysis using the SPARK® multimode microplate reader
(Tecan Trading AG, Switzerland), considering the absorbance ratio at 260/280 nm and at
230/260 nm. The quality and integrity of RNAs were confirmed by electrophoresis on 1.5%
agarose gels under denaturing conditions (2% formaldehyde, v/v, 20 mM MOPS, 5 mM
sodium acetate, 1 mM EDTA, pH 7.0). To obtain DNA-free RNA, the total RNA previously
extracted (1 μg) was treated with DNase I (Fermentas, Waltham, MA, USA) according to
the manufacturer’s instructions. cDNA was synthesized using Revert Aid Reverse Tran-
scriptase (Fermentas, Waltham, MA, USA) according to the manufacturer’s instructions
using both polyT (16) primers (MWG-biotech; 0.5 μg/μL) and random hexamers (Promega;
0.5 μg/μL). Samples were stored at −20 ◦C until Real-Time PCR was run.

The quality control of cDNAs was checked by end-point PCR in a PTC200 ther-
mal cycler (MJ Research Inc., Waltham, MA, USA). Amplification of the gene APE2 (F—
TGCGCATCAATGTAATGTGGAAGCAGAGTA, R—TGAAATCAGGTTCCACGGTTAAA
TCGTAGTGT) was performed on cDNAs both for checking the reverse-transcription ef-
ficiency and for excluding genomic DNA contamination. Amplified samples were run
on 1.5% agarose gel containing 1X GelRedTM Nucleic Acid Gel Stain (Biotium, Fremont,
CA, USA). Run was performed on a horizontal electrophoresis apparatus with TBE 0.5x as
the running buffer (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA) and the bands were
visualized by UV trans-illumination.

2.5. Primer Design

PCR primers of the investigated genes for real-time assays are listed in Table 1. They
were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 5 May 2017). The yeast database was used to check primer specificity on
sequences of other yeast species. Special attention was given to primer length (15–25 bp),
annealing temperature (58–62 ◦C), nucleotides composition, 3′-end stability, and amplicon
size (80–200 bp). All primers were synthesized and OPC purified by Metabion International
AG (Metabion International AG, Planegg, Germany). After synthesis, the primer specificity
was tested by end-point PCR and gel electrophoresis.
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For each different primer pair, the efficiency of RT-PCR (E), slope values, and correla-
tion coefficients (R2) were determined using serial 1:5 dilutions of the template cDNA on
the CFX96 cycler—Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA,
USA). Efficiency was considered adequate when ranging from 95% to 105%, and R2 was
considered acceptable when greater than 0.98.

2.6. Real-Time PCR

Real-Time PCR was carried out on a CFX96 Cycler-Real Time PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), in white-walled PCR plates (96 wells). A
ready-to-use master-mix containing a fast proof-reading Polymerase, dNTPs, stabilizers,
MgCl2, and Eva Green dye was used according to the manufacturer’s instructions ( Bio-
Rad Laboratories, Hercules, CA, USA). Reactions were prepared in a total volume of 15μL
containing 400 nM each primer (MWG), 1× Sso Fast Eva Green Supermix 2× (Bio-Rad
Laboratories, Hercules, CA, USA), and 5 μL cDNA. The cycle conditions were set as follows:
Initial template denaturation at 98 ◦C for 30 s, followed by 40 cycles of denaturation at
98 ◦C for 2 s, and combined primer annealing/elongation at 60 ◦C for 10 s. The amount of
fluorescence for each sample, given by the incorporation of Eva Green into dsDNA, was
measured at the end of each cycle and analyzed via CFX-Manager Software v2.0 (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Melting curves of PCR amplicons were obtained
using temperatures ranging from 65 ◦C to 95 ◦C. Data acquisition was performed for
every 0.5 ◦C temperature increase with a 1-s step. For each target gene, each sample was
analyzed in triplicate and no-template controls for each primer pair were included in all
plates. Gene expression analysis was performed using the CFX-Manager Software v2.0,
adopting the 2−ΔΔCT method. Four housekeeping genes have been used in Real-Time PCR
gene expression analysis: The ALG9 and UBC6 primers designed by Teste [20]; andthe
FBA1 and PFK1 primers designed by Cankorur-Cetinkaya [21] and Nadai [22], respectively
(Table 2). In this study, the lettering “total expression” indicates the sum of the normalized
expression values of the genes, for each strain, relative to one of the two sampling points
(45 or 60 g/L of produced CO2).

Table 2. List of the reference genes and details of primers and amplicons for each gene.

Gene Reference Primer Sequence [5′ → 3′] Amplicon Length Efficiency % R2

ALG9 [20]
F: 5′-CAC GGA TAG TGG CTT TGG TGA ACA ATT AC-3′ 156 bp 95.7 0.996R: 5′-TAT GAT TAT CTG GCA GCA GGA AAG AAC TTG GG-3′

UBC6 [20] F: 5′-GAT ACT TGG AAT CCT GGC TGG TCT GTC TC-3′ 272 bp 99.0 0.985R: 5′-AAA GGG TCT TCT GTT TCA TCA CCT GTA TTT GC-3′

FBA1 [21] F: 5′-GGT TTG TAC GCT GGT GAC ATC GC-3′ 125 bp 102.4 0.998R: 5′-CCG GAA CCA CCG TGG AAG ACC A-3′

PFK1 [22] F: 5′-GAG GTT GAT GCT TCT GGG TTC CGT-3′ 138 bp 97.7 0.998R: 5′-TGT GGC GGT TTC GTT GGT GTC G-3′

2.7. Statistical Analysis

The statistical data analysis was performed using XLSTAT software, vers. 2016.02
(Addinsoft, Paris, France). Data were subjected to Student’s t-test or simple analysis
of variance (one-way ANOVA) followed by the Tukey’s post-hoc test. The analysis was
carried out comparing the averages of three independent replicates, and differences were
considered statistically significant for p-value lower than 0.05.

3. Results

3.1. Yeasts Fermentation Process

Fermentations in synthetic must were run using three S. cerevisiae strains, P301.9,
R31.3, and R008, isolated from a vineyard and the commercial starter EC1118. The aim was
to check strain behavior during the alcoholic fermentation focusing on the last part of the
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fermentation, starting form half of the total expected CO2 (45 g/L) to the end of the process
(late fermentation phase).

The fermentation profiles of the four strains were determined monitoring the fermen-
tation rate (dCO2/dt) (Figure 1).
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Figure 1. CO2 production kinetics of strains R008 (—), R31.3 (—), P301.9 (—), and EC1118 (—). Data of dCO2/dt are the
average of three biological replicates.

During fermentation process, the fermentation rate peaked (Vmax) just before the
entry into the yeast stationary growth phase and declined thereafter until the end of the
fermentation [23]. Strain P301.9 showed the highest Vmax value (1.93 gCO2/L/h), reached
after 15.58 h from inoculum, while the lowest was obtained for EC1118 (1.53 gCO2/L/h)
reached in 16.75 h from inoculum. Intermediate values were registered for strains R008
and R31.3 (Table 3).

Table 3. Parameters of the fermentation kinetics.

Strain
CO2 Production Peak

(g/L/hours)
Peak Time

(hours)
Sampling Time 45 g/L

(hours)
Sampling Time 60 g/L

(hours)
Fermentation Time

(hours)

EC1118 1.53 ± 0.05 A 16.75 ± 0.85 B 50.3 ± 2.7 A 73.9 ± 3.7 B 110.2 ± 1.7 A

R008 1.76 ± 0.00 B 14.91 ± 0.33 A 46.3 ± 4.9 A 67.5 ± 3.1 AB 156.9 ± 1.0 C

R31.3 1.76 ± 0.05 B 14.08 ± 1.08 A 41.8 ± 1.2 A 64.6 ± 1.2 A 134.9 ± 4.2 B

P301.9 1.93 ± 0.05 C 15.58 ± 0.84 AB 43.2 ± 4.1 A 63.5 ± 1.5 A 131.7 ± 4.2 B

Data are expressed as the average of three biological replicates ± standard deviation. Uppercase letters indicate significant differences
obtained from Tuckey post-hoc test after ANOVA analysis of variance between the strains (alpha = 0.05).

During the late fermentation phase, strains R008, R31.3, and P301.9 showed a marked
decrease of the fermentation rate that is more evident in the last part of the fermentation.
This trend was responsible for the increase of the fermentation time, with respect to
the commercial strain EC1118. Therefore, EC1118 was the first strain to complete the
fermentation, followed by P301.9, R31.3, and R008.

Despite the different fermentation trends, EC1118, P301.9, and R31.3 completed the
sugar transformation, while R008 left a fructose residue of 7.62 g/L (Table 4). The ethanol
concentration at the end of the fermentation reflected the sugar consumption. No significant
differences in ethanol production were found among strains EC1118, P301.9, and R31.3.
Strain R008 did not reach the same ethanol level, due to the sugar residues (Table 4).
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Table 4. Ethanol and sugar residues at the end of the fermentations.

Ethanol (% vol.) Glucose (g/L) Fructose (g/L)

EC1118 11.49 ± 0.04 B nd nd
P301.9 11.45 ± 0.04 B nd nd
R31.3 11.38 ± 0.26 B nd nd
R008 10.64 ± 0.07 A nd 7.62 ± 0.04

Data are expressed as the average of three biological replicates ± standard deviation. Uppercase letters indicate
significant differences obtained from Tuckey post-hoc test after ANOVA analysis of variance between the strains
(alpha = 0.05). nd: not detected.

During the late fermentation phase, two samplings were performed at 45 g/L (half of
the CO2 produced) and 60 g/L of CO2 produced. Due to differences in strain fermentation
rates, these values were reached at different times.

The mean total sugar residue of the four strains was 79.69 ± 4.17 g/L at 45 g/L of
CO2 produced and 40.80 ± 5.96 g/L at 60 g/L of CO2 produced (Supplementary Table S1).
ANOVA analysis of variance found no significant differences among the strains’ sugar
residue at both sampling points (alpha = 0.05). This result indicates that the sampling time
have been correctly chosen in order to harvest cells in the same physiological state.

At 45 g/L of CO2 produced, strain EC1118 showed the lowest ratio between fructose
and the total sugar residue (60.30%), corresponding to the most balanced intake of fructose
and glucose with respect to the other strains, which have shown significantly higher ratios.
The same pattern has been observed at 60 g/L of produced CO2. For all strains, this
ratio increased from 45 to 60 g/L of produced CO2, during the late fermentation phase,
confirming the glucophilic aptitude of S. cerevisiae (Table 5). Strain R31.3 showed the
highest increase of the ratio between fructose and the total sugar residue from 45 to 60 g/L
of produced CO2 (12.27%), followed by P301.9 (10.11%), R008 (8.92%), and EC1118 (6.57%).

Table 5. Fructose/total sugars ration and amino nitrogen residue at 45 and 60 g/l of produced CO2.

Fructose/Total Sugars (%) NH2 (mg/L)
45 g/L 60 g/L p 45 g/L 60 g/L

EC1118 60.30 ± 0.43 A 66.87 ± 0.70 A <0.0001 *** 61.17 ± 2.35 59.87 ± 3.10 Ns
R008 66.05 ± 0.29 B 74.97 ± 1.65 B 0.012 * 55.75 ± 1.95 63.10 ± 1.70 *
R31.3 67.01 ± 1.08 B 79.27 ± 1.84 B 0.016 * 51.93 ± 7.35 56.57 ± 6.33 *
P301.9 66.56 ± 0.74 B 76.67 ± 1.72 B 0.002 ** 38.03 ± 4.29 39.20 ± 3.21 Ns

Data are expressed as the average of three biological replicates ± standard deviation. Uppercase letters indicate significant differences
obtained from Tukey post-hoc test after ANOVA analysis of variance between the strains (alpha = 0.05). (***) p < 0.001, (**) p < 0.01,
(*) p < 0.05, Ns (not significative) between the percentage of fructose on total sugar residue at 45 and 60 g/L of produced CO2 by Student’s
t test.

At the two sampling points, assimilable nitrogen (ammonium and amino acids)
residues were measured. At the beginning of the fermentation process, the assimilable
nitrogen present in the synthetic must (300 mg/L) was at a high level and provided the
suitable nitrogen amount required by the yeast strains to complete the fermentation when
200 g/L of sugar are present in the must [24]. Generally, ammonium nitrogen is completely
consumed during the first part of the fermentation (up to Vmax) that corresponds to the last
part of the exponential growth [23]. The amino-nitrogen residues are reported in Table 5
for each sampling point.

The amino-nitrogen residues reflected strain fermentation rates during the exponential
growth phase. The three strains that showed high Vmax values left lower amino-nitrogen
residues than EC1118. Among the three strains, different nitrogen consumptions were
observed. R31.3 and P301.9, which showed a similar fermentation trend, revealed different
nitrogen consumptions. Between the two sampling points, no further nitrogen consumption
was apparently registered. This could be due to the nitrogen release by cell lysis that
occurred during the stationary phase [14].
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3.2. Expression of Hexose Transporters Genes during Late Fermentation

During the late fermentation phase, two cell samplings were performed, at 45 and
60 g/L of CO2 produced, to analyze the gene expression of hexose transporters that are
known to be active during the fermentation process, namely HXT 1-8, GAL2, and FSY1. All
the investigated genes were present in the strain genome, but FSY1 was not found in strain
R008 [11].

Comparing strains gene expression (Figure 2), each strain evidenced a specific pattern
both at 45 and at 60 g/L of CO2 produced.
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Figure 2. Gene expression pattern of hexose transporters. Letters indicate significant differences in the gene expression
values obtained from ANOVA analysis of variance followed by the Tukey post-hoc test between the strains, at 45 or 60 g/L
of CO2 (alpha = 0.05). (***) p < 0.001, (**) p < 0.01, (*) p < 0.05 between gene expression values at 45 and 60 g/L of produced
CO2 by Student’s t test for each yeast strain.

The global expression rate was calculated by summing the expression rate of each
single gene analyzed. At 45 g/L of CO2 produced, EC1118 showed the highest expression
rate (15.48) and strain R008 showed the lowest (6.35). EC1118 was the only strain that
decreased the global expression rate at 60 g/L of CO2 produced (10.76), reaching a global
expression rate value lower than P301.9 and R31.3 (13.08 and 14.25, respectively). R008,
which left a sugar residue at the end of the fermentation, showed the lowest level of the
global expression rate at both sampling times. Regarding the good fermenting yeasts
(EC1118, P301.9, and R31.3), in the two vineyard strains, the expression of the tested genes
increased at 60 g/L of CO2 produced. On the contrary, in EC1118, most of the tested genes
showed a decrease of expression.

When the expression of each gene was compared among the four strains (Table 6),
different expression levels were always detected suggesting a strain-specific expression
pattern at the two sampling points and trend.

HXT3 was the most expressed gene at 45 g/L (in EC1118 relative expression 3.004).
This gene encodes a low-affinity transporter, and its expression requires the presence of
glucose, but it is only weakly dependent on sugar concentration [25]. It has been demon-
strated that, among the HXT family, HXT3 has the highest capacity to support fermentation.
In fact, Hxt3p is the only carrier that is expressed throughout the fermentation, consistent
with the fact that it plays a key role in the process [26]. The robust expression and high
stability of Hxt3p during the stationary phase is consistent with its capacity to maintain a
high fermentation rate during starvation when expressed alone [7].

Transport-kinetic data support the idea that Hxt3p is the primary low-affinity trans-
porter during stationary phase. All these previous findings were related to strain V5
isolated from Champagne [26], such as EC1118. In the other vineyard strains, the ex-
pression level is nearly half, and at 65 g/L, it decreased in EC1118, R008, and R31.3 but
increased in P301.9. In the two vineyard strains that completed fermentation (P301.9 and
R008), HXT3 was not the most expressed strain both at 45 and 60 g/L of produced CO2. This
finding caused us to rethink the role of the Hxt3 transporter during fermentation. The main
contribution of HXT3 to maintain a high fermentation ratio during the late fermentation
phase, as suggested by the literature, could be limited to specific yeast genotypes.

The second most expressed gene at 45 g/L of produced CO2 was GAL2. Substrate-
inducible and glucose repressible galactose transporter Gal2p, which is more than 60%
identical to the Hxt transporters, mediates the transport of galactose by the mechanism of
facilitated diffusion. It has been demonstrated that the Gal2p also mediates the transport
of glucose in the HXT1-7 null mutant [27]. This finding suggested that GAL2 can play a
role when glucose concentration is low such as in the late fermentation phase, although the
expression level is reduced at 60 g/L of CO2 produced with the exception of P301.9.
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Table 6. Normalized expression of hexose transporter genes.

Gene Strain 45 g/L of CO2 Produced 60 g/L of CO2 Produced

GAL2

EC1118 2.660 ± 0.655 C 1.533 ± 0.434 B
R008 0.775 ± 0.184 A 0.465 ± 0.082 A
R31.3 1.801 ± 0.519 B 0.851 ± 0.521 A
P301.9 0.862 ± 0.236 A 0.914 ± 0.131 AB

HXT1

EC1118 0.925 ± 0.239 B 0.771 ± 0.130 B
R008 0.996 ± 0.125 B 1.072 ± 0.116 BC
R31.3 0.475 ± 0.045 A 0.356 ± 0.075 A
P301.9 0.849 ± 0.111 B 1.300 ± 0.254 C

HXT2

EC1118 1.364 ± 0.565 B 0.536 ± 0.385 B
R008 0.304 ± 0.198 A 0.089 ± 0.017 A
R31.3 0.399 ± 0.044 A 0.084 ± 0.045 A
P301.9 0.181 ± 0.052 A 0.167 ± 0.035 A

HXT3

EC1118 3.004 ± 0.977 B 1.385 ± 0.134 BC
R008 1.257 ± 0.106 A 1.031 ± 0.123 AB
R31.3 1.454 ± 0.395 A 0.648 ± 0.101 A
P301.9 1.117 ± 0.183 A 1.662 ± 0.399 C

HXT4

EC1118 1.642 ± 0.455 C 1.090 ± 0.224 C
R008 0.578 ± 0.234 A 0.640 ± 0.126 B
R31.3 1.065 ± 0.230 B 0.240 ± 0.128 A
P301.9 0.686 ± 0.194 AB 1.209 ± 0.474 C

HXT5

EC1118 1.028 ± 0.466 B 0.859 ± 0.257 A
R008 0.806 ± 0.281 AB 1.673 ± 0.754 A
R31.3 0.731 ± 0.158 AB 3.341 ± 1.546 B
P301.9 0.505 ± 0.116 B 1.301 ± 0.338 A

HXT6/7

EC1118 2.252 ± 0.181 C 1.439 ± 0.050 A
R008 1.045 ± 0.129 A 1.502 ± 0.499 A
R31.3 1.511 ± 0.447 B 2.782 ± 0.938 B
P301.9 1.267 ± 0.277 AB 1.931 ± 0.613 AB

HXT8

EC1118 1.354 ± 0.496 B 2.430 ± 0.870 B
R008 0.593 ± 0.097 A 0.862 ± 0.314 A
R31.3 1.613 ± 0.390 B 2.782 ± 1.106 B
P301.9 0.606 ± 0.213 A 1.289 ± 0.692 A

P301_O30021
EC1118 1.254 ± 0.496 A 0.712 ± 0.256 A
R31.3 1.709 ± 0.308 A 3.164 ± 1.018 B
P301.9 1.617 ± 0.203 A 3.301 ± 0.727 B

Uppercase letters indicate significant differences in the gene expression values obtained from ANOVA analysis of
variance followed by the Tukey post-hoc test between the strains, at 45 or 60 g/L of CO2 (alpha = 0.05).

The HXT6 and HXT7 genes encode the most closely related (they differ only in two
amino acid residues), high-affinity transporters. Due to this high sequence similarity,
the same primer couple was used for qPCR quantification. They are highly expressed
at very low glucose concentrations, non-fermentable carbon sources (ethanol, glycerol),
maltose and/or galactose, and repressed by moderate and high glucose concentrations [25].
Previous findings evidenced that the two genes displayed a similar expression profile
during alcoholic fermentation. In strain V5, they displayed a strong burst of expression
following the entry into the stationary phase and the respective proteins remained abundant
through the late fermentation phase [26]. The EC1118 expression value at 45 g/L and
60 g/L of CO2 produced confirmed the previous finding. The vineyard strains evidence
an opposite trend. At 60 g/L, an increase in the expression level was observed for all the
strains. These findings suggest that HXT6 and HXT7 have a major role in maintaining the
high fermentation rate during the late fermentation phase.

The expression pattern and function of the hexose transporter encoded by HXT8 is
still poorly defined [28]. It has 70% similarity with HXT6 [29]. It appears to be unable to
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support growth on glucose of the HXT1-7 null strain [30]. However, when overexpressed
in an HXT1–17 GAL2 null strain, it was able to restore growth on glucose, fructose, and
mannose, confirming that it is a functional hexose transporter [31]. The expression of Hxt8p
is induced by low and repressed by high levels of glucose [32]. This finding was confirmed
by the gene expression values displayed by the four strains. All yeast showed an increase
in the expression level from 45 to 60 g/L of CO2 produced, particularly in EC1118 and
R31.3 that registered the highest expression values.

Hxt5p has a moderate affinity for glucose and a low affinity for fructose and for
mannose [33]. It is apparently regulated by the growth rate of the cells rather than by the
external glucose concentration [34]. In addition, it is upregulated upon nitrogen and carbon
starvation [35]. Therefore, it could be of interest during the late fermentation phase. The
expression level in EC1118 is stable at 45 and 60 g/L, and in vineyard strains, a marked
increase was evidenced, particularly in the case of R31.3 where the expression level rose
almost 5-fold.

The HXT2 and HXT4 genes, as well as HXT5, have been classified as genes encoding
transporters with moderate affinity for glucose (Km values around 10 mM) [27,36] that
are maximally expressed at a low concentration of glucose and repressed in the presence
of high glucose concentrations [25,37]. Despite moderate affinity, the HXT2 expression
pattern showed a decreasing expression level from 45 to 60 g/L, and specially for vineyard
strains was very low. These results were consistent with previous findings that evidenced
a strong activation of the HXT2 gene only during the first hours of fermentation, returning
to very low levels during the growth phase. This transient induction of HXT2 is somewhat
contradictory to the known regulation of this gene, as it has been shown to be repressed by
high glucose concentrations [38]. HXT2 appeared to be able to bypass glucose repression
during the lag phase but returned to a repressed state as growth resumed. Conversely,
they did not observe an induction of HXT2 at the end of fermentation when the hexose
concentration became low and sub-repressive [26].

On the contrary, HXT4 expression showed a strain-mediated trend: Decreasing in
EC1118 and markedly so in R31.3, constant in R008, and increasing in P301.9.

HXT1, as well as HXT3, is a low-affinity carrier and it is strongly expressed at the
beginning of fermentation, while its expression level decreased rapidly during the growth
phase, consistent with the HXT1 gene being induced by high sugar concentrations [26].
R31.3 seemed to confirm this previous finding as it showed a very low expression level de-
creasing from 45 to 60 g/L produced CO2. At the two sampling points, similar expression
levels were found in EC1118 and R008. Surprisingly, P301.9 showed a notably increased
value at 60 g/L of CO2 suggesting a role of HXT1 in supporting the fermentation ratio
during the late fermentation phase. The FSY1 gene was firstly isolated in Saccharomyces pas-
torianus and its protein was the first fructose permease identified in a yeast species [39]. The
EC1118 complete genome sequence revealed the presence of a gene sequenced responsible
for a protein highly similar to that encoded by the S. pastorianus’ specific fructose symporter
FSY1 gene [10]. The functional analysis of the EC1118 FSY1 gene demonstrated that it
encodes for a high-affinity fructose/H+ symporter [3]. Since hexoses are transported by fa-
cilitated diffusion via hexose carriers (Hxt), which prefer glucose to fructose, the utilization
of fructose by wine yeast is critically important in the late phase of the fermentation where
fructose is the most present sugar. Previous findings demonstrated that, in EC1118, FSY1
was repressed by high concentrations of glucose or fructose and was highly expressed on
ethanol as the sole carbon source [3]. Interestingly, the FSY1 expression pattern was very
different between EC1118 and the other strains that possessed this gene (R31.3 and P301.9).
Indeed, they showed a marked increase of the expression level at 60 g/L of CO2 produced.
This finding suggested that due to the expression level, this gene could have a different
impact on strain fermentation rate during late fermentation.

The expression percentage of each transporter-coding gene is reported in Figure 3.
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Figure 3. Different utilization of the tested hexose transporter genes among yeast strains. Data per each gene are expressed
as percentage calculated on the total expression, for each strain and time point (45–60 g/L of produced CO2). The difference
between the total expression values from 45 to 60 g/L of produced CO2 is reported as percentage of variation.

In EC1118, the decrease in the expression level from 45 to 60 g/L of produced CO2 is
30,5%, while in the other strains the increase is from +15.4 in R008 to +70% in P301.9. At
45 g/L in EC1118, the expression of HXT3, GAL2, and HXT6/7 accounted for more than
50% of the overall gene expression and at 60 g/L, HXT8 was the most expressed gene. At
45 g/L in P301.9, FSY1 is the most expressed gene followed by HXT6/7 and HXT3. At
60 g/L, all these genes showed an increase in the expression level that is more evident in
FSY1. In R31.3 at 45 g/L, GAL2 is the most expressed gene and HXT6/7, HXT8, and FSY1
showed similar expression percentages. At 60 g/L, they accounted for more than 50% of
the overall gene expression the showed the highest increase in total expression (+76%),
followed by R31.3 and R008. At 45 g/L of produced CO2, strain EC1118 showed the highest
total expression followed by R31.3, P301.9, and R008, while at 60 g/L of produced CO2,
strain R31.3 showed the highest total expression followed by P301.9, EC1118, and R008
(Figure 3).

At 45 g/L of produced CO2, the most expressed genes in EC1118 were HXT3, GAL2,
and HXT6/7. The expression pattern of HXT3 and HXT6/7 confirmed previous findings
that assessed HXT3 as the most highly expressed HXT gene during alcoholic fermentation
and HXT6/7, expressed throughout fermentation [40]. HXT3 and HXT8 (together with
HXT1) were the most expressed gene in R008, although at lower levels than that of EC1118.
Interestingly, in P301.9, the most expressed gene was FSY1 followed by HXT6/7 and
HXT3; in R31.3, FSY1 showed an expression level similar to the most expressed genes,
HXT8 and GAL2. At 60 g/L of produced CO2 in EC1118, a strong increase of HXT8 was
registered, while in P301.9, FSY1 reached the 25% of the total gene expression. In R31.3, the
GAL2 gene expression strongly dropped down, while FSY1, HXT8, HXT6/7, and HXT5
increased. Although the general low gene expression level in R008 caused an increase in
the expression of HXT5 and HXT6/7, HXT8 was found (Figure 3).
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4. Discussion

The hexose transporters’ activity during late fermentation phase is crucial to ensure
the complete transformation of the sugar into ethanol. In fact, a high fructose/glucose ratio
may cause sluggish and stuck fermentations with high levels of fructose residue, which is
a major problem in the wine industry [3,41].

The transport of glucose and fructose in the yeast Saccharomyces cerevisiae plays a
crucial role in controlling the rate of wine fermentation, and the yeast fermentation perfor-
mance is strongly influenced by the hexose carrier set-up [7,26,42]. Saccharomyces cerevisiae
is the organism provided with the highest number of hexose transporter genes. In its
genome, twenty genes encode hexose transporter-like proteins (HXT1 to HXT17, GAL2,
SNF3, and RGT2) [43].

The molecular function of these hexose transporters is redundant, as none of these
transporters are essential for growth on glucose. The cooperation among the involved
transporters determines the effectiveness of the sugar-uptake systems. In S. cerevisiae,
two uptake systems have been described: The first, a constitutive low-affinity system
involving HXT2, HXT6, and HXT7, and the second, a glucose-repressed high-affinity
system responsible for the high-affinity transporters, HXT1, HXT3, or HXT4 [27]. In
contrast, the expression of HXT5 [33] is influenced by the growth rate of cells and not by
the extracellular glucose concentration. Strains lacking HXT1 through HXT7 genes are
unable to grow on glucose, fructose, or mannose and have no glycolytic flux [8,27]. Despite
extensive research, the functions of Hxt8-Hxt17 have remained poorly defined. HXT8,
induced by low levels of glucose, appears to function as a glucose transporter since it can
partially complement the glucose growth defect of the hxt null mutant [30]. Only recently,
Treu and colleagues [44] found that the HXT8 gene was expressed during the first stage of
synthetic grape must fermentation, although at a lower level than HXT1–7 genes. HXT12
was found to be a pseudogene and only recently Jordan and co-workers [45] described
Hxt13p, Hxt15p, Hxt16p, and Hxt17p as a novel type of polyol transporters, not involved in
glucose and fructose transport. Another gene with similarity to the HXT family is present
in the yeast genome: GAL2. It encodes a galactose transporter that is also a high-affinity
glucose transporter [36]. The FSY1 gene, encoding for a fructose/H+ symporter, previously
identified in S. pastorianus [39], has been discovered and characterized in the EC1118
Saccharomyces cerevisiae strain [3,5]. In 2014, Treu and colleagues [11] found the fructose
transporter in a vineyard strain (P301) with the same origin as the strains tested in this study.
Following P301 transcriptome analysis under fermentation conditions reported that FSY1
gene was expressed at lower levels with respect to other hexoses transporter genes [44].
Notwithstanding, FSY1 gene is potentially very interesting as in the late fermentation
phase, fructose is the main sugar residue due to yeast glucophilic behavior.

With the aim to evaluate the role of the different hexose transporter gene expressions in
the strain ability to complete sugar fermentation, four S. cerevisiae strains were considered:
he industrial wine EC1118 and the vineyard P301.9, R31.3, and R008. Previous results
found that the strain R008 genome does not contain the FSY1 gene [11].

Kinetics of carbon dioxide production differed among the tested strains, evidencing
optimal (EC1118), intermediate (P301.9 and R31.3), and poor (R008) fermentation trends.
During early fermentation (up to the fermentation rate peak, Vmax) that was consistent
with the yeast exponential growth phase [23], vineyard strains showed better fermentation
performance than EC1118, particularly P301.9. During late fermentation (after the fermen-
tation rate peak to the end of the process), an opposite trend was observed. EC1118 kept the
fermentation rate at a higher level than the other strains and completed the fermentation
earlier. Strain R008 showed the lowest fermentation rate during the late fermentation phase,
leaving a fructose residue and producing about 1% less ethanol. The fermentation trends
were consistent with the fructose/total sugar ratio and amino acid consumption found
at 45 g/L. EC1118 that showed the lowest fermentation level during early fermentation
consumed the lowest amount of amino acid and fructose. P301.9 showed the highest
Vmax value and consumed the highest number of amino acids, although the fructose/total
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sugar ratio showed no significant difference with the other vineyard strains. No significant
differences were found between amino acid residues at 45 and 60 g/L in EC1118 and P301.9,
the best fermenting strains. On the opposite, R31.3 and R008 showed a significant increase
in amino nitrogen residues. This could be due to higher cell mortality level at 60 g/L that
could also be responsible for the longer fermentation time.

All the HXT genes involved in glucose/fructose transport (HXT1-8) and GAL2 and
FSY1 genes were tested by means of Real-Time PCR, and their relative gene expression has
been determined. The results evidenced that all the genes tested were expressed during late
fermentation regardless of their attitude to be inhibited by high or low glucose regulation
pathways.

High-affinity transporter gene HXT6-7, intermediate affinity HXT2 and HXT4, HXT8,
and GAL2 are induced by a low glucose concentration, therefore an increase in their
expression is expected. On the contrary, low-affinity transporter genes HXT1 and HXT3,
induced by high glucose, were supposed to decrease their expression. EC1118 showed
a decrease expression for all the genes, except for HXT8. In P301.9, all gene expressions
increased, except for HXT2 that remained unchanged. R31.3 showed a similar trend to
EC1118, except for HXT6/7 and HXT8 that increased their expression level. Despite
the very low total expression level, R008 showed an intermediate trend as HXT6/7 and
HXT8 increased as in P301.9 and HXT2, HXT3, and GAL2 decreased as in EC1118. These
results suggested that the “low-glucose” signal that controls high- and intermediate-affinity
transporters gene expression turned up at higher sugars concentration in EC1118 cells than
the others. On the contrary, the “high-glucose” signal that controls low-affinity transporters
gene expression turned up at higher sugar concentrations in P301.9 cells than the others.

HXT5 gene expression was maximally induced upon glucose and nitrogen deple-
tion [34]. In this work, the HXT5 gene expression increased in R31.3, P301.9, and R008 from
45 to 60 g/L of produced CO2, while EC1118 remained low and constant. These findings
are consistent with strain nitrogen consumption values as the vineyard strains consumed
more nitrogen that EC1118 during early fermentation.

Previous works demonstrated that in EC1118, FSY1 was repressed by high concen-
trations of glucose or fructose and was highly expressed on ethanol as the sole carbon
source [3]. Surprisingly, in this study, FSY1 was only poorly expressed at 45 and at 60 g/L
in EC1118, evidencing a decrease in the expression from 45 to 60 g/L. On the contrary,
in the two other strains containing this gene, the expression level was very high, and
a marked increase was evident from 45 to 60 g/L. Therefore, the FSY1 gene seems to
play an important role in the sugar uptake of these yeast strains. EC1118 possessed the
lowest “fructose/total residual sugars” ratio values (F/T ratio) at both sampling times.
These data suggested that EC1118 is more capable of handling the F/T ratio than the other
strains during early fermentation, leaving less fructose during late fermentation. In this
condition, P301.9 and R31.3 took advantage of the high-affinity fructose/H+ symporter
FSY1 to complete sugar consumption. Therefore, the high level of expression assured the
fructose consumption during the late fermentation phase. This is not the case for R008,
as they do not possess the FSY1 gene. The lack of this gene, together with a low gene
expression of all the genes of the HXT transport system, could be the cause of the poor
fermentation performance during late fermentation.

5. Conclusions

In the fermentation trial, all the hexose transporter genes were expressed at both
45 and 60 g/L CO2. This indicated that the corresponding sugar concentration range
supported both the high and low glucose-dependent transporters.

The very low total gene expression of the transporters and the poor fermentation
performance of R008 suggested that the overall expression level is a determinant to maintain
a high fermentation rate during the late fermentation phase.

Each yeast showed a specific gene expression profile that was strongly variable among
the strains. This led to rethinking the importance of the HXT3 that was previously consid-
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ered to play a major role in sugar transport during the overall fermentation process. The
main contribution of HXT3 to maintain a high fermentation ratio during late fermentation
phase [7,40] could be limited to specific yeast genotypes. In different genetic contexts, other
genes such as HXT6/7, HXT8, and FSY1 were the most expressed and therefore responsible
for sugar transport in the late fermentation phase.

Finally, two trends emerged from the data collected: EC1118, that reduced the gene
expression of “low/high glucose”-induced genes, and P301.9, showing a gene expression
increase. These findings suggest a strain-specific response of the “high/low glucose”-
dependent genes that control most of the sugar transport in the yeast cell.
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Abstract: Urea–lime-treated rice straw fed to Thai native beef cattle was supplemented with dry yeast
(DY) (Saccharomyces cerevisiae) to assess total feed intake, nutrient digestibility, rumen microorganisms,
and methane (CH4) production. Sixteen Thai native beef cattle at 115 ± 10 kg live weight were divided
into four groups that received DY supplementation at 0, 1, 2, and 3 g/hd/d using a randomized
completely block design. All animals were fed concentrate mixture at 0.5% of body weight, with
urea–lime-treated rice straw fed ad libitum. Supplementation with DY enhanced total feed intake
and digestibility of neutral detergent fiber and acid detergent fiber (p < 0.05), but dry matter, organic
matter and crude protein were similar among treatments (p > 0.05). Total volatile fatty acid (VFA) and
propionic acid (C3) increased (p < 0.05) with 3 g/hd/d DY supplementation, while acetic acid (C2)
and butyric acid (C4) decreased. Protozoal population and CH4 production in the rumen decreased
as DY increased (p < 0.05). Populations of F. succinogenes and R. flavefaciens increased (p < 0.05),
whereas methanogen population decreased with DY addition at 3 g/hd/d, while R. albus was stable
(p > 0.05) throughout the treatments. Thus, addition of DY to cattle feed increased feed intake, rumen
fermentation, and cellulolytic bacterial populations.

Keywords: beef cattle; digestibility; ruminal fermentation; yeast

1. Introduction

To develop more effective ruminant production systems, ruminants must have a high
fermentation capacity. The ability of the microbial ecology to digest organic substances into
milk and meat precursors is required for increased production [1]. Many feed additives,
such as direct-fed microorganisms, are employed to promote livestock productivity. Yeast-
derived products, such as Saccharomyces cerevisiae, stand out in this group because they are
beneficial to animal health and ruminal enhancer [2]. In the rumen, yeast can utilize the
remaining dissolved oxygen, sparing anaerobic microbes from the damaging effects of oxy-
gen. Yeasts can increase rumen maturity and regulate ruminal pH by competing with lactic
generating bacteria, minimizing the danger of acidosis [3]. Yeast products lower rumen pH
by encouraging microorganisms that convert lactate into short-chain fatty acids [4]. Yeast
improves cattle feed digestion and metabolism in a variety of ways, including increasing
nutritional digestibility, optimizing volatile fatty acid proportions, decreasing ammonia–
nitrogen, lowering pH fluctuation, and stimulating microbial communities in the rumen [5].
Furthermore, yeast provides several growth factors, pro-vitamins, and other stimulants to
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rumen microbes while decreasing rumen redox potential and stimulating the growth of
ruminal bacteria, primarily cellulolytic bacteria, which enhance fiber degradation [6]. More-
over, yeast enhanced total volatile fatty acids (VFAs) while decreasing acetate proportion.
Supplementation of yeast can help cellulolytic bacteria and increase the digestibility of
Nellore cattle [7]. This could be due to increasing cellulolytic and lactate-utilizing bacterial
populations modifying lactate-to-propionate fermentative pathways [8]. Feed intake, milk
yield, weight gain, digestibility of nutrients, cellulolytic bacteria numbers, and volatile fatty
acid patterns have all been shown to improve with yeast supplementation in the ruminant
diet [9,10]. Furthermore, there is a limitation of data because only a few researchers have
studied the rumen microorganism and methane emission in cattle fed urea–lime-treated
rice straw. The aim of this study was to study supplementation with Saccharomyces cere-
visiae on feed intake, nutritional digestibility, rumen fermentation, rumen microorganism,
and methane production in Thai native beef calves fed urea–lime-treated rice straw as a
basal roughage.

2. Materials and Methods

The study design and plan strictly followed the norms of the Animal Ethics Commit-
tee of Nakhon Phanom University, Mueang Nakhon Phanom, Thailand (permission No.
AENPU A2/2560). This study primarily involved laboratory analysis of ruminant feeds,
for which permission to collect rumen fluid from animals was granted in accordance with
the Thailand Ethics of Animal Experimentation of the National Research Council.

2.1. Animals, Feed, and Experimental Design

Sixteen Thai native beef cattle with 115 ± 10 kg live weight were blocked into four
groups to receive active Saccharomyces cerevisiae (dry form) supplementation at 0, 1, 2, and
3 g/hd/day. The yeast strain S. cerevisiae in this study was obtained from the Renu Nakhon
district, Nakhon Phanom Province, Thailand. All animals received a concentrated mixture
at 0.5% body weight, while urea–lime-treated rice straw, water, and mineral blocks were
available ad libitum.

Ingredient compositions of concentrate mixture and nutrient composition are pre-
sented in Table 1. The rice straw-treated urea–calcium hydroxide was made by adding
2 kg of urea and 2 kg of Ca(OH)2 in 100 L to 100 kg of rice straw. The quantity of urea and
calcium hydroxide solution was sprayed onto rice straw bales and then covered with a
sheet of plastic for at least 10 days before feeding to the beef cattle [11].

Table 1. Compositions of concentrate mixtures and urea–calcium hydroxide-treated rice straw.

Items Concentrate Urea–Calcium Hydroxide-Treated Rice Straw

Concentrate ingredients, % dry matter basis
Cassava chip 63.5
Coconut meal 10.5
Palm kernel meal 7.5
Rice bran 11.0
Urea 3.0
Molasses 2.0
Mineral mixture 1.0
Salt 1.0
Sulfur 0.5

Chemical composition
Dry matter, % 89.7 50.7

% of dry matter
Organic matter 94.6 90.1
Ash 5.4 9.9
Crude protein 14.0 4.3
Neutral detergent fiber 25.6 70.2
Acid detergent fiber 15.8 48.7
Total digestible nutrients (TDN) * 79.8 50.4

* Calculated value %TDN = [%digestible CP + Crude fiber (CF) + Nitrogen free extract (NFE) + (2.25 × %Digestible Ether extract (EE)].
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The animals were dewormed and given a 14-day acclimation period prior to the
experiment. The feeding trial lasted 90 days, with the digestibility test taking place in the
final week. The individual feed was made and fed to the cattle in the morning and evening.
To measure daily feed intake, the amount of feed supplied and denied was recorded every
day, and to determine weight change, weighing was performed every two weeks before
feeding time.

2.2. Samples Collection and Chemical Analyses of Samples

Representative feed, fecal, and urine samples were collected throughout the last 7 days,
weighed, and oven-dried at 60 ◦C for 48 h. The composite samples were dried at 60 ◦C
before being processed (1 mm screen using Cyclotech Mill, Tecator, 1093, Hoganas, Sweden)
and tested for DM, CP, and ash [12]. The acid detergent fiber (ADF) was calculated and
expressed including residual ash. Determined neutral detergent fiber (NDF) in samples
with the addition of alpha-amylase but without sodium sulfite, and the findings are given
inclusive of residual ash according to Van Soest et al. [13]. Nutrient digestibility was
calculated using acid insoluble ash [14], and DM, OM, NDF, and ADF digestibility were
determined from the ratio of AIA in feed and feces, and digestibility of nitrogen was
determined from ratios of AIA and N in feed and feces.

On the final day of the trial, rumen fluid and blood samples were collected at 0 and
4 h following the morning feed. Each time, a stomach tube connected to a vacuum pump
was utilized to collect approximately 200 mL of rumen fluid from the rumen. Rumen
fluid pH and temperature were immediately measured, and 50 mL of rumen fluid was
collected and mixed with 5 mL of 1M H2SO4 to stop microbial activity fermentation before
centrifugation at 16,000× g for 15 min. A total of 20 cc of supernatant was taken and frozen
at −20 ◦C before being analyzed in the laboratory for ammonia–nitrogen (NH3–N) using
micro-Kjeldahl methods [12].

High Performance Liquid Chromatography was used to examine rumen fluid samples
for VFAs (HPLC; Model Water 600; UV detector, Millipore Corp., Milford, MA, USA).
Rumen CH4 production was approximated using equation of Moss et al. [15]. VFA propor-
tions are as follows: production of CH4 = 0.45 (acetate, C2) + 0.275 (propionate, C3) + 0.4
(butyrate, C4).

The second portion was fixed with 10% formalin for the determined protozoal popu-
lation using the direct count microscopic method as described by Galyean [16].

The community DNA was isolated from rumen fluid and digesta. QIAgen DNA Mini
Stool Kit columns were used to purify the DNA (QIAGEN, Valencia, California, USA). Real-
time PCR was used to determine the relative populations of total bacteria, rumen bacteria
for fiber degradation (Ruminococcus albus, Ruminococcus flavefaciens, Butyrivibrio fibrisolvens,
and Fibrobacter succinogenes), and methanogen. Total DNA was extracted from the samples
using the method described by Stevenson et al. [17]. Extracted DNA was utilized as a
template in real-time PCR experiments with specified primers to measure the microbial
population of R. albus, and R. flavefaciens [18], B. fibrisolvens [17], F. succinogenes [19], and
methanogen [20]. The DNA standards for real-time PCR amplification and detection were
determined using a Chromo 4™ system (Bio-Rad, California, USA). The data of microbial
population were transferred to log10 prior to statistical analysis.

At the same time as the rumen fluid was collected, a 10 mL blood sample was taken
from the jugular vein into a tube containing 0.1 g of ethylenediaminetetraacetic acid (EDTA).
All tubes were centrifuged at 3000× g for 15 min to obtain plasma and then stored at
−20 ◦C for further analyses of blood urea nitrogen (BUN) [21].

2.3. Statistical Methods

The data were analyzed using the MIXED procedure in SAS software [22]. The
mathematical model assumption used was:

Yi = μ + Ti + βi + εi
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where Yi is the dependent variable, μ is the overall mean, Ti is the ith treatment effect
(supplementation of Saccharomyces cerevisiae at 0, 1, 2, 3 g/hd/day), βi is the ith block
effect, and i is the residual error of the ith observation. Differences among means with
p < 0.05 were represented as statistically significant differences. Orthogonal polynomials
for diet responses were determined by linear and quadratic effects.

3. Results

3.1. Feed Intake and Digestibility

DY supplementation enhanced total feed intake of urea–lime-treated rice straw by
Thai native beef cattle (p < 0.05) but did not alter digestibility DM, OM, or CP (p > 0.05).
Supplementation at 3 g/hd/d increased digestibility of fiber (NDF, ADF) (p < 0.05; Table 2).

Table 2. Effect of yeast supplementation on voluntary feed intake and nutrient digestibility in Thai native beef cattle.

Items
Yeast Supplementation (g/day)

SEM
Contrast

0 1 2 3 Linear Quadratic

Dry matter intake
Roughage intake

kg/day 1.9 a 2.0 a 2.3 b 2.5 c 0.18 0.04 0.43
g/kg BW0.75 65.9 a 66.0 a 68.1 b 70.6 c 0.76 0.04 0.52

Concentrate intake
kg/day 0.7 0.7 0.7 0.7 0.31 0.17 0.41
g/kg BW0.75 17.8 18.9 17.7 19.0 1.67 0.15 0.32

Total feed intake
kg/day 2.6 a 2.7 a 3.0 b 3.3 c 0.09 0.04 0.05
g/kg BW0.75 84.7 a 84.9 a 85.7 b 89.6 c 1.24 0.04 0.05

Nutrient digestibility, %
Dry matter 57.5 58.9 60.2 60.0 0.17 0.14 0.47
Organic matter 62.8 62.7 62.4 63.4 0.05 0.25 0.32
Crude protein 58.6 59.1 59.7 60.2 0.09 0.17 0.21
Neutral detergent fiber 50.1 a 51.9 a 53.2 b 55.2 c 0.08 0.03 0.04
Acid detergent fiber 41.4 a 42.3 a 44.9 b 46.9 c 0.06 0.02 0.03

a,b,c means within a row with different superscripts differ significantly (p < 0.05); SEM = standard error of the mean.

3.2. Rumen Fermentation, and Blood Urea Nitrogen

Table 3 shows the effect of DY on rumen fermentation and BUN. The ruminal pH
(6.6–6.8) and ruminal temperature (39.0–39.5 ◦C) remained stable (p > 0.05). The concentra-
tion of NH3–N increased in the DY supplementation groups and was highest at 3 g/hd/d
but did not affect the concentration of BUN (p > 0.05).

Table 3. Effect of yeast supplementation on fermentation characteristics and blood urea nitrogen in Thai native beef cattle.

Items
Yeast Supplementation (g/day)

SEM
Contrast

0 1 2 3 Linear Quadratic

Ruminal pH 6.8 6.8 6.7 6.6 0.09 0.09 0.15
Temperature, ◦C 39.5 39.0 39.4 39.5 0.22 0.34 0.46
NH3–N, mg/dL 12.1 a 12.9 a 13.3 b 15.6 c 0.30 0.02 0.03
BUN, mg/dL 9.1 9.5 10.7 11.3 0.06 0.52 0.62
Total VFAs, mmol/L 90.1 a 92.8 a 96.5 b 100.3 c 0.15 0.03 0.04
VFAs, mol/100mol

Acetic acid (C2) 68.1c 66.6 b 66.4 b 64.8 a 0.18 0.02 0.04
Propionic acid (C3) 20.9 a 22.6 b 24.1 c 26.0 d 0.16 0.02 0.03
Butyric acid (C4) 11.0 b 10.8 b 9.5 a 9.2 a 0.07 0.03 0.05

C2: C3 3.3 c 2.9 b 2.8 b 2.5 a 0.31 0.04 0.07
CH4 (mM) 29.3 c 28.1 b 27.1b 25.7 a 0.25 0.04 0.05

a,b,c,d means within a row with different superscripts differ significantly (p < 0.05); SEM = standard error of the mean; NH3–N = ammonia–
nitrogen; BUN = blood urea nitrogen; VFAs = volatile fatty acids; CH4 = methane production = 0.45 (C2) − 0.275 (C3) + 0.4 (C4) calculated
according to Moss et al. [15].
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3.3. Volatile Fatty Acid (VFA) Profiles and Methane (CH4) Production

Concentrations of total volatile fatty acid (TVFA) and propionic acid (C3) increased
(p < 0.05) with DY supplementation, particularly for DY at 3 g/hd/d. However, acetic acid
(C2) and butyric acid (C4) concentrations, C2: C3 ratio and CH4 production reduced with
the addition of DY at 3 g/hd/d.

3.4. Microbial Population

Protozoal population significantly reduced (p < 0.05) with LY addition at 3 g/hd/d.
The bacteria, F. succinogenes, B. fibrisolvens and R. flavefaciens increased, whereas the
methanogenic population decreased with DY addition at 3 g/hd/d. R. albus was sta-
ble (p > 0.05) throughout all treatments (Table 4).

Table 4. Effect of yeast supplementation on microbial population in Thai native beef cattle.

Items
Yeast Supplementation (g/day)

SEM
Contrast

0 1 2 3 Linear Quadratic

Direct count, cell/mL
Protozoa, × 106 cell/mL 8.1 d 6.9 c 5.2 b 3.5 a 0.19 0.04 0.05
Real-time PCR,
copies/mL rumen content
F. succinogenes, × 106 3.2 a 3.6 a 4.8 b 5.9 c 0.07 0.04 0.07
R. flavefaciens, × 105 2.1 a 2.4 a 3.9 b 4.8 c 0.31 0.04 0.06
R. albus, × 106 5.0 4.9 5.2 5.5 0.16 0.06 0.08
B. fibrisolvens, × 105 2.5 a 3.1 a 4.4 b 6.8 c 0.21 0.04 0.05
Methanogens, × 102 6.6 a 5.8 a 4.7 b 3.4 c 0.09 0.04 0.05

a,b,c,d means within a row with different superscripts differ significantly (p < 0.05); SEM = standard error of the mean.

4. Discussion

4.1. Feed Intake and Nutrient Digestibility

Total feed intake increased with DY supplementation, with the highest found at
3 g/hd/d (p < 0.05), concurring with Crossland et al. [6], who found that adding yeast to
cattle diet increased dry matter intake. Supplementation of DY at 3 g/hd/d also increased
fiber digestibility (NDF, ADF) (p < 0.05) due to the ability of yeast to scavenge excess
oxygen in the rumen, lower the redox potential, and enhance the degradability of NDF and
ADF. Yeast provides an ecological setting that encourages the proliferation and activity of
microbes, especially cellulolytic bacteria that enhance NDF and ADF breakdown. Guedes
et al. [23] discovered that feeding cattle with yeast improved NDF degradation of maize
silage. By contrast, Mir and Mir [24] found that supplementing cattle feed with live yeast
did not impact DM and NDF degradation in the rumen. Satori et al. [10] stated that the
highest total intake and average daily gain were observed in cattle supplemented with
yeast at below 6 g/d.

4.2. Rumen Ecology and Blood Urea-Nitrogen

Ruminal pH and temperature values for all DY supplementations were reported in the
optimal range by Phesatcha et al. [11]. In general, rumen pH stability benefits acid-sensitive
cellulolytic bacteria and is extremely beneficial to beef cattle, especially fattening cattle.
Monnerat et al. [25] and Ghasemi et al. [26] reported that adding yeast to high concentrate
cattle feed did not affect rumen pH.

The NH3–N concentration increased with DY supplementation at 3 g/hd/d. The con-
centration of BUN was similar among treatments and ranged between 9.1and 11.3 mg/dl,
and in the normal range as reported by Wanapat and Pimpa [27]. By contrast, Li et al. [28]
found that the addition of yeast to cattle feed decreased BUN.
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4.3. Ruminal Volatile Fatty Acid (VFA) Profiles and Methane (CH4) Production

In this study, beef calves fed DY had higher total VFA levels and higher C3 levels,
while the C2, C4, and C2 to C3 ratio were lower than those no supplemented group.
This was due to an increase in the lactate-utilizing bacteria Selenomonas ruminantium and
Megasphaera elsdenii that convert lactate to C3, with their growth stimulated by yeast sup-
plementation [10,29]. When compared to the control, yeast supplementation increased total
VFA, C3, and valeric acid but decreased C2 and the C2 to C3 ratio [30,31]. Dawson et al. [32]
found that for yeast supplements containing in vitro total VFA, the molar proportion of
C3 increased while C2 decreased. Variable effects of yeast on rumen fermentation efficiency
can be attributed to dose, diet type, different yeast strains, animal physiological stage, and
feeding systems [7,33].

Major alterations of CH4 in ruminants are produced through propionate fermentation,
and CH4 production decreased with yeast supplementation. This result concurred with
Phesatcha et al. [11] and Wang et al. [34], who found that CH4 production decreased
with yeast supplementation, while Munoz et al. [35] observed that DY supplementation
increased CH4 production in lactating dairy cows and Bayat et al. [36] determined that yeast
did not influence CH4 emissions. Diverse effects of yeast supplementation on CH4 synthesis
were attributed to varying yeast strains, dosages, and diets utilized in the trials [28]. Yeast
can be used to minimize CH4 emissions and was shown to lower methane production in the
rumen by encouraging acetogens to use more hydrogen in the process of acetate formation
by Darabighane et al. [37]. In this study, the methanogen population was reduced with
yeast supplementation and was lowest at 3 g/hd/d.

The protozoal population was reduced with DY supplementation. Microbial pop-
ulations studied using real-time PCR revealed that R. flavefaciens, B. fibrisolvens, and F.
succinogenes increased, while methanogen population decreased with yeast supplementa-
tion at 3 g/hd/d. This result concurred with Sousa et al. [7], who reported that the addition
of yeast significantly increased the relative population of R. flavefaciens. The addition
of DY stimulated the growth of cellulolytic bacterial populations (R. flavefaciens and F.
succinogenes), while suppressing growth of the lactate-producing bacterium (Streptococcus
bovis), thereby improving the consistency of rumen fermentation [38]. Enhanced fiber
degradation increased total cellulolytic bacteria in the rumen. Ding et al. [39] found that
the addition of yeast increased bacteria, fungi, protozoa, lactate-utilizing bacteria, and rate
of fiber decomposition. Growth factors induced by organic acids and vitamins provided
by yeast may enhance cellulolytic bacterial and fungal colonization in the rumen. Yeast
promoted microbial proliferation, specifically lactic acid-utilizing bacteria, and reduced
acidosis [3,9]. Furthermore, as a facultative anaerobe organism, yeast gathers available
oxygen on the surface of freshly swallowed meals to sustain metabolic activity, thereby
lowering rumen redox potential. Removal of oxygen improves growth conditions for strict
anaerobic cellulolytic bacteria, increasing their adherence to fodder particles and shorten-
ing the cellulolytic process [33]. Jiang et al. [29] examined the ruminal microbiota of cows
fed with different amounts of yeast. They found that the number of Butyrivibrio fibrisolvens,
an important hemicellulolytic species, was reduced in cows supplemented with a high
dose of yeast. In our study, methane production and methanogen population reduced
with yeast supplementation, and the lowest values were found at 3 g/hd/d. By contrast,
Lu et al. [40] reported that adding yeast at 6 and 12 g/d decreased methane production
without affecting the number or diversity of methanogens.

5. Conclusions

The addition of DY at 3 g/hd/d enhanced total feed intake, rumen fermentation, and
total bacteria populations while reducing protozoal population and CH4 production in
beef cattle fed with urea–lime-treated rice straw. However, there are certain drawbacks
related to the fattening beef cattle influenced by DY addition, which requires further study.
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Abstract: Wine production has developed from spontaneous to controlled fermentations using
commercial active dry yeasts (ADY). In this study, S. cerevisiae commercial ADY were tested, and
yeast community dynamics were monitored at different fermentation stages in three winery-based
trials with volumes ranging from 60 L to 250 hL. The differentiation of S. cerevisiae strains was
achieved using microsatellite markers. In Experiment 1, results showed that both ADY strains
revealed similar profiles, despite being described by the producer as having different properties.
In Experiment 2, higher genetic diversity was detected when co-inoculation was tested, while in
sequential inoculation, the initial ADY seemed to dominate throughout all fermentation. Pilot-scale
red wine fermentations were performed in Experiment 3, where one single ADY strain was tested
along with different oenological additives. Surprisingly, these trials showed an increase in distinct
profiles towards the end of fermentation, indicating that the dominance of the ADY was lower than
in the blank modality. The use of ADY is envisaged to promote a controlled and efficient alcoholic
fermentation, and their purchase represents an important cost for wineries. Therefore, it is most
relevant to survey commercial ADY during wine fermentation to understand if their use is effective.

Keywords: active dry yeast; wine; co-inoculation; sequential inoculation; microsatellite markers;
genetic relationships

1. Introduction

The use of select commercial Saccharomyces cerevisiae strains has been a common
practice for wine production mostly since the end of the 20th century. The development
of the wine industry has also been followed by an increase in the supply of new species
and strains in the active dry yeast (ADY) production industry. Production techniques have
undergone many changes and improvements, and strain selection criteria have adapted to
the new requirements of winemakers, opinion makers and consumers. The production of
ADY has evolved with specificities aimed at its use at the beginning or end of fermentation,
suitability for lower temperatures, and reduction in the yield of alcohol or production of
specific aromas, among others. In fact, nowadays, the offer of these oenological yeasts is
enormous.

To evaluate the use of starter cultures, initial studies have been conducted on the
laboratory scale despite the burden that this may introduce in scaling up the results to
the winery level. Recent winery-based studies have shown very interesting results on the
presence and/or dominance of indigenous versus commercial S. cerevisiae strains [1–7].
Scholl et al. investigated the presence of commercial S. cerevisiae strains in spontaneous
fermentations at wineries that conduct both inoculated and spontaneous fermentations
and showed that indigenous S. cerevisiae strains were found in relatively low abundance [5].
Differences were also found in the diversity of S. cerevisiae strains depending on the
cultivar and the winery. Some studies have also reported on the co-inoculation of multiple
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S. cerevisiae strains, but overall, studies have mostly been dedicated to the influence on the
volatile composition and sensory properties of the produced wines [8–10].

On the other hand, recent studies on the dominance of different inoculated strains
have mostly been carried out on mixed fermentations with non-Saccharomyces yeasts
and S. cerevisiae with the aim of understanding the behavior and interactions of strains
throughout the fermentation process [11–14]. Fewer studies have focused on the population
dynamics of different inoculated strains of S. cerevisiae, as reported by Gustafsson et al. [15].
Previous winery-based studies have shown that the frequently used strains Lalvin RC212
and Lalvin ICV-D254 tend to predominate, with over 80% presence even in spontaneous
fermentations [16].

In order to follow S. cerevisiae population dynamics during fermentation, adequate
methods that enable differentiation at the strain level are needed. Simple sequence repeat
(SSR) markers are powerful biomolecular tools for the differentiation of yeast strains [17].
The development of these techniques has led to the study of population dynamics during
fermentation and has opened the possibility to understand the complex roles of microor-
ganisms in wine fermentation [1,18].

In this paper, wine fermentations carried out in the cellar using S. cerevisiae commercial
ADY were performed in white and red grapes; the size of the assessed fermentations
ranged from microvinifications (60 L) and pilot scale fermentations (500 L) to large-scale
fermentations (250 hL). The presence of the added ADY during fermentation was monitored
using microsatellite or SSR markers.

2. Materials and Methods

2.1. Yeast Strains

Different commercial ADY were used in the three experiments. ADY were selected
by the wine producer depending on the desired characteristics. Table 1 summarizes the
information available.

Table 1. ADY used in the experiments, as well as their respective codes and suppliers.

Strain Code Supplier Experiment

S. cerevisiae r.f. uvarum C AEB Bioquímica, SA Portugal 1
S. cerevisiae r.f. bayanus B AEB Bioquímica, SA Portugal 1

S. cerevisiae hybrid V Anchor, South Africa 2
S. cerevisiae var. bayanus F DSM, The Netherlands 2

S. cerevisiae, var. cerevisiae D Proenol, Vila Nova de Gaia 3

2.2. Winery Procedures

Three winery experimental trials were performed. White wine was produced in Exper-
iment 1 and 2, while Experiment 3 produced red wine. The general setup for Experiment 1
and 2 is schematized in Figure 1.

Initial 
white must

Modality 1
ADY C

Modality 2
ADY B

Modality 3
ADY C + B Initial
ADY V + F Initial

Modality 4
ADY C + 72 h B

ADY V + 8 days F

Figure 1. Schematic representation of white must experiments. Experiment 1—ADY C and B;
experiment 2—ADY V and F.

In Experiment 3, the influence of oenological additives on the prevalence of ADY in red
wine fermentations was evaluated using a single ADY strain. The fermentation activators
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applied were a blend of yeast nutrients (F1 and F2), and the applied tannin preparations
were a blend of condensed and hydrolyzed tannins specific for color stabilization (T1
and T2), as well as a blank (B) without additives. For the five trials carried out, detailed
information and procedures used were previously described [1].

2.2.1. Experiment 1

A first set of two commercial ADY was selected by the winery to ferment their wines;
namely, strains C and B were selected. The winery planned to use strain C as the starter
yeast and to add strain B at mid-fermentation in order to prevent stuck fermentation.
Yeast rehydration was performed according to the manufacturer instructions, and 30 g/hL
were added.

White must (sugars 188 g/L; total acidity 5.5 g/L tartaric acid; pH 3.29) was clarified
by cold settling. SO2 was then added (50 mg/L), and the mixture was homogenized and
distributed in 4 deposits of 60 L, corresponding to the four modalities of yeast addition, as
represented in Figure 1: modality 1—single addition of ADY C; modality 2—single addition
of ADY B; modality 3—simultaneous addition of ADY C and B; modality 4—sequential
addition, wherein ADY C was added to the initial must and ADY B was added after 72 h
(must density 1.032). Fermentation took place at room temperature of around 23 ◦C.

Three samples were collected from each modality at 2 h, 72 h and 7 days after the first
ADY addition, corresponding to the initial (I), middle (M) and end (E) time periods of the
fermentation process.

2.2.2. Experiment 2

A second set of two ADY was selected; specifically, these were strains V and F
(Table 1). The winery planned to use strain V as the starter yeast and to add strain F
at mid-fermentation in order to prevent stuck fermentations.

A white must from a different vintage was used (sugars 213 g/L) and similar pro-
cedures as Experiment 1 were performed, including cold settling and addition of SO2
(50 mg/L). Fermentation activators and pectolytic enzymes were also added. The must
was proportionally distributed in two stainless steel deposits of 250 hL. Two modalities of
yeast addition were performed, corresponding to modalities 3 and 4 (Figure 1): modality
3—simultaneous addition of ADY V and ADY F; modality 4—sequential addition, wherein
ADY V was added to the initial must, followed by ADY F after eight days (must density
1.040). Fermentation took place at around 16 ◦C.

Three samples were collected from each deposit 1, 9 and 17 days after ADY addition,
corresponding to the initial (I), middle (M) and end (E) time periods of the fermentation
process.

2.2.3. Experiment 3

Homogenized red mush (sugars 179.5 g/L; pH 3.13) with SO2 (80 mg/L) and ADY
(20 g/100 kg) was equally distributed in five tanks of 500 L each. A different fermentation
activator (F1 or F2) or tannin (T1 or T2) was added to each of the corresponding four tanks,
and the remaining one was set as blank [1].

Must samples were collected at the middle (M) and end (E) of the fermentation process.

2.3. Commercial Yeast Isolation

In order to determine the microsatellite profiles of the commercial ADY used, a new
package of each ADY was opened in a laminar flow chamber. The yeast was resuspended
in sterilized water following the supplier instructions. After yeast rehydration, serial
decimal dilutions using a solution of NaCl and tryptone (8.5 g/L and 1.0 g/L, respectively;
autoclaved for 15 min at 121 ◦C) were performed to obtain a countable number of colonies
by spread plating a volume of 100 μL of the appropriate dilutions on YPD agar (yeast
extract, 5 g/L, bacto-peptone, 10 g/L, glucose, 20 g/L, agar, 20 g/L). Twenty-five random
colonies of each ADY were further purified and used for SSR analysis.
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2.4. Fermentation Yeasts Isolation

Three must samples were collected from each fermentation at each time point. Ap-
propriate serial dilutions were performed, and samples were spread plated on a grape
must-agar medium (diluted grape must, 50%, v/v; pH 5; agar 20 g/L). After 48 h at 25 ◦C,
10 colonies of each triplicate presenting with the S. cerevisiae morphology type (whitish
and slightly brilliant, butyrous, smooth, raised and occasionally conical, entire margin and
opaque) were randomly collected and further purified. Cultures were maintained on YPD
agar at 4 ◦C.

The yeast isolates were screened on lysine medium agar (lysine hydrochloride, Sigma-
Aldrich, added to Yeast Carbon Base, Difco Laboratories) in order to exclude the non-
Saccharomyces yeasts (lysine+).

2.5. DNA Extraction and Purification

Procedures were performed as described by Duarte et al. [1]. Briefly, cells were
suspended in a lysing buffer and disrupted using glass beads. DNA was purified with
chloroform:isoamyl alcohol (24:1) and precipitated with 1/10 volume of sodium acetate
(3 M, pH 5.2) and two volumes of absolute ethanol followed by incubation with RNase
(100 μg/mL in TE: 10 mM tris-HCl and 1 mM EDTA, pH 8) for 30 min at 37 ◦C. DNA was
washed with ethanol (70%, v/v), dried and resuspended in TE.

2.6. Microsatellite Analysis

The same six SSR loci mentioned by Duarte et al. [1] were used, namely ScAAT1,
ScAAT2, ScAAT3, ScAAT5, SCYOR267C and SC8132X [19,20]. SSR amplifications were
conducted in two multiplex reactions as previously described [1]. The first multiplex
with primers ScAAT1, ScAAT2 and ScAAT5 was performed following the conditions
already described by Pérez et al. [19]. The other multiplex reaction with primers ScAAT3,
SCYOR267C and SC8132X was optimized. The amplification conditions consisted of an
initial denaturation step at 94 ◦C for five min, followed by 10 cycles of 15 s at 94 ◦C, 30 s
at 68 ◦C (decreasing 1 ◦C per cycle to 57 ◦C) and 45 s at 72 ◦C; this was then followed
by 25 cycles of 15 s at 94 ◦C, 30 s at 58 ◦C, and 45 s at 72 ◦C, and a final step of 5 min at
72 ◦C [1]. An aliquot of 1–2 μL of the amplified product, 0.5 μL of Ceq DNA Size Standard
kit-600 (Beckman Coulter Inc., Fullerton, California, CA, USA) and 25 μL formamide were
sequentially dispensed on a 96-well sample plate. Separation was performed by capillary
electrophoresis (6 kV; 50 ◦C; capillary 30 cm length; 35 min) on a CEQ 8000 Genetic Analysis
System (Beckman Coulter Inc., Fullerton, California, CA, USA).

2.7. Data Analysis

To investigate the genetic relationships between isolates, microsatellite profiles were
analysed using the poppr package, v2.8.3, under R statistical software, v3.6.1 [21]. Den-
drograms were established using Nei distance [22] and UPGMA (unweighted pair group
method with arithmetic mean) clustering.

3. Results and Discussion

The microsatellite profiles of the commercial ADY used in the three winery experi-
ments, as well as fermentation isolates, were determined. The genetic distance between
the isolates is represented by dendrograms, built based on the Nei distance [22] and the
clustering method UPGMA.

3.1. Experiment 1

In this experiment, 60 L fermentation deposits were used and 2 commercial ADY
were tested. ADY C is, according to the manufacturer, a S. cerevisiae r.f. uvarum which is
cryotolerant, with a high production of aromatic compounds with a positive effect on the
wine sensory characteristics. ADY B is, according to the manufacturer, a S. cerevisiae r.f.
bayanus more suitable for the control, regularization and restart of fermentation.
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The dendrogram presented in Figure 2 compares the 25 isolates from ADY B with
the 25 isolates from ADY C based on the microsatellite profiles. Isolates from ADY B
were genetically closer to 24 isolates from ADY C, with a total of six profiles shared by
isolates from each of the two ADY, C and B. Only the isolate C15 from ADY C presented a
genetically distant profile.

Figure 2. Dendrogram presenting the genetic distance between the ADY used in experiment 1, based
on the microsatellite profiles. C—ADY C isolates; B—ADY B isolates; both are followed by the
number of the isolate. Scale at top represents genetic distance.

Surprisingly, the SSR profiles of the isolates of commercial ADY C and B showed a high
similarity, clearly evidenced by the dendrogram in Figure 2. These two ADY commercial
preparations were, most probably, originated from the same yeast strain. This result made it
impossible to study the evolution of the added yeast or yeast mixtures during fermentation,
as their profiles were similar.

The presence of S. cerevisiae isolates presenting profiles genetically distant from those
found for the ADY C and B, which might correspond to native yeasts, were only detected
at the beginning of fermentation (results not shown).

This result highlights the major importance of using molecular markers for certifying
the commercial yeasts present in the market, as is already a current requirement for the
grapevine varieties trade.
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3.2. Experiment 2

In this experiment, fermentation deposits of 250 hL were used. These deposits were
close to the conditions usually used by the winery, and two commercial ADY were also
tested. ADY V (Anchor, South Africa) is suited for the production of fresh and fruity white
and rosé wines to enhance volatile thiol aromas (passion fruit, grapefruit, gooseberry and
guava), to produce esters (tropical fruit salad, floral) and killer positive. ADY F (DSM,
The Netherlands) is a fructophilic yeast to prevent and restart stuck fermentation. ADY F
does not produce secondary aromas and preserves the specific characteristics of the must
when restarting fermentation. This experiment was performed utilizing modalities 3 and 4
(Figure 1).

For the 25 ADY V isolates, 14 different SSR profiles were obtained, although these
profiles were genetically very close. This can be observed from the dendrograms of
Figures 3 and 4, where those profiles were included together with the profiles of the yeast
isolates from the initial (I), middle (M) and end (E) time periods of the fermentation of
modalities 3 and 4, respectively. Concerning the 25 isolates of ADY F, 9 different profiles
were obtained. However, these profiles are genetically very close, as can be seen in the
dendrograms of Figures 3 and 4.

It is important to notice that the profiles for ADY V and ADY F were genetically
distant from each other, allowing their differentiation.

Regarding modality 3, where both ADY were added at the beginning of fermentation,
the isolates from the initial, middle and end periods of fermentation presented with profiles
genetically closer to ADY V and ADY F (Figure 3). Though similar numbers of each
ADY were detected at the beginning, towards the end of fermentation, a prevalence of
genetically closer ADY V profiles was observed; 20 isolates were identified, and only
two ADY F profiles were detected. Isolates genetically distant from these ADY profiles,
probably corresponding to native yeasts, were also detected at the initial (one isolate),
middle (8) and end (7) periods of fermentation.

For modality 4, where ADY F was added at mid-fermentation, only isolates with
profiles genetically closer to ADY V were detected. This occurred at the beginning, where
it was expected, but also at the middle and end of fermentation (Figure 4). Moreover, two
isolates each from the middle and end of fermentation presented profiles genetically distant
from ADY profiles, most likely corresponding to native yeasts.

Higher genetic diversity was detected when the two ADY were added at the beginning
of fermentation (modality 3), with both ADY detected throughout the fermentation and
a high number of native yeasts detected at the middle and end of fermentation. On the
contrary, for modality 4, the ADY V added at the beginning of fermentation seemed to
dominate, as no ADY F profile was detected during fermentation and a lower number of
native yeasts were also detected. Several works have already shown that the inoculum of
S. cerevisiae ADY cells, both commercial and indigenous, ensures a very rapid dominance
of a single strain and the suppression of natural microbiota [23–25].

Additionally, it was interesting to observe that sequential inoculation (modality 4)
resulted in a slower fermentation, a stable number of viable cells and a higher wine quality
(Figures S1 and S2 in supplementary data). Co-inoculation (modality 3) resulted in a faster
fermentation, resulting in a decline in the number of cells with culture viability and a
low-quality wine (Figures S1 and S2).

This study showed that despite ADY sequential addition, only the first inoculated
strain was detected, inferring its dominance during fermentation. Other works have re-
ported that the use of starter cultures does not always guarantee the dominance of the
inoculated strain [1,26,27]. It is important to further evaluate in future works if single addi-
tion of ADY V would result in the same fermentation performance and wine characteristics,
thus saving money and work for the winery.
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Figure 3. Dendrogram presenting the genetic distance between the isolates from Experiment 2,
modality 3 and the ADY isolates, based on the microsatellite profiles. V—ADY V isolates; F—
ADY F isolates; isolates from fermentation are represented by a letter; I—initial, M—middle or
E—end time periods of fermentation, followed by the number of the isolate. Scale at top represents
genetic distance.
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Figure 4. Dendrogram presenting the genetic distance between the isolates from Experiment 2,
modality 4 and the ADY isolates, based on the microsatellite profiles. V—ADY V isolates; F—
ADY F isolates; isolates from fermentation are represented by a letter; I—initial, M—middle or
E—end time periods of fermentation, followed by the number of the isolate. Scale at top represents
genetic distance.
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3.3. Experiment 3

Pilot-scale red wine fermentations of 500 L volume were performed in the winery,
where fermentation modalities included the use of fermentation activators and tannin
preparations.

Must samples were collected at the middle (must density between 1.044 and 1.053)
(M) and end of fermentation (E) (must density between 0.998 and 1.006; just before the
separation of grape solids from the wine).

The isolates from the ADY D used in this experiment presented a single profile with
only one allele for each locus. The majority of the isolates of the blank modality, without
additives, presented a profile similar to the ADY. Only five isolates during the middle
of fermentation presented a profile genetically distant from the ADY profile; these most
certainly corresponded to native yeasts (Figure 5). By the end of fermentation, only isolates
presenting the ADY profile were detected, indicating a dominance of the starter yeast.

Figure 5. Dendrogram presenting the genetic distance between the isolates from the blank modality
based on the microsatellite profiles. Isolates from fermentation are represented by the letters BM or
BE, corresponding to middle or end of the blank fermentation, respectively, followed by the number
of the isolate. Scale at top represents genetic distance.
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Regarding the addition of fermentation activators, two commercial preparations were
used; these were F1 and F2. Although the majority of the isolates obtained at the middle
and end of the fermentation presented a profile genetically similar to the ADY profile,
genetically distant profiles were also detected, most probably corresponding to native
yeasts (Figure 6). A higher number of isolates with genetically distant profiles was detected
when the F1 fermentation activator was used. Surprisingly, both fermentation activator
(F1 and F2) trials showed an increase in distinct profiles towards the end of fermentation,
indicating that the dominance of the ADY was lower than in the blank modality. Lower
ADY implantation was found with oenological additives, as already observed in a previous
work [1].

In relation to tannin preparations T1 and T2, a high number of isolates presenting
profiles genetically distant from the ADY profile was observed (Figure 7). For T2, at middle
fermentation, almost half of the isolates corresponded to native yeasts. At the end of
fermentation, a high number of isolates with profiles genetically distant from the ADY
profile was detected. It can therefore be assumed that these additives negatively influenced
the ADY implantation.

A putative influence of fermentation activators and tannin preparations on ADY strain
implantation during fermentation was observed. In all trials, a negative correlation was
observed on the dominance of ADY D when compared with the blank modality. All trials
showed an increase in the number of genetically distant profiles from the ADY towards the
end of fermentation, except for T2, which, nevertheless, presented a high number of native
yeast at the end of fermentation.

The relevance of this study is attributed to the fermentation procedures tested, which
were close to industrial winery conditions. The application of SSR markers to S. cerevisiae
strain characterization in the winery environment, as previously reported [17], was revealed
once more to be a powerful tool.
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Figure 6. Dendrogram presenting the genetic distance between the isolates from the fermentation
activator modality based on microsatellite profiles. Isolates from fermentation are represented by F1
or F2, depending on the fermentation activator used, followed by the letter M—middle or E—end of
fermentation, and finally the number of the isolate. Scale at top represents genetic distance.
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Figure 7. Dendrogram presenting the genetic distance between the isolates from the tannin prepara-
tion modality based on the microsatellite profiles. Isolates from fermentation are represented by T1
or T2, depending on the tannin preparation used, followed by the letter M—middle or E—end of
fermentation, and finally the number of the isolate. Scale at top represents genetic distance.
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4. Conclusions

In this study, S. cerevisiae commercial ADY were tested, and yeast dynamics were
monitored in white and red wine fermentation winery trials. The purchase of ADY is
an important cost for wineries and is mostly relevant to achieve constant and controlled
fermentations. The study of ADY implantation could not be achieved in one of the trials, as
both commercial ADY strains used revealed similar SSR profiles. These results emphasized
the need for rigorous control on the production and commercialization of ADY, ideally
through molecular certification.

Higher genetic diversity was detected when co-inoculation was tested. In sequential
inoculation, the initial ADY predominated over fermentation, while other SSR profiles,
either the ADY added sequentially or native yeasts, were less detected. This result may
question the effectiveness of the second inoculation. Therefore, one of the envisaged
future works is to evaluate if a single addition of the initial ADY would result in the same
fermentation performance and wine characteristics, thus reducing the additional cost and
work for the winery inherent to the use of a second ADY. Likewise, a possible negative
influence of oenological additives on ADY efficiency was detected, as the ADY was less
detected when compared to the blank deposit.

Overall, there are many factors influencing the dynamics of ADY strains in wine
fermentation. This type of survey is of utmost importance to ensure their effectiveness
during fermentation and to achieve the desired sensorial quality, as the use of ADY is often
directed to increase the sensorial complexity of wines using different strains of S. cerevisiae
and, more recently, even non-Saccharomyces species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fermentation7030176/s1. Figure S1. Fermentation evolution evaluated by must density (D)
and yeast cell counts (evaluated by culture) (Y) for modalities 3 and 4 of Experiment 2; Figure S2.
Overall quality of the wines obtained for modalities 3 and 4 of experiment 2. The bars represent
the average value obtained with 8 experts from the INIAV Dois Portos tasting panel. The standard
deviation is indicated by the error bars at the top.
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Abstract: Wine strains of Saccharomyces cerevisiae have to adapt their metabolism to the changing
conditions during their biotechnological use, from the aerobic growth in sucrose-rich molasses
for biomass propagation to the anaerobic fermentation of monosaccharides of grape juice during
winemaking. Yeast have molecular mechanisms that favor the use of preferred carbon and nitrogen
sources to achieve such adaptation. By using specific inhibitors, it was determined that commercial
strains offer a wide variety of glucose repression profiles. Transcription factor Gln3 has been involved
in glucose and nitrogen repression. Deletion of GLN3 in two commercial wine strains produced
different mutant phenotypes and only one of them displayed higher glucose repression and was
unable to grow using a respiratory carbon source. Therefore, the role of this transcription factor
contributes to the variety of phenotypic behaviors seen in wine strains. This variability is also
reflected in the impact of GLN3 deletion in fermentation, although the mutants are always more
tolerant to inhibition of the nutrient signaling complex TORC1 by rapamycin, both in laboratory
medium and in grape juice fermentation. Therefore, most aspects of nitrogen catabolite repression
controlled by TORC1 are conserved in winemaking conditions.

Keywords: wine; Saccharomyces cerevisiae; glucose repression; Gln3; nitrogen catabolite repression

1. Introduction

Saccharomyces cerevisiae is the yeast with the most biotechnological interest due to its
strong fermentative metabolism and the ability to adapt efficiently to harsh and changing
environments [1]. In the wine industry, its role is to ferment the high amount of monosac-
charides that are present in the grape juice (glucose and fructose) into ethanol, CO2, and
other molecules of enological interest. In grape juice, sugars are plentiful, but nitrogen is
usually scarce, resulting in a limiting factor for growth [2–4]. Yeasts have a preference for
some nutrients over others, and those favorite ones exert catabolite repression upon the use
of less favored ones. For instance, S. cerevisiae favors the use of glucose by fermentation,
so when glucose is present over a certain threshold, the use of other less favorite monosac-
charides (e.g., galactose), disaccharides (e.g., sucrose), or non-fermenting substrates that
have to be metabolized by respiration (e.g., glycerol) is repressed. That is made thanks to a
complex genetic program that modifies gene expression in order to impose such glucose
repression [5]; that is, the molecular cause of the long term Crabtree effect (the fermentative
activity even under fully aerobic conditions) that channels the metabolic flux to the ethanol
production, but reducing the biomass generation [6]. Short term Crabtree effect is caused by
the inability of mitochondria to deal with a strong glycolytic flux. This metabolic adaptation
is a good approach to ferment sugars quickly, producing high ethanol that inhibits growth
of less tolerant microorganisms present in grape juice [6]. In modern enology, selected
yeasts are inoculated as starters in the form of active dry yeasts [7]. Biomass is propagated
in molasses, that are a cheap source of sucrose, keeping low the sucrose concentration and
high the oxygen supply to circumvent the Crabtree effect and achieve a higher cell density
and diminish fermentation. Therefore, commercial wine strains must have a strong but
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flexible metabolism, allowing transitions in both directions, fermentation and respiration,
to perform at an optimal level. Industrial (brewing and wine) strains tend to use faster
sucrose than glucose [8], so the glucose repression is no that stringent for this disaccha-
ride. In fact, we have shown that wine yeasts are more tolerant than laboratory strains
to an unmetabolizable glucose analog, 2-deoxyglucose, that induces glucose repression in
the presence of sucrose [9]. Nitrogen sources also fall into categories, being considered
good ones for instance glutamine and ammonia, while proline and allantoin are poor (the
variability, in this case, is higher and there are differences in the order each amino acid is
consumed according to genetic and environmental factors) [2,4]. In a similar way, good
sources (those that are incorporated easily into the metabolic pathways) impose a nitrogen
catabolite repression (NCR) to the use of the poor ones (the ones that require more metabolic
steps, energy or oxygen to be fully metabolized) [5].

All the processes dealing with nutrients are well known in laboratory conditions [5].
When glucose is plenty, protein kinase A promotes growth and suppresses stress response,
leading to the establishment of glucose repression. When assimilable sugars drop, then Snf1
kinase is activated by phosphorylation, increasing the functions involved in gluconeogenesis
and respiration, making possible the use of other carbon sources like galactose, glycerol, or
the ethanol produced by fermentation, that is consumed by a glucose-repressed isoform of
alcohol dehydrogenase, ADH2 [10]. In a similar fashion, when preferred nitrogen sources
are plentiful, the target of rapamycin (TOR) kinase, acting inside the complex TORC1,
promotes protein biosynthesis and growth. Its activity imposes the NCR. The activation
of genes involved in the metabolism of non-preferred nitrogen sources relies upon the
GATA transcription factors Gln3 and Gat1. Those factors remain on the cytosol when
TORC1 activity is high [11]. This is achieved through repressor Ure2 that binds them,
and this interaction is regulated by a complex balance in phosphorylation. This situation
does not apply automatically to winemaking conditions, where Snf1 and Gln3 showed
an early activation when sugars and nitrogen are still plenty [12]. Gln3 is also a target of
Snf1, as amino acid metabolism has to be balanced with the metabolism of their carbon
backbones [13]. We have found that deletion of GLN3 in a haploid wine yeast has an impact
in fermentation quite similar to SNF1 deletion, so those pathways may be related and
indicates the relevance of this transcription factor during fermentation of grape juice. The
contribution of GAT1 was much smaller [9]; it was found that in a haploid wine strain
and some laboratory genetic backgrounds, GLN3 deletion results in blocking growth in
respiratory substrates, like glycerol, and in increased glucose repression [9].

In this work, we aimed to a quantitative analysis of glucose repression and respiration
in a group of interesting industrial yeast strains to understand the variability and the
contribution of such mechanisms in different growth media. Next, we analyzed the
relevance of Gln3 transcription factor in two diploid commercial strains by deletion, both
in a variety of laboratory media and minivinifications, analyzing some molecular markers
and testing inhibitors of the relevant pathways. The results indicate that Gln3 is relevant for
processes regulating carbon and nitrogen metabolism, and shows that a genetic background
is crucial to understand the contribution of the nutrient signaling mechanisms.

2. Materials and Methods

2.1. Yeast Strains and Genetic Manipulation

S. cerevisiae wine strains (EC1118, T73, 71B, L2056, M2) were from Lallemand Inc.,
baker’s yeast Cinta Roja was from AB/Mauri, and chicha strains EYS5 and ERS1 were iso-
lated by our laboratory [14]. GLN3 deletion mutants were made in M2 and EC1118 diploid
strains with the reusable kanMX marker, amplified by PCR from the pUG6 plasmid [15].
This marker contains loxP sites to be excised it by Cre recombinase from plasmid YEp-cre-
cyh [16]. The CRISPR-Cas9 deletion of the URE2 gene was made using plasmid pRCC-K,
a gift from Eckhard Boles (Addgene plasmid # 81191), in accordance with the provided
protocol [17]. Yeast transformations were performed by the lithium acetate method [18].
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2.2. Growth Media and Conditions

By default, yeasts were grown in a rich YPD medium (1% yeast extract, 2% bactopep-
tone, 2% glucose). Solid plates contained 2% agar and 20 μg/mL of geneticin for the
selection of kanMX transformants. Other rich media were derived by changing the carbon
source: YPS contained 2% sucrose, YPGal 2% galactose, YPGly 2% glycerol. Minimal
medium SD contained 0.17% yeast nitrogen base, 0.5% ammonium sulfate, and 2% glu-
cose [19]. This medium was used to select the transformants with cycloheximide resistance
by employing it at 2 μg/mL. Nitrogen was changed from this minimal medium replacing
ammonium sulfate by 0.5% proline (SPro), 0.5% glutamine (SGln), 300 mg/L of a mix of
amino acids (Saa), or 300 mg/L of ammonium chloride (SNH4).

Growth curves were performed in a Varioskan Lux plate reader at 30 ◦C with shaking,
inoculating from a stationary culture in YPD at OD600 of 0.1. Inhibitors were used at the
following concentration: 2-deoxyglucose was added at 200 μg/mL, rapamycin at 200 nM,
antimycin A at 3 mg/L. For the spot analysis, serial dilutions from stationary cultures in
YPD were carried out and 5 μL drops were placed on selective media containing the right
amount of inhibitors (glucosamine 0.05%, 10 mM 3-aminotriazole, 50 mM methylamine,
80 mg/L canavanine). Synthetic grape juice MS300 (containing 300 mg/L of assimilable
nitrogen) was made as previously described [20] with some changes [21]. It contains a
equimolar amount of glucose and fructose at 10%, malic acid 3 g/L, citric acid 0.3 g/L,
tartaric acid 3 g/L, assimilable nitrogen source 300 mg N/L (120 mg as (NH4)Cl and 180 mg
as amino acids), mineral salts (KH2PO4 750 mg/L, K2SO4 500 mg/L, MgSO4 250 mg/L,
CaCl2 155 mg/L, and NaCl 200 mg/L), oligoelements, vitamins and anaerobic factors
(ergosterol 15 mg/L and oleic acid 5 mg/L, Tween 80 0.5 mL/L) at pH 3.3. MS60 was the
same, but with a reduction in the amount of amino acids and ammonium proportionally.
Cells were inoculated from a stationary culture in YPD at 106 cells/mL in 30 mL fill-in
tubes and kept at 25 ◦C with low shaking (50 rpm).

2.3. Biochemical Determinations

Reducing sugars were measured with DNS (dinitro-3,5-salicylic acid) compared with
a glucose calibration curve according to Miller’s method [22]. α-amino acids were deter-
mined by the O-phthaldialdehyde/N-acetyl-L-cysteine method, using a curve of isoleucine
as reference [23]. Other metabolites were measured with commercial kits (Megazyme Ltd.,
Bray, Ireland). Cellular respiration was followed by the 1-(4,5-dimethylthiazol-2-yl)-3,5-
diphenyltetrazolium bromide (MTT) assay [24] with modifications [25].

2.4. Western Blot and Zymogram

To analyze Snf1 activation, proteins were extracted by fast cell lysis with trichloroacetic
acid (TCA) [26]. To 5 OD600 units of cells, 5.5% TCA was added. Cells were incubated on ice
for 15 min before centrifuging. The pellet was washed twice with acetone and resuspended
in 150 μL of 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and broken with 150 μL of 0.2 M NaOH.
SDS-PAGE was carried out in an Invitrogen mini-gel device, gel was blotted onto PVDF
membranes a Novex semy dry blotter (Invitrogen, Waltham, MA, USA). The membrane
was probed with anti-AMPKα Thr172, Cell Signalling Technologies, Topsfield, MA, USA).
The ECL Western blotting detection system (GE) was used following the manufacturer’s
instructions.

To perform the zymogram, cells were broken in cold 50 mM phosphate buffer, pH 7.5,
with glass beads in a FastPrep 24 (MP-Biomedicals, Irvine, CA, USA) [27]. Electrophoresis
were run in cold non-denaturing 6.5% acrylamide PAGE gel in an Invitrogen mini-gel
device. Activity was detected by soaking the gel in 2 mg phenazine methosulfonate (PMS),
5 mg nitro-tetrazolium blue (NTB), 25 mg NAD, and 0.05 mL ethanol dissolved in 25 mL of
0.1 M Tris-HC1 HCl buffer, pH 8.5 solution by looking for a dark deposit [28].
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3. Results

3.1. Quantitative Analysis of Carbon Metabolism in Food-related S. cerevisiae Strains

First, the behavior under different carbon sources and with the presence of metabolic
inhibitors was tested (Figures 1 and 2 and Supplementary Figure S1). Several commercial
wine yeasts (T73, EC1118, M2, L2056, and 71B) were compared to baker’s yeast Cinta
Roja and chicha fermentation yeasts (EYS5, corn, and ERS1, rice [14]) and a laboratory
strain that has no auxotrohies for amino acid metabolism, BQS252. Yeast was grown in a
rich medium containing, as carbon source, glucose (YPD), sucrose (YPS), and galactose
(YPGal). Antimycin A, an electron transport chain inhibitor, was used to test the role of
respiration [29]. Glucose analog 2-deoxyglucose was used to study glucose repression
on alternative carbon sources other than glucose, such as sucrose and galactose. Growth
was carried out in multiwell plates at 30 ◦C and followed by OD600, obtaining kinetic
parameters such as maximum velocity of growth (Vmax), maximum OD600 (OD600max),
and lag time (Tables 1 and 2 and Supplemental Table S1). YPD is the standard rich
medium with glucose used to propagate all kinds of yeasts. Yeasts in this condition grow
by fermentation and mitochondrial respiration is not required. Antimycin A would block
such respiration. The effect on growth for laboratory strain BQS252 and most industrial
strains (M2 is depicted in Figure 1, for example) is therefore very small, as expected.
After consuming glucose, cells enter postdiauxic growth and they consume the resulting
ethanol by respiration, so the maximum growth is dependent on mitochondrial activity,
and that is reflected in a small reduction in the OD600max reached. There is, however,
some phenotypic variation among wine yeasts. The 71B strain is the most sensitive one,
which relies mostly on respiratory metabolism, as the ratios of all parameters (Table 1)
indicate a growth delay. Surprisingly, the EC1118 strain performs better with antimycin
A, starting growing earlier (the lowest ratio in lag time) and the growth speed and
saturation OD were the highest. Therefore, inhibition of mitochondria helps this strain
to achieve a better fermentation performance. Sucrose is a carbon source commonly
used in the food industry, as for instance, for yeast biomass propagation. In this case,
the effect of antimycin is also small (Supplementary Figure S1 and Table S1), indicating
a fully fermentative metabolism. In this case, strain EC1118 does not have an improved
saturation point nor lag phase, although its Vmax is bigger. The lag phase in galactose
is a way of stimulating the activation of respiratory genes [29]. Unfortunately, EC1118
and T73 strains are unable to metabolize this monosaccharide, so the spectrum of wine
yeast is reduced. The rest of the strains showed an expected delay in the start of growth,
similar to the laboratory strain (Supplemental Table S1). Baker’s yeast Cinta Roja was
insensitive to this chemical.

Figure 1. Cont.
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Figure 1. Mitochondrial activity has little effect on fermentative growth. Growth curves by OD600 measurement of selected
strains grown in rich medium YPD with or without mitochondrial respiration inhibitor antimycin A. The average of three
experiments is shown.

Figure 2. Wine yeasts have a variety of behaviors for glucose repression. Growth curves by OD600 mea-
surement of selected strains grown in sucrose-containing medium YPS with or without 2-deoxyglucose.
The average of three experiments is shown.
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Table 1. Kinetic parameters of industrial strains grown in YPD and YPD+antimycin A. Maximum velocity (Vmax),
maximum OD600 (ODmax), and lag time are shown. YPD+antimycin A/YPD ratios are also shown. Experiments were done
in triplicate, Average (Av) and standard deviation (SD) is shown.

YPD YPD + Antimycin A

Vmax ODmax Lag Time Vmax ODmax Lag Time Ratios

Av SD Av SD Av SD Av SD Av SD Av SD Vmax MaxOD Lag

T73 0.219 0.046 1.150 0.024 11,710 269 0.259 0.009 1.060 0.057 15,720 442 1.18 0.82 1.34
EC1118 0.184 0.007 0.989 0.016 17,705 417 0.218 0.007 1.112 0.024 16,570 438 1.18 1.12 0.94

M2 0.330 0.009 1.077 0.008 14,807 247 0.287 0.024 1.017 0.064 15,413 1592 0.87 0.94 1.04
L2056 0.293 0.040 1.084 0.022 14,597 1251 0.239 0.000 1.124 0.011 14,365 375 0.81 1.04 0.98
71B 0.328 0.055 1.114 0.010 14,337 1070 0.254 0.005 0.940 0.005 16,920 57 0.77 0.84 1.18

BQS252 0.175 0.031 0.930 0.018 21,755 375 0.141 0.003 0.902 0.003 22,670 693 0.81 0.97 1.04
EYS5 0.275 0.010 1.092 0.038 14,390 1067 0.240 0.010 0.998 0.038 15,950 622 0.88 0.91 1.11
ERS1 0.236 0.001 1.061 0.029 17,967 724 0.214 0.005 0.972 0.012 19,887 351 0.91 0.92 1.11
Cinta
Roja

0.224 0.010 1.014 0.025 14,227 547 0.219 0.005 0.952 0.006 15,185 290 0.98 0.94 1.07

Table 2. Kinetic parameters of industrial strains grown in YPS and YPS+2-deoxyglucose (non-metabolizable glucose analog).
Maximum velocity (Vmax), maximum OD600 (ODmax), and lag time are shown. YPS+2-deoxyglucose /YPs ratios are also
indicated. Experiments were done in triplicate. Average (Av) and standard deviation (SD) are shown.

YPs YPS + 2DG

Vmax Max OD Lag Time Vmax Max OD Lag Time Ratios

Av SD Av SD Av SD Av SD Av SD Av SD Vmax MaxOD Lag

T73 0.24 0.0001 1.19 0.0071 9667 400 0.13 0.0001 1.02 0.0218 25,203 410 0.70 0.87 1.92
EC1118 0.19 0.0034 1.04 0.0297 15,840 57 0.06 0.0037 0.48 0.0232 47,137 621 0.32 0.46 2.98

M2 0.26 0.0076 1.25 0.0289 10,993 824 0.12 0.0078 0.91 0.0812 39,020 2365 0.46 0.73 3.55
L2056 0.22 0.0067 1.17 0.0202 11,870 531 0.10 0.0040 0.79 0.0373 37,667 883 0.42 0.67 3.17
71B 0.23 0.0039 1.13 0.0161 12,597 367 0.14 0.0016 0.87 0.0246 26,827 300 0.62 0.77 2.13

BQS252 0.17 0.0026 1.16 0.0297 18,433 717 0.00 0.00 0.00
EYS5 0.22 0.0020 1.20 0.0250 10,342 346 0.16 0.0378 1.02 0.0135 28,543 526 0.76 0.85 2.76
ERS1 0.22 0.0017 1.11 0.0242 16,057 487 0.11 0.0058 0.83 0.0280 43,797 922 0.49 0.75 2.73

Cinta Roja 0.21 0.0022 1.15 0.0038 11,697 175 0.10 0.0030 0.96 0.0205 28,877 437 0.48 0.83 2.47

Glucose analog 2-deoxyglucose can induce a state of glucose repression that inhibits
growth in a carbon source subjected to catabolite repression, such as sucrose and galactose.
In the case of the strains that grow in galactose, their growth was fully inhibited by
the amount of 2DG used (Supplementary Figure S1), so there are no quantitative data.
However, surprisingly chicha rice yeast ERS1 was able to grow quite normaly, indicating
that its galactose metabolism is insensitive for glucose repression by unknown causes.

The 2DG effect is better known in a medium containing sucrose as the carbon source.
In this condition, the growth of laboratory strain is fully inhibited, while all industrial
strains were able to cope with glucose repression and growth (Figure 2). That was observed
qualitatively before [12], but now using kinetic parameters, we can estimate differences
between strains quantitatively (Table 2). There is a wide variety of behaviors among
wine strains. The most sensitive strain is EC1118, which does not reach saturation along
the time course. The ratio of Vmax is the lowest among strains, reinforcing the idea of
higher repression. Interestingly, EC1118 is the strain that reaches the lowest absorbance at
saturation point in the control YPS curve, suggesting a different way of dealing with this
disaccharide that may influence the degree of glucose repression. The most tolerant wine
strain was T73, with the highest ODmax and a high Vmax. 71B strain shows a different
profile, with relatively short lag time and growth speed, but with a higher impact in the
long term, reaching a low ODmax. That may suggest short-term and long-term effects on
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glucose repression, or a better quick response but an earlier entry into the stationary phase
due to a poor adaptation to sucrose starvation. Wine yeasts do not act differently to other
yeasts of biotechnological interest (for instance, wine L2056 is very similar to chicha ERS1
at this effect), so the mechanisms of glucose are not particular for this breed of industrial
yeast overall.

3.2. Gln3 Has a Complex Role in Carbon Metabolism in Commercial Wine Yeasts

As there are phenotypic differences between commercial wine yeasts regarding respi-
ratory metabolism and glucose repression, the next experiments tried to identify potential
molecular players in these processes. Previously, we have shown that transcription factor
GLN3 deletion blocks respiration and increases glucose repression in one haploid wine
strain and some laboratory, but not all, genetic backgrounds [9]. In order to investigate the
relevance of the Gln3 transcription factor in commercial strains, the two copies of GLN3
were deleted from diploid strains EC1118 and M2. EC1118 was chosen by its extreme
behavior against inhibitors antimycin A and 2-deoxyglucose, and because it is one of the
most used strains in industry. As a complement, M2 strain was chosen as a reference due
to its average response to those inhibitors. The results of these mutations was tested by
spot analysis in selective media (Figure 3). The fastest way to test for respiration is to
grow yeasts in a media where the carbon source has to be metabolized by respiration,
such as glycerol. Cells were spotted in rich medium containing glucose (YPD) or glycerol
(YPglycerol) (Figure 3A). GLN3 mutation does not cause a deleterious phenotype as both
mutants grow fine in YPD. EC1118 gln3 grows strongly in glycerol, but M2 gln3 is unable
to grow in a non-fermentative carbon source. Therefore, both strains are quite different
in terms of respiratory metabolism, and M2 relies more on this transcription factor. To
test glucose repression, cells were grown in YPSucrose with 2-deoxyglucose. EC1118 is
more sensitive to 2DG, but GLN3 deletion does not change it. However, deletion of GLN3
in M2 causes a full inhibition of growth, also indicating a clear role of this factor in this
event. Glucosamine is another glucose analog that is known to induce glucose repression.
Again M2 gln3 is unable to grow in the presence of this inhibitor. In the EC1118 gln3 strain,
the effect is smaller but in the same direction. Gln3 is controlled, among other signaling
pathways, by the TORC1 complex. Deletion of GLN3 causes increased rapamycin tolerance
in laboratory strains [30], and it is the same for the M2 gln3 mutant, so the TORC1 branch
of Gln3 regulation seems to be fine. The effect on EC1118 is similar but much less intense.

To further characterize the phenotype of GLN3 deletion, mutants were spotted in
minimal medium, where aspects of nitrogen metabolism can be studied (Figure 3B). Cana-
vanine and methylamine are toxic analogs of arginine and ammonia, respectively, that
can be used to assess the impact of a mutation in amino acid or ammonia import. In this
case, the mutants have no phenotype in either genetic background. 3-aminotriazol is used
to measure amino acid biosynthesis, as it inhibits the His3 imidazoleglycerol-phosphate
dehydratase I for histidine biosynthesis. M2 gln3 is more tolerant to this inhibitor, while
EC1118 is insensitive to it. Therefore, there is also a phenotypic diversity in some aspects
of nitrogen metabolism regarding GLN3 implication.

Ure2 is a repressor of Gln3 transcription factor that channels signaling from TORC1.
We developed a CRISPR-Cas9 based method to delete both copies of such genes in industrial
yeasts. We failed to modify EC1118 and M2 strains, but the method was successful in strain
L2056. The mutation behaves the expected way [31], as it increased sensitivity to rapamycin
(Figure 3A). Ure2 plays no role in respiration, as the mutant grows fine in glycerol, but its
mutation increases glucose repression as the deletion mutant is more sensitive to 2DG.
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Figure 3. Gln3 has a distinctive role in respiration and glucose repression in some commercial wine strains. Spot analysis in
rich (A) and minimal (B) media in the presence of several metabolic inhibitors (for GLN3 deletion mutants EC1118 gln3 and
M2 gln3 and for URE2 deletion mutant L2056 ure2 mutants and their parental strains. Serial dilutions were made and 5 μL
dropped for each spot.

To further quantitatively analyze the effect of such mutations, growth curves of
the aforementioned mutants in the presence of inhibitors, like 2-DG and antimicyn A,
were obtained and the kinetic parameters calculated (Figure 4). Cells grown in sucrose
confirm the higher sensitivity to 2DG of the M2 gln3 in all parameters, while showing that
deletion of URE2 extends lag time in the presence on 2-DG and reduces Vmax and ODmax.
GLN3 deletion increases Vmax in the presence of rapamycin in both genetic backgrounds,
indicating that the effect on growth is common. Both mutants behave similarly in terms
of lag phase, so their mechanisms of adaptation are also similar. Antimycin A was tested
for all three mutants in YPS and no major impact was seen. Antimycin was also tested
in YPGalactose (in this case, EC1118 was left out, as it does not grow in galactose). In
galactose, GLN3 deletion had a negative impact on M2 growth (increase lag phase, reduced
speed, and maximum OD). However, antimycin A relieves those differences, and in fact,
the mutant had a reduced lag phase and it reaches an slightly higher final OD. URE2
deletion has no major impact on the sensitivity to antimycin A during growth in galactose.
Inhibition of growth with 2DG in YPgalactose was complete for all strains.

3.3. Molecular Markers of GLN3 Deletion

To further characterize the impact of GLN3 deletion on wine yeast metabolic regulation,
molecular markers were studied (Figure 5). Snf1 kinase activation is required for full derepres-
sion of sugar-regulated genes, including respiration ones. That was followed using a specific
antibody in our wine strains and in the laboratory strain 1278b, which also was unable to
grow by respiration when GLN3 was deleted [9]. When cells are transferred from high to
low glucose, Snf1 was rapidly phosphorylated and activated in all strains (Figure 5A). The
phosphorylation peaked at 15 min and then it decreased. The gln3 mutants in both M2 and
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EC11118 strains have the same pattern, so there is no global regulation of the process from the
early point of regulation, and Gln3 effect has to be more specific. Interestingly, the activation is
reduced in the laboratory strain, so the behavior regarding this aspect is different in industrial
strains, reinforcing the necessity to be characterized. A marker of glucose repression is alcohol
dehydrogenase. Isoenzyme ADH2 is glucose repressed, and it is activated only when sugar
concentration decreases (as it occurs in stationary phase), while ADH1 is used in fermentation
conditions (as the exponential phase in YPD). A zymogram of ADH activity was done for
the two industrial strains using 1278b strain as control (Figure 5B). A distinctive ADHII band
appeared in stationary conditions in the wild-type strain M2, but this band failed to show
in M2 gln3 fitting its inability for respiratory growth, while derepression in EC1118 was fine.
So the lower part of the derepression pathway is affected by GLN3 deletion in M2 strain. A
similar behavior is shown in laboratory strain, as expected. To try to dissect the degree of
repression in M2 gln3, cells were grown in different media and subjected to derepression.
When the mutant is grown in YPD (glucose) and shifted to YPGlycerol, there is a sign of
partial derepression (Figure 5C), so there is not an intrinsic inability to express ADH2 in this
strain. When grown in galactose, the wild type shows both bands, indicating an intrinsic
derepression, while the mutant has only ADHI. However, when shifted to glycerol from
galactose, induction of ADHII is clear again for both strains. Therefore, the effect of GLN3
deletion is targeted to specific conditions and genes and does not seem to be a general effect
on ADH2 promoter expression.

Figure 4. Kinetic parameters of industrial strains carrying GLN3 and URE2 mutations grown in sucrose (YPS) galactose
(YPGal) with inhibitors. (A) lag time, (B) maximum speed (Vmax), (C) maximum OD600 (ODmax).
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Figure 5. Gln3 impacts at the molecular level. (A) Western blot analysis of phosphorylated Snf1 proteins from GLN3 deletion
mutants in M2, EC1118, and 1278b strains (M2 gln3, EC1118 gln3, and 1278b gln3. Cells growing exponentially in YPD
were changed to medium with 0.05% glucose and samples were taken at 15 and 30 min. Coomassie staining was used as
the loading control. (B) Alcohol dehydrogenase zymogram. Samples from the same strains were collected in exponential
(Exp) and stationary phases (St) of growth in YPD and stained for ADH activity. (C) Same as (B) with M2 and M2 gln3
under different growth conditions and carbon sources. Shifts from one carbon source to another were indicated by an arrow.
Exponentially growing cells in the first medium are shifted to the second, and cells were incubated then for two more hours.
(D) Respiratory activity measured by MTT reaction in the same conditions as panel (C) from a preculture in YPD. (E) same
as panel (D) with a preculture in YPGalactose.

To test respiration directly, the activity of the electron transport chain was measured
by reduction of the MTT probe (Figure 5D,E). A preculture in YPD was used to inoculate
various media (Figure 5D). GLN3 deletion in M2 causes a decrease of mitochondrial
activity in cells growing exponentially in YPD, but not in the stationary phase. A similar
reduction is seen when cells are growing in galactose, and when cells are shifted to glycerol
from exponentially growing cells in glucose and galactose (more evident in the latter).
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When the preculture is made in YPGalactose (Figure 5E), again, GLN3 deletion reduces
mitochondrial activity in exponentially grown cells in YPD and YPGalactose. When the
culture in YPGalactose reaches the stationary phase, such difference disappears again.
Change to glycerol again retains the difference. So, Gln3 has an impact on mitochondrial
activity in many growth conditions.

3.4. Role of GLN3 in Winemaking Conditions

Next, the impact of GLN3 deletion was tested in winemaking conditions by conducting
minivinifications of synthetic grape juice (Figure 6), which allows the change in media
composition regarding nitrogen. The standard synthetic grape juice had 300 mg/L of
assimilable nitrogen (MS300) while the limiting one had 60 mg/L (MS60). In addition,
rapamycin and antimycin A was added to MS300 to follow the impact of such inhibitors.
First, strain EC1118 was tested. Fermentation was followed by measuring sugar consump-
tion (Figure 6A). GLN3 deletion causes a minor delay at short times in MS300, but the
fermentation finished rapidly. In the wild type, antimycin A does not have a significant
impact on fermentation, indicating that in those fully fermentative conditions, respiration
may not be very relevant. However, there is a significant delay in fermentation when
antimycin A is added to the EC1118 gln3 mutant, indicating an alteration in mitochon-
drial activity caused by GLN3 deletion. Rapamycin has a massive impact on the advance
of fermentation, indicating that TORC1 is key for cellular growth and proliferation, as
expected. EC1118 gln3 is more tolerant to rapamycin, as seen in laboratory media, so
the relevance of Gln3 in controlling metabolism in a TORC1-mediated way is conserved
during vinification. As expected, fermentation at limiting nitrogen is delayed in the wild
type and in a similar way in the mutant. The production of ethanol, glycerol and acetic
acid after finishing fermentation was not significantly altered (data not shown). To get
some information about nitrogen metabolism, amino acid concentration in the media was
measured at the beginning of fermentation (Supplementary Figure S2). In the rich medium,
the MS300 wild-type strain consumes more than half amino acids at day 3 and then the
consumption speed slowed down, suggesting an excess of amino acids. EC1118 gln3 strain
showed a similar pattern, so there is no need for this transcription factor to activate the bulk
of amino acid transport. Limiting grape juice MS60 showed a rapid depletion of the scarce
amino acids to a residual level. Again, GLN3 deletion does not alter this pattern. Antimycin
A does not alter this particular metabolic aspect, but rapamycin does it, as expected. Again
EC1118 gln3 mutant performs better, indicating a better amino acid assimilation.

The behavior of M2 and M2 gln3 strains was followed in the same conditions (Figure 6B).
In this case, GLN3 deletion has a more prominent impact on the advance on fermentation,
delaying its completion. Again, the mutation is more relevant in this genetic background. The
impact in this case of antimycin A is negligible for both strains. Again, GLN3 mutation delays
fermentation in nitrogen limiting grape must MS60. As it happened with the EC1118 strain,
rapamycin causes a big upset that is relieved by GLN3 deletion (Supplementary Figure S3),
indicating that the functions related to TORC1 are conserved among strains. Regarding the
amino acid profile (Supplementary Figure S2), the pattern under MS60 growth and rapamycin
and antimycin A is similar to EC1118 background, but the impact of GLN3 deletion in MS300
is more apparent. Wild type M2 strain consumes most amino acids very fast, although those
increase later (maybe due to export or partial cell lysis). M2 gln3 is clearly delayed in this
aspect, so again, Gln3 is more relied upon in this genetic background to achieve full amino
acid import.

Regarding URE2 deletion (Figure 6C), it slows down fermentation in MS300. Despite
being a repressor of Gln3 function, it does not have the opposite role, probably due to the
high number of targets involved that have to be regulated in a balanced way. Antimycin
A, in this case, improves the function of the mutant, so it alleviates some of the negative
aspects of such mutations that are be related to mitochondrial function. Rapamycin impact
on fermentation is worse in the ure2 strain, so in this regard, the mutation is indeed
opposite to the GLN3 deletion. Finally, in poor MS60 URE2 deletion improves fermentation

88



Fermentation 2021, 7, 181

as expected. In terms of amino acid transport, surprisingly, URE2 deletion mutant behaves
in a similar way to its parental strain in all conditions tested (Supplementary Figure S2).

Figure 6. Gln3 role in wine fermentation. Progress of fermentation is followed by measuring
reducing sugars. High nitrogen must (MS300) and low nitrogen must (MS60) were used. In the
MS300, rapamycin (200 nM) and antimycin A (3 mg/L) were added. (A) EC1118 and GLN3 deletion
mutant EC1118 gln3 M2 and GLN3 deletion mutant M2 gln3 (C) L2046 and URE2 deletion mutant
L2056 ure2.

3.5. GLN3 Relevance in Nitrogen Metabolism in Industrial Wine Yeasts

GLN3 functions regarding TORC1 activity in wine yeast and in winemaking conditions
are consistent with their known role in nitrogen metabolism. Growth curves with different
nitrogen sources were made in minimal medium and kinetic parameters were obtained to
better understand its role regarding specific nitrogen sources (Figure 7). Reference minimal
medium SD contains 0.5% ammonium sulfate. In this medium, the lag phase was delayed
and the maximum OD600 was decreased in the mutant strains for both genetic backgrounds,
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M2 and EC1118, while Vmax was basically unaffected. So in ammonium, Gln3 is relevant
to resume growth and reach stationary phase, but not so relevant for steady growth.

 

Figure 7. Gln3 impacts nitrogen assimilation in wine yeasts. (A) Kinetic parameters (ODmax, Vmax, and lag phase) obtained
from GLN3 deletion mutants in EC1118 and M2 strains grown in minimal medium with a different nitrogen source. SD:
standard minimal medium with = 0.5% ammonium sulfate, Saa (300 mg/L of assimilable nitrogen as amino acid mix),
SNH4 (300 mg/L of assimilable nitrogen as ammonium chloride), SPro (0.5% proline as sole nitrogen source), SGln (0.5%
glutamine as sole nitrogen source). Rapamycin was used at 200 nM. (B) Same for L2056 URE2 deletions strain.
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Next, another two unique nitrogen sources were tested. Glutamine is considered a rich,
nitrogen repression inducing source, while proline is a poor nitrogen source that triggers
Gln3 activity. Results in glutamine are similar to SD, the expected for a rich nitrogen source.
However, proline has a bigger impact for both mutant strains, particularly at the Vmax.
Therefore, Gln3 is required to fully assimilate proline as a nitrogen source. Rapamycin
shuts off TORC1 complex and its effects were followed in proline and glutamine containing
media. Rapamycin eliminates the differences caused by GLN3 deletion in ODmax and
Vmax in glutamine, so part of the effect of the mutation is TORC1-dependent. Proline-
grown EC1118/EC1118 gln3 do not change when ratios when exposed to rapamicyn,
suggesting that proline is not fully activating TORC1. However, Vmax was increased in M2
gln3, as if TORC1 was causing growth problems in a Gln3 mediated way. Finally, synthetic
media with 300 mg of assimilable nitrogen (like synthetic must MS300) in the form of just
amino acids (Saa) or just ammonia (SNH4) were tested to check the potential contributions
of the nitrogen source of musts. GLN3 mutations increase Vmax in both backgrounds,
suggesting that biosynthesis is more deleterious to the cell than importing all the amino
acids from the medium, a situation that may be relevant for a rich environment like grape
juice. The reduced amount of nitrogen in SNH4 is not relevant for the EC1118/EC1118
gln3 pair compared to SD, but M2 gln3 has a relative increase of Vmax and ODmax, so
both strains show different sensitivities to ammonia that may be at the core of nitrogen
requirements for both strains.

Regarding Ure2 (Figure 7B), their influence is lower on average. Surprisingly its
deletion improves not only growth in proline, as expected, but also a slight increase in
Vmax and ODmax in glutamine, indicating that alleviating NCR is good whatever the
input. The same pattern is seen in ammonium. However, when grown in a mix of amino
acids, URE2 deletion improves lag time, but it has no impact on the final ODmax and
reduces Vmax. So, in a complex situation (as the one seen on industrial growth media), the
presence of a regulator like Ure2 may be required for optimal growth. Rapamycin presence
reduces the difference in Vmax in glutamine, suggesting that the described positive effect
was TORC1 mediated, but Ure2-independent.

4. Discussion

The mechanisms of yeast metabolic adaptations are complex and poorly characterized
in industrial yeasts during biotechnological conditions, but it is an issue that has to be
tackled to improve yeast industrial performance. A limitation for such a study is that
there is not a reference industrial strain, not even a reference wine yeast. In the studies
of respiration and glucose repression, wine yeasts offer a broad variability, with extreme
behaviors that are more distant than yeasts used for other purposes, like bread or chicha
making (Figures 1 and 2, and Supplementary Figure S1). A positive aspect is that what
we learn from wine strains may be useful to improve the performance of yeasts in other
food-making processes. The mentioned phenotypic variability reinforces the idea that the
right yeast has to be chosen for each specific process and that conditions have to be adapted
for each strain. The latter is more difficult to be carried out in an industry with increasingly
standardized protocols. The fact that wine yeast starters have to be propagated in sucrose-
rich molasses with high respiration, to be later used in a low oxygen environment, such
as grape juice fermentation, just increases the complexity of the overall performance of a
selected yeast. Inhibition of respiration by antimycin A does not impact greatly on wine
fermentation (Figure 5) or initial growth on many fermentable sugars (Supplementary
Table S1) but it is required to achieve maximum biomass production. However, some
strains are more sensitive than others, and stopping respiration improves EC1118 strain
growth (Figure 1). EC1118 showed an extreme behavior regarding other carbon-related
phenotypes, like glucose repression (Figure 2), suggesting a particular genetic background
regarding these events. EC1118 is a widely used strain that belongs to a subset of wine
yeasts known as the Prise de Mousse clade (PdM, for being strain suited to perform
sparkling wine fermentations) [32]. Those are genetically very similar strains that share the
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same recent common origin, although there is not a single common feature that could be
considered exclusive of that clade. Industrial strains contain genes or chromosomal regions
that are exclusive of some strains [32]. EC1118 was the first wine yeast to be completely
sequenced [33] and three unique large chromosomal regions were found (caused in part by
horizontal transfer). However, those are not exclusive of the clade and are found scattered
along many other wine strains [32]. According to Novo et al. (2009), none of those regions
were found, for instance, in strains L2056 and 71B, but all of them are in T73, so there is not
an easy correlation with the phenotype showed by these strains under different conditions
and those specific regions. M2 has no any of these regions either [32]. None of the regions
contains a gene easily linked to metabolic control. Therefore, there is a long way to be
able to link the increasing number of sequences obtained from industrial yeasts to specific
phenotypes, and further work has to be done to clarify those phenotypes, like the one to
study nitrogen requirements by studying quantitative trait loci (QTL) [34].

The bulk of this study is based on the analysis of the Gln3 transcription factor. This is a
key factor in metabolic regulation, as it is involved both in nitrogen and carbon metabolism,
being regulated by both nitrogen-induced TORC1 complex and carbon catabolite dere-
pressing kinase Snf1. Many previous works have focused in the Gln3 repressor Ure2
to improve wine yeasts [35–38], mainly by improving the assimilation of poor nitrogen
sources, such as proline. Here we aimed to analyze systematically GLN3 function by
deleting it in two commercial wine strains with different behavior, M2 and EC1118. The
GLN3 deletion mutants had the expected role in some aspects, mainly the ones related to
nitrogen and TORC1 regulation. For instance, they are more tolerant to TORC1 inhibition
by rapamycin during winemaking conditions (Figure 6), and they grow worse with a poor
nitrogen source like proline (Figure 7). However, the effect of the mutation is background-
dependent when it comes to carbon metabolism. M2 gln3 is unable to grow by respiration
and shows complete glucose repression by 2-deoxyglucose that the EC1118 counterpart
does not suffer (Figure 3), and its impact in wine fermentation is bigger too (Figure 6). We
previously found that GLN3 deletion impaired respiration in laboratory strain 1278b but
not in reference to S288c genetic background [9], so this elusive phenotype is not linked to
industrial strains per se. Comparison of sequences of NCR-related genes in the databases
did not reveal a distinctive pattern linked to this phenotype (data not shown). In the
absence of Gln3, differences in Gat1 function and regulation can become more apparent,
and although previous works indicated that Gat1 role in winemaking is smaller [9], that
has to be carefully studied in the future. The real molecular causes behind the impact of
Gln3 in carbon metabolism have to be clarified. In this paper, we showed that there is
not a global alteration in glucose repression via Snf1 due to lack of activation (Figure 5A),
so probably a reduced subset of molecular targets are affected. Glucose repressible Adh2
expression is blocked in the mutant in the stationary phase, but induction is possible when
transferred to glycerol (Figure 5C), although cells are unable to grow in it. Therefore, the
lack of regulation of glucose repression is partial. Transcriptomic global analysis indicates
that Gln3 is a positive transcriptional activator of ADH2 gene [39], although detailed analy-
sis of ADH2 promoters suggest the bulk of its regulation is made by other transcription
factors, such as Adr1 [40]. An indirect effect of GLN3 deletion acting on more specific
activators cannot be ruled out. That would explain the fact that we have detected decreased
mitochondrial activity that may contribute to the phenotype (Figure 5D and 5E). A detailed
global analysis at different levels is required in the future to pinpoint the molecular targets
of GLN3 in those specific backgrounds. URE2 deletion has no phenotype in respiration,
but it does increase glucose repression (Figure 5). Therefore, both functions of Gln3 could
be differently regulated. Deletion of URE2 and GLN3 give opposite phenotypes regarding
TORC1 inhibition by rapamycin, so those carbon-related events probably are not regulated
by TORC1. It may seem surprising that deletion of GLN3 and URE2 have similar, not
opposite, phenotypes regarding glucose repression, but this is shared by other events, like
pseudohyphal growth [41].
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5. Conclusions

The mechanisms involved in glucose repression in industrial yeasts, particularly
wine yeasts, are complex and may influence their performance under biotechnological
conditions. Transcription factor Gln3 is at the crossroads between respiration, glucose
repression, and nitrogen repression, so it is a protein worth studying to better understand
the fine-tuning adaptation to environmental changes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7030181/s1, Table S1. Kinetic parameters of S. cerevisiae strains under different
growing conditions. Figure S1. Growth curves of industrial wine yeasts in YPD, YPS, and YPGal,
plus with the indicated inhibitor. Figure S2. Quantification of alpha-amino acids of the vinifications
described in Figure 6. Figure S3. MS300 synthetic grape juices fermentation of M2 and M2 gln3
strains in the presence of 200 nM rapamycin. Conditions as in Figure 6.
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Abstract: Cassava pulp (CS) is high in fiber and low in protein; hence, improving the nutritive
value of CS is required to increase its contribution to enhancing ruminant production. The present
work hypothesized that CS quality could be enhanced by fermentation with yeast waste (YW),
which can be used to replace soybean meal (SBM), as well as lead to improved feed utilization in
ruminants. Thus, evaluation of in vitro ruminal fermentation and feed digestibility, as influenced by
YW-treated CS and different roughage (R) to concentrate (C) ratios, was elucidated. The design of the
experiment was a 5 × 3 factorial arrangement in a completely randomized design. Each treatment
contained three replications and three runs. The first factor was replacing SBM with CS fermented
with YW (CSYW) in a concentrate ratio at 100:0, 75:25, 50:50, 25:75, and 0:100, respectively. The
second factor was R:C ratios at 70:30, 50:50, and 30:70. The level of CSYW showed significantly higher
(p < 0.01) gas production from the insoluble fraction (b), potential extent of gas production (a + b),
and cumulative gas production at 96 h than the control group (p < 0.05). There were no interactions
among the CSYW and R:C ratio on the in vitro digestibility (p > 0.05). Furthermore, increasing the
amount of CSYW to replace SBM up to 75% had no negative effect on in vitro neutral detergent fiber
degradability (IVNDFD) (p > 0.05) while replacing CSWY at 100% could reduce IVNDFD (p > 0.05).
The bacterial population in the rumen was reduced by 25.05% when CSYW completely replaced SBM
(p < 0.05); however, 75% of CSWY in the diet did not change the bacterial population (p > 0.05). The
concentration of propionate (C3) decreased upon an increase in the CSYW level, which was lowest
with the replacement of SBM by CSYW up to 75%. However, various R:C ratios did not influence
total volatile fatty acids (VFAs), and the proportion of VFAs (p > 0.05), except the concentration of
C3, increased when the proportion of a concentrate diet increased (p < 0.05). In conclusion, CSYW
could be utilized as a partial replacement for SBM in concentrate diets up to 75% without affecting
gas kinetics, ruminal parameters, or in vitro digestibility.

Keywords: yeast waste; cassava pulp; rumen fermentation; in vitro gas production technique

1. Introduction

Cassava (Manihot esculenta) is a root crop planted mostly in the tropical and subtropical
regions of the world. Per hectare, 25 to 60 tons is produced, and cassava is resistant to poor
soils, diseases, and drought [1]. The world’s cassava production is expected to be around
230 million metric tons per year, produced predominantly in Nigeria, Brazil, Thailand,
Vietnam, Indonesia, and the Democratic Republic of Congo [2,3]. Cassava pulp (CS) is a
byproduct of the extraction of starch from cassava roots, and its disposal can have negative
consequences for the environment. As a result, the starch industry has attempted to phase
it out or find alternative uses for it. The use of CS as an animal feed is an alternative to
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solve this problem [4]. However, CS is high in fiber and low in protein; hence, there have
been various elucidated methods to improve its nutritional value [5].

Yeast (Saccharomyces cerevisiae) is a source of probiotics that have a beneficial effect on
rumen fermentation. Crude protein (CP) in CS increased by nearly 7% in microbial mixed
culture of S. cerevisiae and fermentation procedures using solid media [6]. In ruminant
feeding, the utilization of microorganisms, including S. cerevisiae, has become common [7].
Boonnop et al. [8] found that S. cerevisiae fermented cassava chip-enhanced CP levels from
2% to 30.4%. In addition, Polyorach et al. [9,10] reported that yeast fermented cassava chip
protein (YEFECAP) might well be created to promote a CP level of up to 47%. However, S.
cerevisiae products tend to be expensive; thus, alternate yeast sources should be considered.

Since the concentrated amounts of active yeast can be obtained from the local industry,
the process of employing yeast for animal feed is exciting. In ethanol production processes,
the initial substrates are molasses and inoculants of the yeast S. cerevisiae. Yeast waste
is the byproduct of S. cerevisiae, fermenting sugarcane juice and molasses to produce
bioethanol (YW). YW is generated throughout the year and contains 60–70% of yeast live
cells and a CP content of about 30–35% [11,12]. Cherdthong et al. [13] found that using
YW as a replacement for soybean meal (SBM) had no negative impact on feed intake or
rumen fermentation in ruminant diets up to 100%. An earlier study demonstrated that the
quality of citric waste can improve by being treated with YW, which could be a potential
replacement for SBM up to 75% [14].

We hypothesized not only the significance of the costs suffered by SBM, but also the
impact on the environment. The usage of cassava starch plant waste (cassava pulps, CS) and
ethanol industry byproduct (yeast waste, YW) has never been reported. As a consequence,
optimization of industrial use and zero waste of raw materials throughout every operation
of the plant is a challenging idea, and our main goal is to enhance feed utilization in
ruminants. Thus, evaluation of in vitro ruminal fermentation and feed digestibility, as
influenced by CS fermented with YW (CSYW) and different roughage to concentrate ratios,
was elucidated.

2. Materials and Methods

2.1. Preparation of Cassava Pulp Fermented with Yeast Waste (CSYW)

YW was supported by Khon Kaen Sugar Industry Public Co., Ltd. Cassava pulp (CS),
commercial grade urea, and molasses were purchased from the local shop. The media and
solution were prepared as follows: (1) CSYW was obtained by the combination of 100 mL
of YW and was weighed equally into a flask containing 100 mL distilled water, then was
mixed and incubated at room temperature for 2 h; (2) the medium solution was prepared
by mixing 24 g of molasses and 50 g of urea into 100 mL distillation water; then the pH of
the medium solution was adjusted using H2SO4 until the final pH was obtained at 3.5–5;
(3) the solution of (1) and (2) was mixed at the ratio 1:1 and then flushed with oxygen for
18 h; (4) after 18 h, CS was mixed well with the yeast medium solution (3) at the ratio 100 g
to 50 mL; (5) then the product was allowed to ferment for 14 days, followed by sun drying
for 72 h to keep the moisture lower than 10%, and used for a substrate test in the in vitro
gas production.

2.2. Experimental Design and Dietary Treatments

The design of the experiment was a 5 × 3 factorial arrangement in a completely
randomized design (CRD). Each treatment contained three replications and three runs. The
first factor replaced SBM with CSYW in a concentrate ratio at 100:0, 75:25, 50:50, 25:75, and
0:100, respectively. The second factor was roughage (R) to concentrate (C) ratios at 70:30,
50:50, and 30:70. All samples of substrates were dried at 60 ◦C for 48 h. Before chemical
analysis, samples were dried in an oven at lower temperatures (60 ◦C) for 48 h and then
ground by forcing them through a 1 mm steel screen (Wiley mill, Arthur H. Thomas Co.,
Philadelphia, PA, USA). All samples were analyzed for dry matter (DM; ID 967.03), ash
(ID 492.05), ether extract (EE; ID 455.08), and CP (CP; ID 984.13) by using the procedures of
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Association of Official Analytical Chemists (AOAC) [15]. Neutral detergent fiber (NDF) in
substrates was measured following the work of Van Soest et al. [16], with supplementation
of alpha-amylase but no sodium sulphite, and results are demonstrated with residual ash.

2.3. Ruminal Fluid Donors and Substrates of Inoculum

Two rumen fluid donors were obtained from 2-year-old dairy steers (400 ± 15.0 kg
body weight; BW) and collected via fistulae rumens. The animals were fed concentrate
containing CP 180 g/kg DM, OM 920 g/kg DM, NDF 220 g/kg DM, ADF 108 g/kg DM,
and 806 g/kg total digestible nutrient (TDN) at 0.5% of BW (07:00 and 16:00); rice straw
was provided to the animals on an ad libitum basis. The steers were housed separately
and supplied with water ad libitum. Before morning feeding, 1500 mL of rumen fluid was
obtained from the animals via cannula. The samples were filtered through four layers of
cheesecloth and placed in a container with thermal insulation (39 ◦C) before being delivered
to the lab in 15 min. According to Menke and Steingass [17], artificial saliva preparations
contained distilled water (1095 mL), a micro mineral mixture (0.23 mL; MnCl2·4H2O
10.0 g/100 mL, CaCl2·2H2O 13.2 g/100 mL, CoCl2·6H2O 1.0 g/100 mL, and FeCl3·6H2O
8.0 g/100 mL), a macro mineral mixture (365 mL; KH2PO4 6.2 g/L, Na2HPO4 5.7 g/L,
NaCl 2.22 g/L, and MgSO4·7H2O 0.6 g/L), a resazurin mixture 0.1% (1 mL), a reduction
mixture (60 mL; Na2S·9H2O 80.0 mg/ 60 mL of NaOH), and a buffer mixture (730 mL;
NaHCO3 35.0 g/L and NH4HCO3 4.0 g/L). The artificial saliva was then combined with
rumen fluid (660 mL) in a non-oxygen atmosphere. Dietary treatments were weighed at
0.5 g in the 50 mL bottles; a total of 40 mL of rumen liquor medium was added to each
treatment bottle using an 18 gauge × 1.5-inch needle. Finally, all experimental bottles were
sealed with butyl rubber stoppers and metal caps before being incubated in a hot-air oven
at 39 ◦C for further measurement.

Three groups of experimental bottles were established: Group 1 had gas kinetics and
gas production measurement, and 3 bottles per treatment (15 treatments + 3 bottles of blank)
were used. The bottles were gently shaken every 3 h throughout the incubation time, and
each run included three treated bottles and three blank bottles. The blank bottles contained
only rumen liquor, and net gas yield was calculated by subtracting the average value of the
gas yields from experimental bottles. A 20 mL glass aloe precision hypodermic syringe
(U4520, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used to measure
gas production. The bottles in the heating chamber were punctured using an 18-gauge
injection needle. Group 2 had the pH, ruminal NH3-N, volatile fatty acids, and microbial
count all examined in the same bottle. The samples were taken at 4 h of incubation time
from three replicates of a bottle. The last nutrient degradability was measured in Group 3;
samples were obtained at 12 h after incubation from three bottle replicates.

2.4. In Vitro Gas Production and Fermentation Characteristics

The amount of gas produced was measured at 0, 0.5, 1, 2, 4, 6, 8, 12, 18, 24, 48, 72,
and 96 h of incubation. The bottles were divided into 3 sets. The first set was used for gas
kinetics and gas production measurement. The second set was used for measurement of
ruminal parameters at 4 and 8 h post-incubation, including pH (Hanna Instruments Pte Ltd.,
Kallang Way, Singapore), ruminal ammonia-nitrogen (NH3-N) (Kjeldahl methods [15]),
volatile fatty acids (VFA) [18], and ruminal microorganism direct counts (Boeco, Hamburg,
Germany). The last set was used for the determination of in vitro degradability (IVDMD),
in vitro NDF degradability (IVNDFD), and in vitro ADF degradability (IVADFD) [16,19].
The fermented residues were filtered into an Ankom filter bag (ANKOM 200, ANKOM
Technology, New York, NY, USA), dried at 60 ◦C in an oven for 72 h, and assessed for
IVDMD according to Galyean [19] IVDMD% = 100 × [(initial dry sample wt-(residue-
blank))/initial dry sample wt] [19]. Dried residues were added with an NDF and ADF
solution to measure IVNDFD and IVADFD [16].
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2.5. Statistical Analysis

The model of Sommart et al. [20] was used for determining the kinetics of gas production.

Y = a + b (1 − e−ct) (1)

where “a” is the intercept, which ideally reflects the fermentation of the soluble fraction,
“b” is the fermentation of the insoluble fraction (which is with the time fermentable), “c”
is the rate of gas production, “|a| + b” is the potential extent of gas production, and “Y”
is the gas produced at time “t”. All data were analyzed as a 5 × 3 factorial arrangement
in a completely randomized design (CRD) using the PROC GLM of SAS program [21].
Multiple comparisons among treatment means were performed by Duncan’s New Multiple
Range Test (DMRT) [22]. Differences among means with p < 0.05 were accepted as being
statistically significant.

3. Results

3.1. Nutritional Composition of Feed

The nutritional composition and formulation of the experimental diet are presented in
Table 1. The control diet contained a high level of SBM at 180 g/kg and urea 10 g/kg as the
main nitrogen source. The CP content in CS was enhanced by fermented YW, and 537 g/kg
CP was obtained when the CSYW product was generated. The CSYW contained 349 g/kg
DM, 243 g/kg NDF, and 113 g/kg ADF, and the CP content was high at 537 g/kg DM. SBM
was replaced by CSYW as a protein source in concentrate diets from 25–100%, resulting in
a reduction in the usage of urea in formulations. The CP content of the concentrate diets
was similar among the formulas and ranged from 140 to 143 g/kg DM, while the ash, NDF,
and ADF content increased as the quantity of CSWY was added.

Table 1. Feed ingredients and chemical composition used in the experimental ration.

Ingredients
Levels of CSYW (g/kg Dry Matter)

CSYW 1 Rice Straw
0 25 50 75 100

Cassava chip 580 580 550 555 550
Rice bran 120 150 147 122 120

Palm kernel meal,
solvent 80 80 113 135 143

Soybean meal 180 113 75 37 0
CSYW 1 0 37 75 113 150

Mineral premix 5 5 5 5 5
Urea 10 10 10 8 7

Molasses 10 10 10 10 10
Pure sulfur 10 10 10 10 10

Salt 5 5 5 5 5

Chemical composition
Dry matter (g/kg) 906 901 903 904 912 349 924

—-g/kg of dry matter—
Organic matter 958 930 915 901 902 845 86.5

Ash 42 70 85 99 98 103 125
Crude protein 143 141 141 140 140 537 23

Neutral detergent fiber 150 207 236 258 272 243 755
Acid detergent fiber 92 126 151 174 183 113 553

1 CSYW = cassava pulp fermented with yeast waste.

3.2. Gas Kinetics and Cumulative Gas Production

In terms of gas production kinetics, no interactions between CSYW levels and the R:C
ratio were detected (p > 0.05; Table 2). It was found that gas produced immediately from
a soluble fraction (a) and gas rate constant for the insoluble fraction (c) did not change
among treatments (p > 0.05). The level of CSYW showed significantly higher (p < 0.01) gas
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production from the insoluble fraction (b), potential extent of gas production (a + b), and
cumulative gas production at 96 h than the control group (p < 0.05). The highest b value
and a + b value were 126.72 and 126.71 mL/g DM, respectively, when SBM was replaced
by CSYW at 100% (p < 0.05). However, the R:C ratios did not alter the kinetics of gas (b or a
+ b) or cumulative gas (p > 0.05).

Table 2. Effect of cassava pulp fermented with yeast waste (CSYW) replaced soybean meal (SBM) and
various roughage to concentrate ratio (R:C) on gas kinetics and cumulative gas at 96 h of incubation.

Item SBM:CSYW R:C Gas Kinetics 1 Cumulative Gas
(96 h) mL/g DM Substrate

a b c |a| + b

T1 100:0 70:30 −3.05 70.12 0.03 67.07 144.82
T2 100:0 50:50 −2.55 72.19 0.04 69.64 148.96
T3 100:0 30:70 −0.36 69.54 0.04 69.18 143.66
T4 75:25 70:30 −0.46 88.56 0.03 88.11 181.71
T5 75:25 50:50 −1.73 80.80 0.04 79.06 166.18
T6 75:25 30:70 −0.74 90.14 0.03 89.40 184.86
T7 50:50 70:30 −0.85 93.54 0.02 92.69 191.66
T8 50:50 50:50 −0.08 97.75 0.03 97.67 200.08
T9 50:50 30:70 −0.95 88.48 0.04 87.53 181.54

T10 25:75 70:30 0.10 113.81 0.02 113.91 232.20
T11 25:75 50:50 0.00 105.68 0.03 105.68 215.94
T12 25:75 30:70 −0.85 115.14 0.02 114.29 234.86
T13 0:100 70:30 −0.11 123.06 0.03 122.95 250.70
T14 0:100 50:50 0.29 137.82 0.02 138.11 280.22
T15 0:100 30:70 −0.22 119.29 0.02 119.07 243.16

SEM 1.01 25.66 0.01 21.55 18.25
p-value

SBM:CSYW 1.75 <0.01 0.17 <0.01 0.05
R:C 0.92 0.33 0.15 0.29 0.45

SBM:CSYW×R:C 0.67 0.25 0.40 0.22 0.43

Average

SBM:CSYW 100:0 −1.99 70.62 f 0.04 68.63 f 145.81 f

75:25 −0.98 86.50 f 0.03 85.52 ef 177.58 ef

50:50 −0.63 93.26
e 0.03 92.63 de 191.09 e

25:75 −0.25 115.54
d 0.03 111.29 d 227.67 d

0:100 −0.02 126.72
d 0.02 126.71 d 258.03 d

R:C ratio 70:30 −0.87 97.82 0.03 96.94 200.22
50:50 −0.82 98.85 0.03 98.03 202.28
30:70 −0.63 96.52 0.03 95.98 197.61

1 a = the gas production from the immediately soluble fraction, b = the gas production from the insoluble fraction,
c = the gas production rate constant for the insoluble fraction (b), |a| + b = the gas potential extent of gas production.
d–f Values on the same column with different superscripts differ (p < 0.05); SEM = standard error of mean.

3.3. In Vitro Digestibility

The influences of the CSYW level and R:C ratio on in vitro digestibility are illustrated
in Table 3. There were no interactions among CSYW and R:C ratio on the in vitro digestibil-
ity (p > 0.05). When a high level of concentrate diet was supplied, the IVDMD and IVADFD
improved (p < 0.05). Furthermore, increasing the amount of CSYW to replace SBM up to
75% had no negative effect on IVNDFD (p > 0.05), while replacing CSWY at 100% could
reduce IVNDFD (p > 0.05).
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Table 3. Effect of cassava pulp fermented with yeast waste (CSYW) replaced soybean meal (SBM) and
various roughage to concentrate ratio (R:C) on the in vitro dry matter degradability (IVDMD), in vitro
neutral detergent fiber degradability (IVNDFD), and in vitro acid detergent fiber degradability
(IVADFD) at 12 h of incubation.

Item SBM:CSYW R:C
IVDMD

(g/kg)
IVNDFD

(g/kg)
IVADFD

(g/kg)

T1 100:0 70:30 440 608 234
T2 100:0 50:50 549 613 210
T3 100:0 30:70 634 637 283
T4 75:25 70:30 509 557 155
T5 75:25 50:50 529 566 239
T6 75:25 30:70 545 633 293
T7 50:50 70:30 502 575 174
T8 50:50 50:50 484 580 227
T9 50:50 30:70 601 624 276
T10 25:75 70:30 427 570 202
T11 25:75 50:50 502 573 201
T12 25:75 30:70 647 615 185
T13 0:100 70:30 456 430 200
T14 0:100 50:50 512 435 187
T15 0:100 30:70 576 512 231

SEM
p-value

5.39 3.33 5.31

SBM:CSYW 0.26 <0.01 0.92
R:C <0.01 0.50 <0.01

SBM:CSYW×R:C 0.06 0.14 0.06

Average

SBM:CSYW 100:0 541 619 a 222
75:25 528 585 a 197
50:50 529 593 a 201
25:75 522 586 a 202
0:100 515 459 b 194

R:C ratio 70:30 467 b 548 b 193 b

50:50 515 b 553 b 213 b

30:70 600 a 604 a 253 a

a,b Values on the same column with different superscripts differ (p < 0.05); SEM = standard error of mean.

3.4. Ruminal pH, Ammonia-Nitrogen (NH3-N) Concentration, and Microorganisms

There were no interactions on the ruminal pH, NH3-N, and microbial population
between the CSYW level and R:C ratio (p > 0.05; Table 4). The pH and NH3-N levels in the
rumen were measured and ranged from 6.81 to 7.04 and 15.79 to 17.89 mg/dL, respectively.
Except for fungal zoospore, the quantity of bacteria and protozoa changed significantly
when the concentrate diet was high (bacteria, 36.58 × 107 and protozoa, 3.93 × 105; p < 0.05).
The bacterial population in the rumen was reduced by 25.05% when CSYW completely
replaced SBM (p < 0.05); however, 75% of CSWY in the diet did not change the bacterial
population (p > 0.05).
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Table 4. Effect of cassava pulp fermented with yeast waste (CSYW) replaced soybean meal (SBM)
and various roughage to concentrate ratio (R:C) on pH, ammonia-nitrogen (NH3-N), and ruminal
microorganisms at 4 h of incubation.

Item SBM:CSYW R:C pH
NH3-N
(mg/dL)

Bacteria
(×107

cells/mL)

Protozoa
(×105

cells/mL)

Fungal
Zoospore (×104

cells/mL)

T1 100:0 70:30 7.04 15.79 25.50 2.05 7.00
T2 100:0 50:50 6.90 15.38 29.75 2.70 10.00
T3 100:0 30:70 6.87 16.24 44.50 4.30 11.25
T4 75:25 70:30 6.96 15.63 27.75 2.25 10.25
T5 75:25 50:50 6.92 17.04 27.25 2.20 11.50
T6 75:25 30:70 6.86 16.43 38.50 4.00 13.50
T7 50:50 70:30 6.95 17.43 31.20 1.55 7.50
T8 50:50 50:50 6.94 16.12 29.00 2.85 10.50
T9 50:50 30:70 6.88 15.90 33.00 4.10 11.25

T10 25:75 70:30 7.10 16.27 26.00 1.90 10.50
T11 25:75 50:50 6.94 17.11 29.75 2.25 12.00
T12 25:75 30:70 6.80 16.09 34.75 4.50 15.00
T13 0:100 70:30 7.03 16.29 18.75 2.15 8.75
T14 0:100 50:50 6.91 15.95 19.75 2.50 9.00
T15 0:100 30:70 6.81 17.89 32.15 2.75 9.50

SEM 0.07 0.66 3.06 0.70 2.07
p-value

SBM:CSYW 0.41 0.49 <0.05 0.70 0.22

R:C 0.06 0.86 <001 <001 0.07
SBM:CSYW×R:C 0.09 0.45 0.34 0.42 0.99

Average

SBM:CSYW 100:0 6.94 15.80 33.25 a 3.02 9.99
75:25 6.91 16.37 31.17 a 2.82 9.42
50:50 6.92 16.48 31.07 a 2.83 11.75
25:75 6.94 16.49 30.17 a 2.88 9.75
0:100 6.92 16.71 23.55 b 2.47 12.50

R:C ratio 70:30 7.02 16.28 25.84 b 1.98 b 9.08
50:50 6.92 16.32 27.10 b 2.50 b 8.80
30:70 6.84 16.51 36.58 a 3.93 a 10.60

a,b Values on the same column with different superscripts differ (p < 0.05); SEM = standard error of mean.

3.5. Volatile Fatty Acid

The in vitro total VFAs and proportion of VFAs are shown in Table 5. No interaction
occurred between the CSYW level or R:C ratio (p > 0.05). The total VFAs and VFA profiles
in the rumen did not change when CSYW was replaced by SBM (p > 0.05), except the
concentration of C3 was changed (p < 0.05). The concentration of C3 decreased upon an
increase in the CSYW level, which was lowest with the replacement of SBM by CSYW up to
75%. However, various R:C ratios did not influence total VFAs or the proportion of VFAs
(p > 0.05), except the concentration of C3 increased when the proportion of a concentrate
diet increased (p < 0.05).

101



Fermentation 2021, 7, 196

Table 5. Effect of cassava pulp fermented with yeast waste (CSYW) replaced soybean meal (SBM)
and various roughage to concentrate ratio (R:C) on concentrations of volatile fatty acid (VFA), acetate
(C2), propionate (C3), and butyrate (C4) at 4 h of incubation.

Item SBM:CSYW R:C
Total VFA
(mmol/L)

Molar Proportions of VFA
(mmol/L)

C2:C3
Ratio

C2 C3 C4

T1 100:0 70:30 64.36 71.03 15.63 10.56 4.55
T2 100:0 50:50 73.81 67.20 25.54 12.26 2.63
T3 100:0 30:70 79.11 61.46 27.56 14.86 2.23
T4 75:25 70:30 68.10 72.67 15.91 12.57 4.57
T5 75:25 50:50 64.95 74.16 26.95 11.08 2.75
T6 75:25 30:70 77.50 74.23 24.28 9.95 3.06
T7 50:50 70:30 68.56 71.00 20.41 10.50 3.48
T8 50:50 50:50 69.97 69.40 20.64 11.53 3.36
T9 50:50 30:70 69.54 64.94 25.68 10.94 2.53
T10 25:75 70:30 67.17 65.89 20.75 10.55 3.17
T11 25:75 50:50 74.02 64.52 18.76 8.85 3.44
T12 25:75 30:70 66.02 70.78 26.82 12.27 2.64
T13 0:100 70:30 66.27 71.68 18.07 12.55 3.97
T14 0:100 50:50 66.97 66.35 21.00 9.74 3.16
T15 0:100 30:70 64.69 62.52 20.12 8.84 3.11

SEM 3.19 3.82 1.41 1.99 0.67
p-value

SBM:CSYW 0.23 0.18 0.05 0.69 0.07
R:C 0.11 0.34 0.01 0.83 0.70

SBM:CSYW×R:C 0.08 0.58 0.09 0.61 1.00

Average

SBM:CSYW 100:0 72.43 66.56 22.91 a 12.56 3.14
75:25 70.19 73.69 22.38 a 11.20 3.46
50:50 69.36 68.45 22.24 a 10.99 3.12
25:75 69.07 67.06 22.11 a 10.56 3.08
0:100 65.98 66.85 19.73 b 10.37 3.41

R:C ratio 70:30 66.89 70.45 18.74 c 11.35 3.79
50:50 69.94 68.33 22.58 b 10.69 3.07
30:70 71.37 66.78 25.05 a 11.37 2.63

a–c Values on the same column with different superscripts differ (p < 0.05); SEM = standard error of mean.

4. Discussion

4.1. Chemical Composition

The chemical composition of CSYW in this experiment had lower OM, NDF, and ADF
content than the compositions within the study conducted by Sommai et al. [5]. These
variations may be a result of different materials, growing locations, and plant factory
processing [23]. However, the OM, NDF, and ADF contents in CSYW were similar to
those of the report of Chuelong et al. [24], with 845, 243, and 113 g/kg DM, respectively.
Furthermore, the use of CSYW instead of SBM resulted in increased ash and fiber content
in the concentrate diet, while the CP in the formula was regulated at the same level to
investigate the probable use of CSYW replacement.

Combining CS and YW could deliver a product with a high CP content of 537 g/kg
DM. The apparent increase in CP could be explained by an increase in microorganisms
contained in YW and proliferation in the form of single-cell proteins occurring throughout
the fermentation process [6]. Before YW was fermented with CS, the quantity of carbon and
nitrogen sources in the medium solution was the key factor that differentiated the amount
of yeast and CP contained in the product. Polyorach et al. [9] discovered that protein and
lysine levels in cassava chips increased from 3.4% to 32.5% and 3.8% to 8.5%, respectively,
when the S. cerevisiae grew in media solution containing 9.6% molasses and 19.2% urea.
Similarly, Khampa et al. [25] found that S. cerevisiae grown in a media solution containing
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10% molasses and 24% urea could increase the amount of protein in cassava chips by up to
36.1%. In addition, 23.3% of CP was obtained from CS fermented S. cerevisiae with a media
solution containing 12% molasses and 25% urea [5].

The greater CP in this study could be related to the product of yeast that was used as
a starter. YW obtained from bioethanol production contains a high content of 60% to 70%
live cells of S. cerevisiae [12]. In the preliminary investigation, the amount of S. cerevisiae in
YW was found to be around 3.1 × 1013 cells/mL. This indicates that higher protein levels
can be obtained than in previous studies utilizing baker’s yeast, which had a low yeast cell
count (around 106 to 108 cells/mL, [26]). As a consequence, this experiment implies that
utilizing YW to ferment CS has a higher protein productivity potential than previous CS
improvement approaches. Its properties could be used as a protein source in animal diets,
provided it is economically viable.

4.2. Effects on Gas Kinetics and In Vitro Digestibility

The level of CSYW substitution for SBM in the concentrate diet altered the in vitro
rumen gas kinetics. The volume of gas produced from the insoluble fraction (b) increased
as CSYW was raised, which is the main reason why CSYW has a significant impact on the
prospective scope of the potential extent of gas production (a + b). The use of CSYW could
increase the cumulative gas production because the product containing yeast may promote
the growth of some cellulolytic bacteria in the rumen. According to Sommai et al. [5],
yeast-fermented CS can activate the cellulolytic bacterial population from 2.0 × 109 to
5.6 × 109 cfu/mL, meaning that the more products supplied, the more cellulolytic bacteria
there are. These findings were in accordance with Chuelong et al. [24], who confirmed that
S. cerevisiae fermented with CS increased bacterial populations by 32.2%.

As the proportion of concentrate diet increased from 30% to 70%, the in vitro di-
gestibility of DM and ADF improved by 449 and 308 g/kg DM, respectively. This was in
agreement with the statement of Polyorach et al. [7], who found that increasing the concen-
trate diet from 20% to 80% raised IVDMD by about 13%. In this study, a 30:70 R:C ratio diet
provided more readily available energy, which resulted in improved bacterial growth and
digestibility [27]. Furthermore, this study confirmed that a concentrate diet increased the
ruminal microbiota, particularly bacteria, by approximately 55%. Hungate [28] suggested a
more significant effect in the rumen when carbohydrate, rather than forages, is used. These
findings corroborated previous research by Sommai et al. [5].

The IVNDFD was maintained when CSYW replaced SBM up to 75%. This relates to the
volume of gas produced from the previously mentioned insoluble fraction (b-value). In ad-
dition, cellulolytic bacterial colonization of plant cell walls is supported by probiotic yeasts.
This effect has many mechanisms of action, one of which is the distribution of thiamin,
a vitamin that rumen microorganisms need [14]. Chuelong et al. [24] stated that, when
yeast was added to the diet, the activity of most polysaccharidase and glycosidehydrolase
enzymes increased and rumen digestion fiber was improved. In addition, the ability of
yeast cells to scavenge oxygen is one of the key factors that may justify the beneficial effect
of live yeasts on fiber-degrading bacteria [29]. Furthermore, the media solution containing
urea might act as an alkaline substance (ammonium hydroxide) and result in a breakdown
of the fiber structure in CS [14]. The alkaline substance may then support enzyme activity
from yeast to degrade the NDF content contained in CS.

Cherdthong and Supapong [27] found that supplementing yeast would increase the
bacterial population by 3.6 times, resulting in enhanced NDF digestibility, as shown in
Tables 3 and 4. This agrees with Boonnop et al. [8], who indicated that feeding yeast-
fermented cassava chip (YEFFECAP) to dairy steers could increase feed consumption and
nutritional digestibility. In addition, yeast efficacy was frequently established when used in
combination with low-quality roughage. Tang et al. [30] observed that feeding S. cerevisiae
to low-quality roughage enhanced in vitro digestibility. These results indicated that CSYW
at 75% could be incorporated with no influence on rumen digestibility when added to
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concentrate diets. However, replacement of SBM by CSYW at 100% could reduce IVNDFD,
which might be due to limited high fiber content, resulting in reduced fiber digestibility.

4.3. Ruminal Fermentation and Quantity of Rumen Microorganisms

The ruminal fermentation parameters did not change when SBM was replaced by
CSYW, and the value remained stable between 6.82 and 7.05. Wanapat and Cherdthong [31]
suggested that the optimum level of pH in the rumen for microbial digestion of fiber and
protein is 6.5 to 7.0. Furthermore, raising the CSYW and R:C ratio did not affect the
concentrations of NH3-N and ranged from 15.88 to 17.99 mg/dL in the rumen fluid, which
is considered acceptable. The NH3-N was under the optimum concentrations for bacterial
growth and microbial activity in the range of 5–25 mg/dL [31]. This range would be
improved by voluntary feed consumption and microbial protein synthesis [32].

Several factors influence the organization of the ruminal microbial community, and
diet is a key to rumen community composition [33]. Our investigation showed that CSYW
could replace SBM up to 75% without any negative effects on microbial activity. In particu-
lar, the bacterial population was comparable to the use of 100% SBM in the concentrate
diet. Sommai et al. [5] revealed that yeast fermentation of CS has no negative impact on
the bacteria population in Thai native beef cattle. This is in agreement with Cherdthong
and Supapong [27], who found that using S. cerevisiae-fermented cassava bioethanol waste
(YECAW) seems to have no adverse influence on bacterial, protozoa, or fungal populations
or values in dairy calf rations. Our study observed that increasing the level of concentrate
diet enhanced bacterial and protozoa populations (with a 70% concentration diet, the
bacteria and protozoa increase was 41.6% and 98.5%, respectively) in the rumen fluid.
The increased fermentable substrate (sugar and starch) in the concentrate diet may have
favored the growth of bacteria and protozoa, resulting in a change in the structure and
diversity of microbial populations [34]. Accordingly, Phesatcha et al. [35] also noticed an
enhancement in the total amount of ruminal bacteria, with a comparable shift in rumen
microbial population numbers in animals that were fed a high-concentrate diet versus ani-
mals that were fed a low-concentrate diet vs. those fed a low level of concentrate diet. This
demonstrated that, when a rapid fermentation carbohydrate is supplied, microbial bacteria
in the rumen tend to be enhanced. Cherdthong and Wanapat [36] found that ruminal
microbial bacteria’s synthesis depends on an appropriate carbohydrate supply of NH3-N,
which is used to synthesize peptide bonds and as an energy source. In accordance with
Anantasook and Wanapat [37], when a high-concentrate diet is included in the formula,
the bacterial population in the rumen increases dramatically. However, the replacement of
CSWY did not affect bacterial populations until 100% SBM was replaced. SBM replacement
with CSYW at 100% resulted in a decrease in the bacteria population, possibly because of
the high fiber content of CS, which inhibited bacterium digestion and utilization. Therefore,
the advice for those using CSYW is that the user should carefully assess the replacement
quantity to SBM and that further experiments should be carried out on animals.

4.4. Ruminal Volatile Fatty Acid (VFA)

The TVFA did not change when CSWY was utilized instead of SBM at any level. In
this experiment, the concentration of rumen VFA ranged from 64.36 to 79.11 mmol/L,
which was close to the previous study (68.8 to 89.7 mmol/L [38]; 50.1 to 68.5 mmol/L [7]).

The use of CSYW instead of SBM in the concentrate diet can be employed up to 75%
without altering the VFA profile, which demonstrates that the product has a potential
use as animal feed as compared to SBM. According to Cherdthong et al. [13], the highest
amounts of SBM were replaced by YECAW, with no alterations in TVFA concentration or
VFA profiles. In addition, Polyorach et al. [7] found no difference in TVFA and VFA profiles
when YEFECAP was used at the 80% SBM substitution level. However, the concentration
of C3 was slightly lowered after CSWY was completely substituted with SBM in the
concentrate diet. It could be that the high fiber content and low fermentation fraction in
CSWY lead to a low substrate supply to generate C3 in the rumen [39,40]. In addition, C3 is
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a product of the rumen’s bacterial fermentation activity; a change in the number of bacteria
in the rumen can impact C3. Our studies have revealed that using 100% CSYW reduces the
amount of bacterial population. The decrease in bacteria could be related to the increase
in fiber; when the quantity of fiber in the composition is higher, the amount of digestible
nutrients is significantly lower and results in a reduction of the fermentation yield [41,42].
This incidence was similar to that reported by Polyorach et al. [7], who found that replacing
the SBM with 100% yeast-fermented cassava chip protein lowered the amount of C3.

The concentrated diet ratio, C3, increased by 22.6%. Normally, C3 is generated
from the rumen fermentable starch, which is caused by bacteria in the rumen. Thus,
high-fermentable starch in the concentrate diet resulted in a high concentration of C3
production [43,44]. This agrees with Cherdthong et al. [40], who revealed that the addition
of a high-concentrated diet supplied an enhanced proportion of C3. Furthermore, the C3
content could significantly increase when a substrate containing 80% of the concentrate
was tested [35].

5. Conclusions

The quality of CS could be improved by using YW and the optimum media solution.
CSYW could be utilized as a partial replacement for SBM in concentrate diets up to 75%
without affecting gas kinetics, ruminal parameters, or in vitro digestibility. Furthermore, a
30:70 R:C ratio may be useful for gas kinetics, ruminal ecology, digestibility, volatile fatty
acids, and propionic acid. However, more in vivo investigations are needed to determine
the success of animal production.
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Abstract: Microbial activity is an integral part of agricultural ecosystems and can influence the
quality of food commodities. During on-farm processing, coffee growers use a traditional method of
fermentation to remove the cherry pulp surrounding the beans. Here, we investigated the influence
of the coffee farm microbiome and the resulting fermentation process conducted with selected starter
cultures (Pichia fermentans YC5.2 and Pediococcus acidilactici LPBC161). The microbiota of the coffee
farm (coffee fruits and leaves, over-ripe fruits, cherries before de-pulping, depulped beans, and
water used for de-pulping beans) was dominated by Enterobacteriaceae and Saccharomycetales, as
determined by llumina-based amplicon sequencing. In addition, 299 prokaryotes and 189 eukaryotes
were identified. Following the fermentation process, Pichia and the family Lactobacillaceae (which
includes P. acidilactici) represented more than 70% of the total microbial community. The positive
interaction between the starters resulted in the formation of primary metabolites (such as ethanol
and lactic acid) and important aroma-impacting compounds (ethyl acetate, isoamyl acetate, and ethyl
isobutyrate). The success competitiveness of the starters towards the wild microbiota indicated that
coffee farm microbiota has little influence on starter culture-added coffee fermentation. However,
hygiene requirements in the fermentation process should be indicated to prevent the high microbial
loads present in coffee farm soil, leaves, fruits collected on the ground, and over-ripe fruits from
having access to the fermentation tank and transferring undesirable aromas to coffee beans.

Keywords: fermentation hygiene; coffee fermentation; Pichia fermentans; Pediococcus acidilactici

1. Introduction

Coffee is a tropical crop grown in more than 50 countries, with the largest producers
being Brazil, Vietnam, Colombia, Indonesia, Ethiopia, and Honduras [1]. To produce coffee
beans suitable for transportation and roasting, it is necessary to separate the seeds from the
outer layers (skin, pulp, mucilage, and parchment). This process can be carried out by three
different methods, namely dry, semi-dry, or wet processing, which reduces the moisture of
the coffee beans from 65% to 12% [2]. In the dry processing, intact coffee fruits are exposed
to the sun for approximately 30 days until they reach 12% moisture. Then the fruits are me-
chanically crushed to separate the beans from the outer layers. Wet processing is relatively
more complex, as the fruits are mechanically depulped and placed in tanks containing
large volumes of water for a natural fermentation to occur for 24 to 48 h. The fermentation
process removes the mucilage layer adhered to the seeds, which are finally sun-dried to
reach the desired moisture content. Finally, semi-dry processing presents stages of both dry
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and wet methods, where the coffee fruits are mechanically depulped and then submitted
to sun-drying [3].

Recent studies using next-generation sequencing (NGS) have shown that more than
100 microbial genera are involved in coffee beans fermentation from Brazil, Ecuador, Colom-
bia, Honduras, and Australia [4–10]. However, temporal analyses of the fermentations
revealed that the core microbiome is distinguished in three stages; (i) Enterobacteriaceae,
acetic acid bacteria (AAB), and lactic acid bacteria (LAB) are present in higher frequencies at
the beginning of the fermentation, (ii) LAB (mainly Leuconostoc, Lactococcus or Lactobacillus)
dominate the fermentation after 6 h and (iii) acid-tolerant LAB remains until the end of the
process. Among the eukaryotic community, generally, yeasts belonging to the genus Pichia
show a high prevalence throughout fermentation [6,7,11,12].

The success of coffee fermentation depends on the indigenous microbiota associated
with coffee farm microbiome. Recently, the use of starter cultures has been indicted to
replace this empirical process, making coffee fermentation more predictable and con-
trolled [11,12]. One limitation in the use of starter cultures is that fermentations are usually
carried out in open tanks, which can favor contamination by the natural microbiota. Due to
this lack of control, the starters must establish dominance over the high load of indige-
nous microorganisms. In recent years, several studies have shown that yeast and LAB
species (e.g., Lactobacillus plantarum, Leuconostoc mesenteroides, Pichia kluyveri, Pichia anomala,
Pichia fermentans, Hanseniaspora uvarum, Saccharomyces cerevisiae, Debaryomyces hansenii, and
Torulaspora delbrueckii, Candida railenensis) were able to suppress the indigenous microbiota
during coffee fermentation, as well as produce coffee beverages with desired characteris-
tics [13–17]. However, the existence of a connection between coffee farm microbiome and
the resulting starter culture-added, coffee fermentation has not yet been investigated.

It was recently demonstrated that co-inoculation of Pichia fermentans YC5.2 and
Pediococcus acidilactici LPBC161 increases the production of metabolites (lactic acid, ethanol,
and ethyl acetate) during coffee fermentation, evidencing a positive interaction between
these two microbial groups [18]. In this sense, this study aimed to use a next-generation
sequencing (NGS) to evaluate the influence of the microbial communities from coffee farm
processing and coffee fermentation using P. fermentans YC5.2 and P. acidilactici LPBC161.
In addition, the metabolite changes that occurred during the fermentation process were
studied by chromatographic techniques.

2. Material and Methods

2.1. Cultivation of Lactic Acid Bacteria and Yeast

The starter cultures used in this study include the lactic acid bacterium Pediococcus
acidilactici LPBC161 and the yeast Pichia fermentans YC5.2. These microbial cultures were
previously isolated, identified and selected from spontaneous coffee fermentations, as
reported by Pereira et al. [13] and Muynarsk [19], and are deposited in the Microbial
Cultures Collection of the Department of Bioprocess and Biotechnology Engineering of
the Federal University of Paraná, UFPR, Curitiba, PR, Brazil. P. acidilactici LPBC161 and
P. fermentans YC5.2 were reactivated in MRS (Merck Millipore, Burlington, MA) and YEPG
broth (Himedia, Marg, India), respectively, at 30 ◦C for 24 h. To achieve a concentration
of approximately 109 CFU/mL, 0.4 L of a culture of P. acidilactici LPBC161 was inoculated
in Erlenmeyer containing 3.6 L of a culture medium composed of glucose (5 g/L), yeast
extract (5 g/L), ammonium citrate (5 g/L), ammonium phosphate (5 g/L), sodium acetate
(2 g/L), manganese sulfate (0.05 g/L) and Tween 80 (0.1%) [20]. P. fermentans YC5.2 was
also cultivated and inoculated in the same way, but a culture medium containing only
glucose (5 g/L) yeast extract (5 g/L) was used. Yeasts and bacteria were incubated at
30 ◦C for 24 h. After this period, the cells were centrifuged at 5000× g for 10 min and
resuspended in 250 mL of sterile saline solution (0.9% NaCl) and stored at 4 ◦C until their
proper use.
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2.2. Area of Study and Sampling Procedure

The experiments were conducted at Shalom farm situated in Patrocínio, Minas Gerais
state, Brazil (18◦56′38” S 46◦59′34” O). The environmental samples were collected in
triplicate and are composed of: (i) 100 g of soil collected at 10 cm depth in an area of 1 m2 in
the treetops; (ii) 10 g of coffee leaves collected from the soil surface; (iii) 20 fruits collected
from the soil surface; (iv) 10 g of leaves collected from the branches 30 cm from the apical
region; (v) 20 cherries collected from the coffee tree; (vi) 20 cherries before de-pulping;
(vii) 20 over-ripe fruits collected from the coffee tree; (viii) 100 g depulped beans; (ix) 50 mL
water used for de-pulping beans. The samples were stored in falcon sterile tubes (50 mL)
and transported to the Center of Agroindustrial Biotechnology of Paraná (CENBAPAR,
Curitiba, Brazil) under refrigeration and maintained at −20 ◦C until further analysis.

Later, coffee cherries (Coffea arabica var. Catuaí Amarelo) were harvested manually and
mechanically pulped. Approximately 100 kg of pulped coffee beans were deposited in a
1 m3 concrete tank containing about 50 L of water, in accordance with the local wet process-
ing method. Before inoculation, the cell viability of the starter cultures was determined by
spread plate and the results were expressed in CFU/mL. Thus, the appropriate inoculum
concentration of P. fermentans YC5.2 and P. acidilactici LPBC161 were adjusted to achieve an
initial concentration of 107 CFU/mL and inoculated simultaneously in the fermentation
tanks. About 100 g of coffee beans plus the liquid fraction of the coffee pulp were collected
at 0, 8, 19, and 24 h. The liquid fraction was frozen in Falcon tubes sterilized at −20 ◦C for
further analysis. Finally, the coffee beans sampled from each point were sun-dried to 12%
moisture. Fermentation and sample collection were performed in triplicates.

2.3. Microbial Community Analysis by High-Throughput Sequencing

Before performing the total DNA extraction of the environmental samples, the micro-
bial cells present in the samples were taken out. About 2.5 g of each sample was added to a
tube containing 10 mL of saline solution (0.9% NaCl) and vigorously agitated by vortex
(two treated for 2 min with an interval of 15 min). To eliminate coarse impurities, the
solution was filtered through a 0.45 μm filter. Fermentation samples and water used for
de-pulping beans were not submitted to this process. The total DNA extraction of the
samples was performed by the Phenol-Chloroform method described by Carvalho Neto
et al. [21]. Group-specific loci of both bacterial and fungal DNA were amplified through
PCR. 20 ng of DNA containing Illumina platform adapters [22], were used to amplify the
hypervariable region V3/V4 of the bacterial 16S rRNA gene using the 515F-806R primers.
The ITS fungal region was amplified by ITS1-ITS2 primers. Barcoded amplicons were
generated by PCR under the following conditions: 95 ◦C for 3 min, and 18 cycles at 95 ◦C
for 30 s, 50 ◦C for 30 s and 68 ◦C for 60 s, followed by a final extension at 68 ◦C for 10 min.
Samples were sequenced in the MiSeq platform using the 500 V2 kits, following standard
Illumina protocols. Bioinformatics analyses were performed according to Vale et al. [10].

2.4. HPLC Analysis of Fermenting Coffee Pulp

The concentration of reducing sugars (glucose and fructose) and organic acids (lactic,
citric, succinic, acetic and propionic acids) in the liquid fraction of the coffee pulp mass
in fermentation was determined by High-Performance Liquid Chromatography (HPLC).
The samples were analyzed in an HPLC® Agilent Technologies coupled to a refraction
index (RID) and diode matrix (DAD) detector. The separation of the compounds was
obtained using a Hiplex-H column (300 × 7.7 mm) (Bio-Rad, Richmond, CA, USA) with an
isocratic mobile phase composed of 4.0 mM H2SO4, with a flow rate of 0.5 mL min−1 for
30 min. The temperatures of the sample, column, and RID detector used during the entire
race were 25, 70 and 50 ◦C, respectively. The quantification of organic acids was performed
in DAD at 210 nm while reducing sugars were determined in RID.
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2.5. GC/MS Analysis of Coffee Pulp and Beans

The determination of volatile compounds presents in the fermentation liquid fraction
and the chemical constitution of the coffee beans collected during the fermentation process
were determined by Gas Chromatography Coupled to Mass Spectrophotometry (GC/MS).
Briefly, the compounds were analyzed by Solid Phase Microextraction (SPME), using a
DVB/CAR/PDMS Fibre (Supelco Co., Bellefonte, PA, USA) and injected into GC/MS
connected to an autosampler (GCMS2010 Plus, TQ8040, AO 5000; Shimadzu, Tokyo,
Japan). The injection parameters used were according to the procedures described by
Junqueira et al. [6].

2.6. Statistical Analysis

Statistical significance was calculated using a post-hoc comparison of means using
Tukey’s test. Analyses were performed using the Statistica program, version 10.0 (Stat-
soft Inc., Tulsa, OK, USA). The level of significance was established using a two-sided
p-value < 0.05. A principal component analysis (PCoA) based on Weighted UniFrac Dis-
tances was constructed using the microbial relative prevalence data (at both family and
genus levels). Analyses were performed using the Statistica program, version 10.0 (Statsoft
Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Farm Microbiome

To elucidate the influences of the environmental microbiota on the fermentation
process, coffee fruits and leaves (collected from the coffee farm and on the ground),
over-ripe fruits, cherries before de-pulping, depulped beans and water used for de-
pulping beans, were collected to analyze the bacterial and fungal communities. A total
of 282.288 sequences from the hypervariable region V3-V4 of the 16S rRNA gene and
158.316 from the Internal Transcribed Spacer (ITS) rDNA gene were obtained from all
samples. Sequences that presented identity above 97% were considered the same Opera-
tional Taxonomic Unit (OTUs). Thus, 299 prokaryotes and 189 eukaryotes were identified
(Table S1). The rarefaction curves were satisfactory, suggesting that most bacterial and
fungal communities were covered (Figure 1).

The presence and abundance of the major bacteria and fungi, defined as taxa with
proportional abundance ≥2%, are reported in Figure 2. In general, Enterobacteriaceae and
Saccharomycetales were the most abundant microbial groups. To facilitate visualization
of the results, PCA analysis was constructed to group the coffee farm samples according
to microbial abundance and diversity (Figure 3). Among the eukaryotes, the samples
were divided into three clusters; (i) cherries before de-pulping, depulped beans and water,
characterized by the marked presence of the Saccharomycetales family; (ii) soil, leaves
and fruits collected on the ground, and fruits collected from the coffee tree, character-
ized by a low frequency of Saccharomycetales and dominance of specific groups such
as Pleosporales, Mycosphaerellaceae and Colletotrichum; and (iii) fruits collected on the
ground, leaves collected from the coffee tree and over-ripe fruits, characterized by the
dominance of Candida, Lecanoromycetes, and Fusarium, respectively. These results suggest
that the first grouping (mainly cherries before de-pulping and depulped beans) may favor
the fermentative process due to the high incidence of Saccharomycetales. This order com-
prises about 1000 known species, including the yeasts Pichia, Saccharomyces, Meyerozyma,
Candida and Hanseniaspora that have been widely selected as starter cultures for coffee
fermentation [8,18,23]. Moreover, it is likely that most of the yeasts found in these samples
are endophytic, since the coffee cherries collected from the coffee trees had a low inci-
dence of Saccharomycetales (1.33%), while the depulped fruits contained a high frequency
(69.15%) (Figure 2B). On the other hand, the marked presence of filamentous fungi, such
as Cladosporium, Colletotrichum, Fusarium and Mycosphaerellaceae are undesirable in the
fermentation process and control measures should be adopted to reduce the contact of soil,
leaves, fruits collected from the ground and over-ripe fruits with the fermentation tank.
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Interestingly, the genera Cladosporium and Fusarium were also observed at high frequency
in soil from a Honduran coffee farm [10].

The bacterial group was also divided into three clusters; (i) leaves and fruits col-
lected from the ground, cherries collected from the coffee tree and over-ripe fruits, by
the high incidence of Enterobacteriaceae and Erwinia; (ii) cherries before de-pulping,
depulped beans and water, with high frequencies of Enterobacteriaceae and Leuconostoc;
and (iii) soil and leaves collected from the coffee tree, with high dominated of Amycolatopsis
and Methylobacterium, respectively, and low frequency of Enterobacteriaceae. Lactococcus
and Lactobacillus were also identified in high populations in the coffee leaves (Figure 2A).

Figure 1. Alpha rarefaction curves of observed OTUs (operational taxonomic units) from the envi-
ronmental samples. (A) Bacterial analysis, (B) Fungal analysis. 1 = Soil; 2 = Leaves collected from the
ground; 3 = Fruits collected from the ground; 4 = Leaves collected from the coffee tree; 5 = Cherries
collected from the coffee tree; 6 = Cherries before de-pulping; 7 = Over-ripe fruits; 8 = Depulped
beans; 9 = Water used for de-pulping beans.
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Figure 2. Composition of bacteria (A) and fungi (B) from coffee farm samples. Only microorganisms with prevalence
superior to 2% are showed. The complete list of minor microbial groups is reported in the Supporting Information (Table S1).
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Figure 3. Principal component analysis, based on Weighted UniFrac Distances, according to microbial diversity and
abundance. (A) Bacterial analysis, (B) Fungal analysis. 1 = Soil; 2 = Leaves collected from the ground; 3 = Fruits collected
from the ground; 4 = Leaves collected from the coffee tree; 5 = Cherries collected from the coffee tree; 6 = Cherries before
de-pulping; 7 = Over-ripe fruits; 8 = Depulped beans; 9 = Water used for de-pulping beans; F0 = Fermentation (0 h).

High incidence of Enterobacteriaceae has already been reported in grape and cof-
fee plantations [9,10,24]. In vineyards, this family is considered beneficial because they
produce proteases, chitinases and glucanases, which make them excellent antagonistic
microorganisms [25]. In addition, over 80% of the bacterial community of coffee fruits
collected on the ground and over-ripe fruits was composed of Enterobacteriaceae and
Erwinia, showing the ability of this group to secrete hydrolytic enzymes to support their
growth on decaying organic matter [26]. However, these microorganisms are not undesir-
able in coffee fermentation, as a correlation analysis performed by Zhang et al. [9] showed
that the main alcohols and esters produced from the course of the fermentation process
were not associated with enterobacteria. In addition, Enterobacteriaceae are mainly associ-
ated formation of off-flavor metabolites, such as 3-isopropyl-2-methoxy-5-methylpyrazine,
2,3-butanediol and butyric acid [27]. Leuconostoc was observed in the coffee cherries before
de-pulping (53.48%), depulped beans (20.24%) and in the water used for de-pulping beans
(25.60%) (Figure 2A). After harvesting, coffee fruits are usually placed in storage bags for a
few hours until they are processed. During this period, micro-cracks can be generated in
the fruit skin and several amino acids and phosphorylated carbohydrates present in the
coffee pulp become accessible to the epiphytic microbiota of the cherries. The abundance
of Leuconostoc in these samples may be associated with its ability to produce a wide range
of saccharolytic enzymes, as well as having an elaborate carbohydrate uptake system [7].
Shotgun metagenomic analysis of a coffee fermentation identified a gene that encodes
hexose 6 phosphate: phosphate antiporter (uhpT). This transporter may favor Leuconostoc
proliferation since phosphorylated hexoses can be transported into bacterial cells without
ATP consumption [7].

The coffee farm soil showed a rich and complex microbial diversity, with 214 bacterial
groups (Table S1). The high diversity found in the soil was also observed in other coffee-
producing regions, such as China, Ecuador, Mexico, Brazil, and Honduras [9,10,28–30].
However, most of the bacterial groups that have been identified in coffee farm soils (e.g.,
Amycolatopsis, Bacillus, Bradyrhizobium, Pseudolabrys, Rhodoplanes, and Sphingomonas) are not
associated with the fermentation process, so it should be avoided from having access to the
fermentation tank.
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Interestingly, coffee leaves showed a relatively high population of Lactococcus and
Lactobacillus, which had not been reported so far. The ability of these strains to grow on
leaves suggests that these microorganisms possess a metabolic versatility not yet explored,
as LAB are auxotrophic for some amino acids and vitamins that are not bioavailable
in coffee leaves [9,10,28–31]. In addition, these LAB produce lactic acid as a primary
fermentation product, so they are useful for coffee processing [32].

3.2. Microbiota Dynamics during Inoculated Coffee Fermentation

To improve the quality and complexity of fermented beverages, co-inoculation of LAB
and yeast has been widely employed in the wine industry and more recently in coffee
fermentations [10,33,34]. However, the starter cultures used in these processes must be
able to suppress the growth of wild microbiota. The results reported in this study showed
that co-inoculation favored the growth of the starter cultures (Figure 4). Pichia showed a
population over 70% throughout the fermentative process. The family Lactobacillaceae,
which includes Pediococcus, was also dominant at the beginning of the fermentative process
(45.13%) followed by Enterobacteriaceae (23.85%) and Lactococcus (10.11%). After 8 h, the
OTU readings attributed to Lactobacillaceae increased to 59.38%, suppressing the growth
of Enterobacteriaceae (0.45%) and other species. At the end of the process, the reading of
Lactobacillaceae increased to 77.40% (Figure 4).

The predominance of P. fermentans YC5.2 over the wild microbiota is mainly associated
with the metabolic versatility of this yeast in tolerating osmotic pressure (growth detected
with up to 50% glucose and fructose), ability to grow over a wide pH range (pH 2.0–8.0),
growth at temperatures ranging from 30 to 43 ◦C, and tolerance to the main metabo-
lites (ethanol, lactic acid and acetic acid) produced in the course of the fermentation [13].
Recently, analysis of the P. acidilactici LPBC161 genome performed by Muynarsk et al. [19]
showed that its high fermentative capacity can be explained by the presence of several genes
involved in the metabolism of sugars present in the coffee pulp, in addition to genes encod-
ing proteins related to oxidative and alkaline stress. Vale et al. [18] also demonstrated that
there is a positive synergistic interaction between LAB and yeast. The possible hypotheses
to explain these interactions are (i) yeast autolysis releases nutrients, such as polysaccha-
rides, riboflavin, and amino acids, favorable for bacterial growth and (ii) acidification of
the fermentation medium by LAB creates a favorable environment for yeast development.
Enabling the development and co-dominance of these two species.

Although LAB and yeast are the main microbial groups involved in coffee fermen-
tations, the dominance of both these microbial groups may not be observed during spon-
taneous process. For instance, codominance of AAB (Gluconobacter and Acetobacter), LAB
(Leuconostoc and Lactococcus), yeasts (Hanseniaspora, Candida, and Pichia) and the filamen-
tous fungus Fusarium was recently observed in a spontaneous fermentation conducted in
Honduras [10]. The microbial dynamics of another spontaneous fermentation conducted in
Australia also showed some peculiarities. Although LAB increased during the fermentation
process, it was noted that the population of Enterobacteriaceae and other subdominant
microbial groups remained high after 36 h of fermentation [14]. Thus, the use of starter
cultures is seen as essential to ensure the growth of beneficial microorganisms (i.e., yeast
and LAB) during coffee fermentation.
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Figure 4. Prevalence and detection threshold of the highly persistent bacteria (A) and fungi (B)
detected during coffee beans fermentation process conducted with selected starter cultures (Pichia
fermentans YC5.2 and Pediococcus acidilactici LPBC161). The complete list of minor microbial groups is
reported in the Supporting Information (Table S2).

Interestingly, during the entire fermentation process, a total of 135 and 115 prokary-
otic and eukaryotic groups were identified, respectively (Table S2). The fermentation
started with only 86 prokaryotes and 45 eukaryotes. It was noted that some species (e.g.,
Trichococcus, Terriglobus, Fusobacterium, Passalora and Lecanosticta) were not associated with
the farm microbiome, suggesting that these microorganisms may have been introduced into
the fermentation by human contact. In addition, several microbial genera (e.g., Penicillium,
Malassezia, Debaryomyces, Enterobacter, Pseudomonas and Kaistobacter), associated with farm
microbiome, were detected only 8 h after the start of the fermentation process. Besides
human contact, one of the contamination routes is likely to air since the coffee fermentations
are carried out in open tanks. However, it is important to note that all these contaminants
were present at frequencies ≤0.01%, showing that the starter cultures were able to sup-
press their growth. Thus, the use of starter cultures proves to be extremely important for
maintaining desirable microbial groups during coffee beans fermentation.
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3.3. Chemical Analysis of the Fermentation Liquid Fraction and Coffee Beans

The sugar consumption profile and metabolic formation showed the activity of the
initial cultures used during the fermentation process. Glucose and fructose were con-
sumed during fermentation and transformed mainly into lactic acid (associated with the
metabolism of P. acidilactici LPBC161) and ethanol (associated with the metabolism of
P. fermentans YC5.2) as shown in Table 1. It is possible to observe a decrease in sugars
(glucose and fructose) during the 24 h of fermentation (Table 1). Both glucose and fructose
were partially consumed until the end of the process. During the fermentation process,
sugars were used for microbial growth and a significant amount of ethanol and lactic acid
were produced, causing a drop in pH (5.16 to 4.13). The reduction of pH levels below 4.5 is a
method widely used by coffee producers to determine the end of the fermentation of coffee
beans during the wet processing method [11,35]. In addition, in conjecture with organic
acid production, ethanol generation inhibits the growth of undesirable microorganisms
during the fermentation process.

Table 1. Proportion of volatile compounds (area * 105), organic acids, ethanol, and reducing
sugars (g/L) during coffee beans fermentation process conducted with selected starter cultures
(Pichia fermentans YC5.2 and Pediococcus acidilactici LPBC161). Different letters indicate significant
differences over fermentation time.

Compound 0 h 8 h 19 h 24 h

GC-MS (area)
Higher alcohols (2)
1-Butanol, 3-methyl 0.27 ± 0.02 a 0.39 ± 0.02 b 0.63 ± 0.00 c 0.60 ± 0.00 c

2-Heptanol 0.17 ± 0.01 a 0.13 ± 0.00 a ND ND
Ester (4)

Ethyl acetate 4.10 ± 0.13 a 2.24 ± 0.78 b 3.05 ± 0.10 c 4.80 ± 0.02 a

Methyl acetate ND ND 3.80 ± 0.41 a 0.49 ± 0.04 b

Ethyl isobutyrate ND ND 0.63 ± 0.00 ND
Isoamyl acetate ND 0.25 ± 0.00 a 0.37 ± 0.08 a 0.27 ± 0.00 a

Aldehyde (3)
Butanal, 3 methyl 0.86 ± 0.06 a 0.78 ± 0.05 ab 0.21 ± 0.00 b 0.74 ± 0.28 ab

Butanal, 2 methyl 0.63 ± 0.26 a 0.34 ± 0.00 a 0.13 ± 0.01 a 0.32 ± 0.00a

Benzeneacetaldehyde 0.23 ± 0.02 a 0.33 ± 0.10 a ND ND

HPLC (g/L)
Glucose 1.08 ± 0.11 a 0.75 ± 0.09 ab 0.52 ± 0.14 b 0.62 ± 0.21 b

Fructose 2.52 ± 0.22 a 1.78 ± 0.49 b 1.26 ± 0.13 b 1.47 ± 0.06 b

Lactic acid ND 0.43 ± 0.04 a 1.24 ± 0.21 b 1.41 ± 0.12 b

Ethanol ND 0.37 ± 0.12 a 0.50 ± 0.09 a 0.81 ± 0.08 b

pH 5.16 4.50 4.17 4.13

HPLC analysis of the liquid fermentation fraction revealed the high presence of lactic
acid and ethanol. These compounds were associated with LAB and yeast metabolism,
respectively. Lactic acid was the main organic acid produced, reaching a concentration
of 1.41 g/L at 24 h (Table 1). This primary metabolite is mainly produced by the central
carbon metabolism of homofermentative LAB [35]. The diffusion of acids in the grains
can influence the flavor and final quality of the beverage [13,17]. Lactic acid is known
to attribute desirable lactic sensory notes and contribute to the acidity and body of the
final drink [15]. Ethanol showed a constant increase throughout fermentation (0.8 g/L),
indicating a high metabolic activity of non-Saccharomyces yeasts [8].

Among the volatiles, GC-MS analyses identified nine compounds, two higher alcohols,
four esters and three aldehydes (Table 1). Ethyl acetate was the most abundant compound
formed during fermentation. P. fermentans YC5.2 was selected based mainly on the pro-
duction of this metabolite, which plays an important role in the development of aroma for
coffee beans [13]. The diffusion and persistence of ethyl acetate in the grain contributes
to the development of desirable fruit notes and nuances of grape/cherry in the coffee
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beverage [3]. Other volatile compounds produced during fermentation, associated with
the metabolism of early cultures, include isoamyl acetate and ethyl isobutyrate.

In addition to aromatic function, yeast used in this study as an initial culture has been
reported in previous studies as producers of pectinitic enzymes. Thus, it assists in the degra-
dation of pectin present in coffee pulp and mucilage, producing metabolites that spread
into coffee beans, favoring the flavor formation of the final beverage [36]. Significantly,
the roasted grains of fermentation with the inoculation of YC5.2 and LPBC161 brought
these metabolites derived from yeast. Table 2 shows the compounds detected inside the
coffee beans during the fermentation process. Twenty-five compounds were identified:
three organic acids, seven upper alcohols, eight aldehydes, one terpene, two terpenes, one
pyrazine, one ketone and two hydrocarbons. Although the identified compounds fluctu-
ated throughout the fermentation process, acetic acid, isorvalériic acid, butanal, 3-methyl,
hexanal, benzeacetaldehyde, benzaldehyde and acetone were observed in high propor-
tions. Interestingly, even though the main compound is identified in the liquid fraction
of fermentation, ethyl acetate was only identified in coffee beans after 7 pm. In addition,
isoamyl acetate and ethyl isobutyrate were not identified, which may also come from the
initial metabolism.

Table 2. Concentration of volatile compounds (area * 105) inside coffee beans collected during coffee
fermentation process conducted with selected starter cultures (Pichia fermentans YC5.2 and Pediococcus
acidilactici LPBC161). Different letters indicate significant differences over fermentation time.

Compound (Area) 0 h 8 h 19 h 24 h

Organic acid (3)
Acetic acid 5.35 ± 0.04 a 6.03 ± 0.86 a 9.99 ± 0.33 b 9.73 ± 0.84 b

Butanoic acid, 3-methyl 0.33 ± 0.03 a 0.44 ± 0.24 ab 0.58 ± 0.08 ab 0.85 ± 0.18 b

Isovaleric acid 0.36 ± 0.06 a 1.39 ± 0.18 b 0.54 ± 0.12 ac 0.77 ± 0.04 c

Higher alcohols (7)
Propanol, 2-methyl 0.16 ± 0.00 a 0.13 ± 0.00 ab 0.11 ± 0.00 b 0.11 ± 0.02 b

1-Octen-3-ol 0.41 ± 0.03 a 0.29 ± 0.05 b 0.22 ± 0.00 b 0.20 ± 0.03 b

2-Hexanol, 5 methyl 0.59 ± 0.10 a 0.59 ± 0.06 a 0.46 ± 0.05 ab 0.33 ± 0.01 b

1-Butanol, 3-methyl - 0.60 ± 0.24 a 0.28 ± 0.00 a 0.59 ± 0.12 a

2-Heptanol, 3-methyl - - - 0.13 ± 0.03
1-Butanol, 2-methyl - - - 0.28 ± 0.00
Phenylethyl Alcohol - - - 0.26 ± 0.03

Aldehyde (8)
Butanal, 3 methyl 3.33 ± 0.46 ab 4.39 ± 0.33 b 2.48 ± 0.18 c 1.50 ± 0.79 c

Butanal, 2 methyl 0.70 ± 0.07 ab 0.76 ± 0.07 b 0.26 ± 0.00 ac 0.39 ± 0.00 c

Hexanal 2.01 ± 0.32 a 3.49 ± 0.56 bc 3.97 ± 0.52 c 2.44 ± 0.27 ab

Heptanal 0.20 ± 0.02 a 0.07 ± 0.01 b - -
Benzeacetaldehyde 1.06 ± 0.06 a 1.07 ±0.03 a 0.94 ± 0.05 ab 0.81 ± 0.02 b

Benzaldehyde 1.56 ± 0.06 a 1.23 ± 0.12 b 0.90 ± 0.03 c 0.89 ± 0.06 c

Pentanal 0.61 ± 0.06 a 0.58 ± 0.21 a 0.58 ± 0.04 a 0.49 ± 0.04 a

Methional 0.70 ± 0.00 a 0.79 ± 0.22 a 0.67 ± 0.12 a 0.30 ± 0.04 b

Ester (1)
Ethyl acetate - - 0.13 ± 0.01 a 0.25 ± 0.00 b

Terpenes (2)
Linalol 0.65 ± 0.00 a 0.71 ± 0.04 ab 0.95 ± 0.00 b 0.61 ± 0.16 a

Limonene - - 0.17 ± 0.01 -
Pyrazine (1)
2-Isobuttyl-3-

methoxypyrazine 0.23 ± 0.11 - - -

Ketones (1)
Acetoin 0.47 ± 0.05 a 3.49 ± 0.51 bc 4.15 ± 0.08 c 3.30 ± 0.09 b

Hydrocarbons (2)
Toluene 0.23 ± 0.10 a 0.22 ± 0.01 a - -

Nonane, 3-methyl-5-propyl 0.27 ± 0.00 - - -
Furanone (1)

Furan, 2-pentyl - 0.33 ± 0.07 a 0.27 ± 0.06 a 0.15 ± 0.03 a

The diffusion of volatile compounds in coffee beans is not fully understood. However,
Salem et al. [36] demonstrated that the compounds butanal, 2-fenontanol and isoamyl
acetate presented different transfer rates from culture medium to coffee beans. The study
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suggested that the differences observed in the diffusion of compounds in grains may be
associated with three processes (i) the parchment layer is a barrier, which “acts” as a filter;
(ii) the compounds suffered metabolic reactions, decreasing their amount in coffee beans;
(iii) there is an interaction between volatiles and yeast, significantly reducing the transfer
of these compounds.

Finally, several other compounds identified in the roasted grains in the fermentation
process were detected. These volatiles can be generated mainly during the course of
fermentation by biochemical reactions within the bean or even by reactions that occur
during the roasting process. It is known that the volatile fraction of coffee beans develops
mainly in the form of alcohols, acids, esters and aldehydes [37]. Compounds of these
classes are associated with flavor during coffee fermentation.

4. Conclusions

The coffee farm microbiome is composed of a rich microbiome diversity dominated
by Saccharomycetales and Enterobacteriaceae. Coffee cherries before de-pulping and
depulped beans harbour beneficial microorganisms (yeast and LAB) for the fermentation
process. On the other hand, enterobacteria, filamentous fungi and other microbial groups
presents in soil, leaves, fruits collected from the ground and over-ripe fruits may transfer
unwanted aromas to coffee beans. Therefore, they should be prevented from having access
to the fermentation tank. Thus, cleaning procedures should be performed to prevent the
growth of these unwanted microbial groups.

The inoculation with high titers of selected yeast and LAB start culture modulates the
overall fermentation over wild microbiota, with efficient sugar mucilage consumption and
aroma compounds formation. Thus, the results of this study showed that the introduction
of starter cultures is essential to control the coffee fermentation process in terms of both
kinetics and quality of the resulting product.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040278/s1, Table S1: Relative abundance (%) of fungi and bacteria detected in
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of fungi and bacteria during the inoculated fermentation process.
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Abstract: Maintaining steady-state, aerobic cultures of yeast in a bioreactor depends on the config-
uration of the bioreactor system as well as the growth medium used. In this paper, we compare
several conventional aeration methods with newer filter methods using a novel optical sensor array
to monitor dissolved oxygen, pH, and biomass. With conventional methods, only a continuously
stirred tank reactor configuration gave high aeration rates for cultures in yeast extract peptone dex-
trose (YPD) medium. For filters technologies, only a polydimethylsiloxan filter provided sufficient
aeration of yeast cultures. Further, using the polydimethylsiloxan filter, the YPD medium gave
inferior oxygenation rates of yeast compared to superior results with Synthetic Complete medium. It
was found that the YPD medium itself, not the yeast cells, interfered with the filter giving the low
oxygen transfer rates based on the volumetric transfer coefficient (KLa). The results are discussed for
implications of miniaturized bioreactors in low-gravity environments.

Keywords: yeast; continuous cultures; bioreactor; hollow-fiber filters; KLa; oxygen uptake

1. Introduction

Many experiments conducted with Brewer’s yeast, Saccharomyces cerevisiae, use batch
and continuous cultures to rear cells in growth medium. For aerobic cultures, however,
oxygenation of media is often problematic and different methods have been proposed for
different growth media [1]. Common methods for aerating yeast cultures are bubbling,
shaking, or stirring, which promotes oxygen transfer into the culture through the free sur-
face while newer methods use filters for aeration [1]. Some of these methods pose problems,
such as the use of commercially available yeast extract peptone dextrose (YPD) medium
which foams when bubbled constantly or intermittently and may oxidize compounds in
the medium. Anti-foaming agents can be used, but they too may alter the composition of
the medium. For situations where the free surface area is reduced or absent, oxygen is not
replenished in the head space and stirring and shaking cannot be used. Therefore, other
methods are needed to aerate the yeast. Additionally, if cell cultures remove oxygen faster
than it can be supplied, which occurs when biomass concentrations and cell respiration
rates are very high, then more effective methods are needed to replenish oxygen [2]. One
of the main reasons for studying newer oxygen transfer technologies, particularly aeration
filters, is to combine these with miniaturized bioreactors and sensors to improve bioreactor
design for applications in space. In microgravity, head space, and thus shaking and stirring
of cultures, are not feasible, nor is bubbling medium with air or oxygen [3]. Also critical is
a small system size since the payload is limited [3].

Recent reviews of bioreactor aeration discuss a variety of methods [4–6]. There are also
many variables that can influence aeration including temperature, mixing rate, membranes,
biomass concentration, and media [7–10]. In this study, we use a novel sensor array to
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compare different filter technologies and media to conventional methods to determine if
the methods can be used in space to oxygenate yeast cultures.

2. Materials and Methods

2.1. The Bioreactor and Data Analysis

A 70 mL Erlenmeyer flask was used as the bioreactor chamber. The chamber volume
was kept constant at 40 mL, leaving a 2 cm head space with a surface area of 7.1 cm2. The
overall volume of the system, including, tubing and filters, was 50 mL. For all experiments,
a peristaltic pump (Phamacia LKBP-1, Uppsala, Sweden) with a flow rate of 10 mL h−1 was
used to transfer the medium to the bioreactor giving a system dilution rate of D = 0.2 h−1.
The bioreactor volume was kept constant via an overflow tube connected to a sample bottle.
For experiments with filters, a second peristatic pump (Alitea-XV, Stockholm, Sweden) was
used to recirculate cells through the filters at a flow rate of 26.7 mL min−1.

The bioreactor was mounted atop an optical array (model SFR vario by PreSens
GmbH, Regensburg, Germany) to non-invasively and simultaneously sample time series
of optical density (OD) for biomass, dissolved oxygen (DO), and pH in the bioreactor
chamber (Figure 1). To sample DO and pH, the array used chemically treated spots that
were autoclavable. The DO spots (SP-PSt3-YAU-D7_YOP) reacted with oxygen molecules
and emitted a fluorescent signal at 505 nm. The pH spots (SP-PG1-V2-D7-US-SA-2004-1)
reacted with hydrogen ions and fluoresced at 470 nm. These two spots were glued to
the inside bottom of the bioreactor chamber, aligned with the optical detectors for DO
and pH (Figure 1a). Optical density (OD) of yeast in the bioreactor was measured as
backscatter from cells with illumination provided at a peak wavelength of 605 nm by an
LED and absorption determined over the visible band by a positive intrinsic negative (PIN)
photodiode. Additionally, the optical array measured ambient temperature and pressure.

Figure 1. (a) the optical window of the sensor array showing the detectors for dissolved oxygen (blue
rectangle, top left), pH (red rectangle, top right), and optical density (green rectangle, bottom); (b) the
optical sensor array with the arrow pointing to the optical window; and (c) the complete bioreactor
system with the bioreactor flask atop the optical array.

Pre- and post-calibrations of DO and pH were done using standard solutions. Biomass
(OD) measured by the optical array was calibrated every 10–12 h from grab samples (2 mL)
analyzed on the Eppendorf spectrometer (Eppendorf plus) at 650 nm. Data dropouts were
not interpolated and missing points, displayed as zeros, were deleted from the time series.
This resulted in gaps in the time series. Aberrant data points were not edited, deleted, or
interpolated, resulting in rapid spikes and declines in some time series.

2.2. Culture Conditions

Cultures of wild type Saccharomyces cerevisiae (BY4742, MATα his3Δ1 leu2Δ0 lys2Δ0
ura3Δ0) were obtained from Dr. R. Willaert at the University of Brussels, Vrije. For steady-
state experiments, cells were grown in 7.5 g L−1 glucose in either yeast extract-peptone
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dextrose (YPD) or synthetic complete (SC) media. Glucose and media were autoclaved
separately and combined under sterile conditions.

YPD was made with 1% yeast extract (BD 212750), 2% peptone extract (BD 211677)
and either 2% glucose for inocula or 0.75% for steady-state cultures. This is the same
composition as in commercial YPD, sold as Gibco® (Thermo Fisher, Waltham, MA, U.S.A.)
and NutriSelect®Basic (Sigma-Aldrich, St. Louis, MO, U.S.A.). The SC media was prepared
with yeast nitrogen base (YNB) without amino acids, which were added separately.

Since the composition of YPD is seldom analyzed or reported, an example of its
composition is provided in Table 1 to compare with the composition of the SC medium,
keeping in mind that media can vary from batch to batch depending on the contents of
each extract.

Table 1. Formula for the SC medium and an example of the composition of YPD.

Composition 1 YPD 2

(mg L−1)
SC

(mg L−1)
Composition 1 YPD 2

(mg L−1)
SC

(mg L−1)

(NH4)2SO4 0 5000 Lysine 183 76
YNB 17,000 6700 Methionine 61 76

Amino acids 2611 1216 Phenylalanine 192 76
Alanine 257 76 Proline
Arginine 292 76 Pyrrolysine 2

Aspartic acid Serine 122 76
Asparagine 102 76 Selenocysteine

Cysteine 76 Threonine 95.1 76
Glutamine 397 76 Tryptophan

Glutamic acid Tyrosine 102 76
Glycine 120 76 Valine 170 76

Histidine 42.5 76 Nucleic acids

Isoleucine Adenine ND 3 18
Leucine 212 176 Uracil ND 3 76

1 Twenty amino acids from nine essential, six conditionally essential, and five non-essential amino acids. 2 Non-
essential amino acids normally not in either medium. The YPD composition from [11]. 3 ND—No Data.

Inocula were prepared in YPD batch cultures of 100 mL with 20 g L−1 glucose, and
cells were grown at 30 ◦C on a shaker (250 rpm). Within 24 h, the yeast culture was
transferred to two, 50 mL centrifuge tubes and centrifuged for 10 min at 4000 rpm to
concentrate the inoculum. YPD was decanted and the remaining cell concentrate was
washed with either YPD or SC medium (7.5 g L−1 glucose), then vortexed for 20 s and
centrifuged again. After three washings, the inoculum was prepared by mixing cells in
10 mL of medium, then measuring OD at 650 nm on an Eppendorfplus spectrometer
(Eppendorf Co.). The dry weight of the inoculum was estimated based on a predetermined
linear relationship (N = 102, r2 = 0.955):

Biomass = 0.1073 + (0.2225 mg/mL OD) × ODmeasured (1)

After inoculating the growth chamber, the volume was adjusted to 40 mL, mixed
manually to homogenize the cell distribution, and the OD was measured again to determine
the initial biomass, t0, in the system.

2.3. Oxygenation Methods

Since the optical spots were mounted to the bottom of the bioreactor chamber, a stir bar
would have interfered with data acquisition and therefore could not be used as a means for
oxygen transfer. Consequently, other methods of aeration were tested. Seven experiments
were conducted to determine the oxygenation rates of the YPD medium. The ambient
conditions during these aeration experiments were relatively constant. Temperatures had
a maximum change of 0.5 ◦C, while the maximum difference in barometric pressure was
19 mbars (Table 2). This resulted in a maximum change in DOs of 0.2 mg L−1.
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Table 2. Operating conditions during the different experiments.

Experiment Repeated Medium
Temperature

(◦C)
Pressure
(mbars)

DOS
1

(mg L−1)

1 Bubbling 4 YPD 26.4 ± 1.1 973.8 ± 0.31 7.74
2 Impeller 3 YPD 26.4 ± 1.1 973.8 ± 0.31 7.74

3 H2O2 3 YPD 26.8 ± 0.18 973.8 ± 0.50 7.69
4 Flat

Membrane 2 2 YPD 26.6 ± 0.10 965.0 ± 2.4 7.65

5 Liqui-Cel
HFF 3 YPD 26.6 ± 0.10 965.0 ± 2.4 7.65

6 PDMS HFF 8 YPD 26.3 ± 0.65 957.2 ± 0.11 7.62
7 PDMS HFF 5 SC 26.8 ± 0.23 949.1 ± 0.35 7.54

1 Dissolved oxygen in the bioreactor (DOBR) and the saturated DO (DOs) were taken at the end of the experiments.
Values were compensated for temperature and pressure. 2 Repeated three times but one file was corrupted.

For experiment 1, the YPD medium was bubbled with sterile air using a 0.2 mm filter
in-line with an air pump (Q = 0.2 L min−1). In experiment 2, the bioreactor operated as
a continuously stirred tank reactor (CSTR) mixed with an impellor motor (3 V, Motraxx
LRE-280RAC-2865) at 13800 rpm to transfer oxygen from the headspace. In experiment
3, DO levels were chemically enhanced by adding 200 mg L−1 of hydrogen peroxide
(PEROX-AID®) to the bioreactor and mixed by recirculating the bioreactor volume using
a peristaltic pump (Q = 26.7 mL min−1). In experiment 4, oxygenation and mixing were
performed using a flat membrane filter (Evenflow, PTFE 44) in-line and downstream of the
recirculating peristaltic pump. For experiment 5, a Liqui-Cel (G569.75x), hollow-fiber filter
(HFF) with a volume of 2.5 mL was substituted for the flat plate membrane.

In experiment 6, yeast cultures were aerated with a polydimethylsiloxan hollow-fiber
filter with a volume of 1.5 mL (PDMSXA-100 cm2 by PermSelect Ann Arbor, MI, USA)—
hereafter referred to as the PDMS, in-line with the recirculating peristaltic pump (Figure 2).
Lastly, in experiment 7, the SC medium was oxygenated using the PDMS downstream of
the recirculating pump in order to compare with oxygenation rates of the YPD medium.

Figure 2. Three filter technologies. (a) From left to right: the PDMSXA-100 cm2 (PDMS) filter, the
Evenflow flat membrane filter, and Liqui-Cel filter; (b) schematic of the bioreactor system showing
the filter location (in blue) downstream of the recirculating pump.

For experiments 4–7 (i.e., filters), the recirculation pump had a constant flow
(26.7 mL min−1) that continuously passed cells over the filter to provide aeration. The
retention time in the growth chamber was 1.9 min, which was sufficient to keep yeast
suspended without causing cell lysis. Initially, the air pump was connected to the filters
and a CO2 trap was placed between the filters and recirculation pump (Figure 2b), but
these were omitted since they had no impact on gas transfer in the cultures.
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To determine how fast the filters could replenish oxygen-free YPD and SC media,
10 mg mL−1 of Na2SO3 was prepared in stock media and 20 mL added to the sample
chamber, after removing 20 mL of oxygenated medium [4]. As a control, filtered de-ionized
water (FDIW) was aerated with the filters and DO was monitored without and with the
addition of Na2SO3.

Generally, oxygen transfer rate to the medium, from gas to dissolved state, was
quantified as the coefficient:

KLa =
dDO

dt
1

(DOs − DOBr)
(2)

where DOs is the saturated oxygen concentration and DOBr is the oxygen concentration in
the bioreactor. For the impeller (treated as a CSTR), KLa was defined as:

KLa =
−ln

(
DOs−DOBrN
DOs−DOBr0

)
tN − t0

(3)

where the subscripts 0 and N are for the beginning and end time of the measurement,
respectively. For the membrane and hollow-fiber filters, the KLa was calculated as:

KLa =
QDOBr

A ln
(

1 − DOBr
DOS

) (4)

where Q is the fluid flow rate through the filters in mL min−1. The PDMS filter volume
was 2.1 mL and its lumen surface area was 100 cm2. For all KLa measurements, the mass
transfer rate has units of min−1.

Oxygen utilization rate (OUR) by the yeast was determined as:

dDO
dt

= KLa(DOs − DOBr)− qDO ∗ Xbiomass (5)

dDO
dt

= KLa(DOs − DOBr)− OUR (6)

Such that OUR = qDO(Xbiomass) where qDO is the specific respiration rate per unit
biomass and Xbiomass is the biomass concentration.

Solving for OUR gives,

OUR = KLa(DOS − DOBr)− dDOBr
dt

(7)

For steady-state conditions d/dt = 0 and Equation (7) reduces to

OUR = KLa(DOS − DOBr) (8)

For all experiments, DOBr and DOS were corrected for changes in temperature and
atmospheric pressure (Table 2).

Analysis of variance (ANOVA) was conducted on data from the same time series and
separate time series using SPSS v27 and a Tukey test was used to discriminate differences
between means. Statistical tests were run for unequal variance with alpha values set to
0.01. Mean values, plus and minus one standard deviation, are used throughout the paper
and in all tables where the sample size is designated by N.
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3. Results

3.1. The Bubbling Method

Filtered air was bubbled in the YPD medium of the culture chamber using an air stone
(i.e., sparge) connected to an air pump (Figure 3a). However, bubbles adhered to the DO
and pH spots interfering with the optical measurements (Figure 3a).

Figure 3. Bubbled YPD medium in: (a) the culture chamber; (b) the medium reservoir to the left of the culture chamber; and
(c) time series of aerated medium delivered at D = 0.2 h−1. Colors are blue for DO, red for pH, and green for biomass.

As an alternative, filtered air was bubbled into the medium reservoir (Figure 3b) and
pumped into the growth chamber at the dilution rate of 0.2 hr−1 (Q = 10 mL hr−1). The
average rate of decrease in dissolved oxygen was −0.23 ± 0.03 mg L−1 min−1. The decrease
in DO indicated that oxygen was consumed by the yeast (i.e., respired) at a greater rate
than the medium could replenish it. This is illustrated in Figure 3c.

3.2. The Impeller Method

The impeller method (Figure 4a) was very effective for transferring oxygen over the
air-medium interface. The average rate of aeration was 0.15 ± 0.16 mg L−1 min −1 and
DO remained high for all replicated experiments. A typical time series is shown in Figure
4b, where DO in the YPD culture was initially 6.8 mg L−1 and biomass was 2.8 mg mL−1

(the pH sensor failed). After diluting the culture with low DO medium (0.5 mg mL−1
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oxygen), DO was reduced from 6.8 to 3.8 mg L−1, however, mixing rapidly increased DO
to 5.7 mg L−1 within 10 min, and equilibrated at approximately 6 mg L−1.

Figure 4. (a) Set-up of stirred bioreactor; and (b) a time series of the bioreactor mixed with an impeller and YPD medium.
Colors are blue for DO and green for biomass.

3.3. The H2O2 Method

YPD medium was chemically oxygenated by adding hydrogen peroxide, which gave
a mean aeration rate of 0.40 ± 0.15 mg L−1 min−1. However, for all replicated experiments,
dissolved oxygen decreased over time to anoxic levels. This is illustrated by the time series
in Figure 5 where the anoxic medium increased from DO < 0.5 mg L−1 to 12 mg L−1 within
5 min but was reduced to 1.1 mg L−1 in less than 30 min. Coincident with the addition of
H2O2, biomass deceased from 4 mg mL−1 to a steady-state value of 1.2 mg L−1, which may
have been a response of cells to the strong oxidizing potential of peroxide (O2

2−), which is
toxic for the yeast.

Figure 5. Hydrogen peroxide addition to YPD medium in the bioreactor (arrow). Colors are blue for
DO, red for pH, and green for biomass.
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3.4. Flat Membrane Filter Method

For the flat plate filter, low DO medium was inoculated with yeast and circulated
over the membrane using the recirculating pump. The average aeration rate was
−0.21 ± 0.35 mg L−1 min−1, indicating that the membrane could aerate the cultures.
Figure 6 shows that DO was unable to increase in concentration and remained low
even when the biomass was diluted from 8.9 to 2.3 mg mL−1 with low DO medium.
After shaking the flask (at t = 77 min) to mechanically aerate the bioreactor, the DO
increased slightly to 2 mg L−1 but rapidly decreased again.

Figure 6. Oxygenation of the bioreactor with the flat membrane and YPD medium. Colors are blue
for DO, red for pH, and green for biomass.

3.5. The LiquiCel Hollow-Fiber Filter (HFF) Method

The Liqui-Cel HFF had a negative aeration rate with an average of
−0.26 ± 0.13 mg L−1 min−1. A typical run is shown in Figure 7.

Figure 7. Liqui-Cel HFF and YPD medium. Colors are blue for DO, red for pH, and green for biomass.

The DO decreased from 4.1 mg L−1 to a nearly constant level of 0.18 mg L−1 as a
result of yeast respiration being higher than the aeration rate. The pH was fairly constant
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between and 5.5 and 5.3. The biomass initially increased from 2.1 to 2.8 mg mL−1 as a
result of initial cell mixing, but thereafter remained constant.

3.6. The PDMS Hollow-Fiber Filter (HFF) Method

Aeration of yeast cultures with the PDMS filter and YPD was not effective over the
long term. Overall, DO declined at an average rate of −0.14 ± 0.29 mg L−1 min−1. For
example, in Figure 8a DO was initially high at 6.8 mg L−1 but within 240 min, DO decreased
to a low of 0.18 mg L−1 as a result of yeast respiration.

Figure 8. PDMS hollow-fiber filter with YPD medium for: (a) longer term experiment and (b) after
cleaning the PDMS filter. Colors are blue for DO, red for pH, and green for biomass.

Biomass was initially steady at 1 mg mL−1 when DO was high, but as oxygen was
depleted, biomass fell to a minimum of 0.35 mg mL−1 over a 10 h period. Biomass increased
again during anoxic conditions to a high of 2.1 mg mL−1. The pH decreased linearly from
7.4 to 5.8 as respired CO2 increased. Thereafter, pH was nearly constant at 5.8.

The experiment was repeated after cleaning the PDMS by flushing the 100 mL of 70%
ethanol, rinsing with 100 mL of filtered de-ionized water (FDIW), and re-inoculating the
YPD. However, even after cleaning the filter, the DO in the culture progressively decreased
Figure 8b).

Using the same PDMS filter (after cleaning), the experiment was repeated using the
SC medium. In all runs with SC medium, the PDMS filter kept the yeast cultures aerated at
an average rate of 0.26 ± 0.13 mg L−1 min−1. The final time series in Figure 9a illustrates
how DO recovered each time Na2SO3 was added. Initially, DO was high and steady at
7.6 mg L−1. After the first addition of Na2SO3, at t = 16 min, the DO in the bioreactor
was reduced to 0.33 mg L−1 within 14 min, at a rate of −0.24 mg L−1 min−1. After a
2-fold dilution of Na2SO3 solution, the DO rose to 1.2 mg L−1 before the next addition at
t = 116 min as Na2SO3. Despite the data dropouts in the time series between minutes 229
and 334, there was an increase in the DO concentration to 4.2 mg L−1 over this time period.
This increase in DO was not an artifact as demonstrated by: (1) the rapid increase in DO
from 3.4 to 6.6 mg L−1 after the addition of a small volume of Na2SO3 at 366 min; and
(2) a longer time series (2.1 days) where both DO and pH increased slightly and biomass
remained constant (Figure 9b). For this longer time series, DO was near 4.1 mg L−1, which
was sufficient to maintain aerobic cell respiration.
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Figure 9. (a) PDMS hollow-fiber filter using SC medium with additions of Na2SO3; (b) longer term, time series of the
steady-state culture using the PDMS bioreactor with SC but no Na2SO3 additions. Colors are blue for DO, red for pH, and
green for biomass.

3.7. Analysis of Methods

Of the seven aeration methods, four could not effectively aerate cultures. Negative
trends in aeration (i.e., DO over time = dDO/dt) occurred in the YPD medium for bubbling,
flat membrane, Liqui-Cel, and PDMS methods, indicating that these methods could not
replenish DO at rates equal to or greater than respiration rates of the yeast cultures.

The three methods that did provide sufficient aeration for cultures were the PDMS
filter using SC medium and the impeller, and H2O2, both using YPD medium. While the
H2O2 trend was only transient, both the impeller/YPD and the PDMS/SC methods did
reach a steady state, however, DO trends were not statistically different (N = 3, |t| = 2.01,
p = 0.098).

To determine the effectiveness of the PDMS filter to oxygenate the two media, several
time series were collected using only the YPD and SC media without yeast. In an anoxic
YPD medium, DO never recovered (for example in Figure 10a where DO remained low and
constant below 0.22 mg L−1). Even after cleaning the filter and repeating the experiment
with oxygenated YPD the maximum DO of 5 mg L−1 progressively decreased despite
continued aeration through the PDMS filter (Figure 10b). This negative aeration rate
represents a negligible oxygen transfer rate, KLa.

To determine the KLa for the SC medium, Na2SO3 was added periodically and
the increase in DO was monitored. The result was an average aeration rate of
0.34 ± 0.13 mg L−1 min−1. As a control, FDIW was substituted for SC resulting in an
average aeration rate of 0.37 ± 0.12 mg L−1 min−1. Both these processes are illustrated
in Figure 11. DO of the SC medium was initially high and constant at 7.6 mg L−1 which
decreased to 7.1 mg L−1 after the first addition of Na2SO3 (Figure 11a). A second addition
reduced DO to 1.2 mg L−1 at a rate of −0.05 mg L−1 min−1, but the medium rapidly
reached a DO of 7.6 mg L−1 at a rate of 0.69 mg L−1 min−1. The same trend occurred
using FDIW, where the DO was initially high and constant at approximately 8 mg L−1

(Figure 11b). After Na2SO3 was added to the FDIW, DO decreased to <1 mg L−1 but was
soon re-aerated by the filter.
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Figure 10. (a) YPD aeration with the PDMS hollow-fiber filter; (b) PDMS washed with 100 mL of FDIW to remove YPD.

Figure 11. Oxygenation using the PDMS hollow-fiber filter with (a) SC medium without yeast and
(b) filtered de-ionized water.

To determine if the mean KLa values for the PDMS filter with SC and FDIW (i.e., no
yeast) are representative of other bioreactors, they were compared to literature values of
other aeration methods (Table 3). An ANOVA of the KLa data indicate the methods were
not statistically different (df = 33, F = 0.525, p = 0.597). Additionally, when YPD was used
with the PDMS filter, the aeration rate was near zero, and YPD without glucose gave the
same result (Table 3).
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Table 3. KLa from experiments and the literature.

Aeration Process Medium KLa (min−1) N 1 References

Bubbled Broth 0.30−2.4 4 [12,13]
Bubbled DIW 1.5−3.4 2 [14]

Impeller (CSTR) Broth 0.09−1.7 4 [2,15]
Impeller-Sparged Broth 0.30−2.4 15 [16–30]
Impeller-Sparged DIW 0.24−5.5 8 [5,12,23,28]

Membranes WW 2, Broth 0.13−8.1 3 [9,31,32]
Various HFF DIW 0.03−2.7 8 [9,10,33]
PDMS 2500 DIW 0.33−7.8 2 [10]
PDMS 100 1 FDIW 1.3−1.7 5 This study
PDMS 100 1 SC 1.1−1.5 4 This study
PDMS 100 1 YPD ≤−0.09 4 This study
PDMS 100 1 YPD (no glucose) ≤−0.02 3 This study

1 N—sample size. 2 WW—wastewater.

Few papers report the oxygen uptake rate (OUR) of yeast in continuous cultures and
those that do seldom provide KLa values for their aeration method. However, some values
for S. cerevisiae are shown in Table 4 along with our experimental results. Statistically, there
is a difference in the mean OUR values (df = 24, F = 4.93, p = 0.006), where PDMS/SC was
greater than literature values, most of which were for sparged-impellers.

Table 4. Oxygen uptake rates of yeast 1.

Method
Biomass

(mg mL−1)
KLa

(min−1)

OUR 2

(mg O2 L−1

min−1)

qO2 (mg O2

gDwt−1

min−1)
N 3

H2O2/YPD 2.3−3.5 2.3 ± 1.2 2.3 ± 0.29 3.7 ± 5.7 3

Impeller/YPD 0.3−2.67 0.87 ± 0.02 6.0 ± 3.1 2.3 ± 1.2 3

PDMS/YPD 0.6–1.2 negligible −0.18 ± 0.32 0.06 ± 0.09 4

PDMS/ SC 1.4–38 1.3 ± 0.17 5.6 ± 4.3 3.0 ± 4.1 4

Sparged-Impeller
[20,23–27,29,30,34] 1.4−50 1.3 ± 0.17 0.88 ± 1.0 4.8 ± 5.7 13

1 All yeast are S. cevevisiae except for one, Schizosaccharomyces pomb [25]. 2 For negligible KLa, OUR was calculated
based on dDO/dt. OUR is reported as positive uptake. 3 N is the sample size.

To resolve if this difference was a result of different biomass concentrations, qO2 means
were calculated by standardizing OUR by biomass for those data sets where both OUR and
biomass were available. Interestingly, none of the qO2 means were statistically different
(df = 24, F = 0.714, p = 0.558), indicating that biomass could not account for the high oxygen
uptake rates of the PDMS/SC method.

4. Discussion

The KLa values for the steady-state impeller/YPD and the PDMS SC methods were
in the same range as most bioreactor aeration processes using yeast media and de-ionizer
water. The most surprising result was the negligible KLa coefficients for PDMS/YPD
method. Some studies have suggested that the viscosity of the broth plays the dominant
role in reducing gas transfer to cultures as a result of substances in the solution, for
example, sugars, especially in high concentrations [4,19]. Yet glucose concentrations were
the same in the YPD and SC media (7.5 g L−1) for all the experiments. However, additional
experiments using the PDMS filter and YPD with and without glucose confirmed that
the YPD medium, and not the glucose, inhibited oxygen transfer in the hollow-fiber filter.
The main differences of the YPD recipe from SC were the concentrations of the yeast
nitrogen base and various amino acids (Table 1). Thus, one possibility is that amino
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acids in the medium could have clogged filter surfaces. For example, arginine, isoleucine,
and phenylalanine were determined to be “sticky” in comparison to lysine and glutamic
acid [35]. While it is conceivable that amino acid concentrations may have accounted for the
difference in KLa values between the two media, it is also possible that other constituents in
the exacts contributed to this effect.

It is known that KLa can be enhanced with higher mixing rates [5,12] as demonstrated
by the impeller experiment. However, increased mixing increases shear stress on cells
and can potentially damage them [36]. The highest KLa for a bioreactor, which was nearly
10 times higher than the average values in Table 3, was achieved with a PDMS filter at a
high flow rate. However, increased flow through these filters also equates to increased shear
stress on cells. The low flow rate (i.e., recirculation rate) in our PDMS/SC experiments not
only achieved adequate aeration rates but kept cells growing at a constant specific growth
rate of 0.2 h−1.

The measurement of DO also affects the calculation of KLa. Aroniada et al. [5] caution
that the use of membrane DO probes have slow response times at high DO levels which
increase when DO tends to zero. The use of the optical array to measure DO eliminated
this variability, as evidenced by the immediate response of the DO spot to the addition
of Na2SO3 to the media and FDIW. However, air bubbling in the bioreactor chamber is
not compatible with this non-invasive sensor array since bubbles often adhered to the
optical spots.

The oxygen utilization rate (OUR) using the PDMS filter differed depending on the
medium in the bioreactor, which was also found for other filters [7]. For the continuous
cultures, the lowest oxygen uptake rate (OUR) was in the YPD medium coincident with
the lowest biomass. OUR progressively increased as biomass increased (not shown). The
fact qO2 levels were not different indicates that biomass cannot account for the higher
OUR values of the PDMS/SC method, signifying that the PDMS/SC method is superior to
sparged-impeller aeration in maintaining highly oxygenated cultures.

5. Conclusions

Overall, the PDMS hollow-fiber filter in combination with the SC medium maintained
near saturating DO levels for most cultures. This was essential since at low dilution rates the
volume of the aerated medium being fed to the bioreactor was inadequate to supply cells
with sufficient oxygen. Overall, the PDMS/SC method is easy to use, provides sufficient
aeration of the yeast culture at lower mixing and dilution rates for moderate biomass
concentrations. Combined with the novel PreSens sensor array, the system provides non-
invasive, continuous sampling of aerobic yeast respiration in small sample volumes and
thus may be suitable for space applications.
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Abstract: Flavour in Scotch malt whisky is a key differentiating factor for consumers and producers
alike. Yeast (commonly Saccharomyces cerevisiae) metabolites produce a significant amount of this
flavour as part of distillery fermentations, as well as ethanol and carbon dioxide. Whilst yeast strains
contribute flavour, there is limited information on the relationship between yeast strain and observed
flavour profile. In this work, the impact of yeast strain on the aroma profile of new make spirit
(freshly distilled, unmatured spirit) was investigated using 24 commercially available active dried
yeast strains. The contribution of alcoholic, fruity, sulfury and sweet notes to new make spirit by
yeast was confirmed. Generally, distilling strains could be distinguished from brewing and wine
strains based on aroma and ester concentrations. However, no statistically significant differences
between individual yeast strains could be perceived in the intensity of seven aroma categories
typically associated with whisky. Overall, from the yeast strains assessed, it was found that new
make spirit produced using yeast strains marketed as ‘brewing’ strains was preferred in terms of
acceptability rating.

Keywords: yeast; distillery fermentation; spirit flavour; whisky; new make spirit; aroma

1. Introduction

The production of Scotch malt whisky is both beautifully simple and extraordinarily
complex. Simplicity lies in the use of only three ingredients and the same basic processing
features. However, no two production sites or operational parameters are alike and the
myriad choices, from barley variety and malting specification, fermentation regime, still
design and operation, through to cask selection and maturation time, lead to immense
product diversity. The final flavour and aroma of whisky is due to the interaction of
more than 1000 flavour-active compounds termed congeners. The major congener classes
that were identified in Scotch whisky are higher alcohols, esters, acids, phenols, lignin-
degradation products, and lactones. Studies of processed raw materials, fermentation
products, spirit distillate and matured whisky indicate the likely production stage (s) of
flavour congeners (Figure 1) and highlight the role of yeast in the production of floral,
fruity, and sweet attributes [1].

It is noted that some congener compounds could be generated in multiple stages of the
production process. Furfurals and pyrazines from Maillard reactions that provide biscuity,
chocolatey or marzipan flavours could arise from conditions in mashing, distillation and
cask preparation as well as kilning [2]. Esters are primarily yeast metabolites but are also
produced, albeit more slowly, as a result of condensation reactions in the cask [3], or, to a
lesser extent, in the still [4]. Phenols are characteristic of peated malt, but also emerge in
fermentation [5] and as oak decomposition products in the cask [3]. Lactones are principally
formed as oak extractives [3] but were also identified in fermentation [6].

Fermentation 2021, 7, 311. https://doi.org/10.3390/fermentation7040311 https://www.mdpi.com/journal/fermentation137
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Figure 1. Congeners categorized by Scotch whisky production stage (VDKs: Vicinal Diketones) [1].

Under The Scotch Whisky Regulations (2009) [7], for a whisky to be denoted as ‘Scotch
whisky’, it must be distilled and matured in oak casks in Scotland where malted barley
and/or other cereal ingredients are processed, converted, and fermented at a Scottish
distillery. The stipulation surrounding fermentation is simply that it is ‘by yeast’. Yeast
strains used in industrial distillery fermentations are predominantly those belonging
to Saccharomyces cerevisiae. Throughout much of the 20th century, spent brewing yeast
was employed in both baking and whisky production, prior to the initial development
of specialised leavening yeast strains for baking and subsequent specialised distilling
strains with improved characteristics more suited to distillery fermentations. The typical
commercial strains that are currently used derive from a hybrid between ale yeast and a
wild S. cerevisiae strain (previously known as S. diastaticus) with amylolytic properties [8].
Such strains are high yielding in terms of ethanol and produce consistent concentrations of
desired congeners. As a result, both grain and most malt whisky distilleries predominantly
use a sole strain of distilling yeast, with the practice of adding spent brewing yeast having
fallen out of favour.

The focus on spirit yield and consistency in congener production is a sensible com-
mercial strategy. However, a number of distillers are seeking a greater diversity in flavour
profile in order to either enhance specific attributes or to expand the palette for blending.
One route to achieve this is through yeast choice.

In this work, the link between yeast strain selection and new make spirit aroma profile
was investigated using 24 commercially available active dried yeast strains. The influence
of yeast application type in terms of designation as ‘distilling’, ‘brewing’ or ‘wine’ in
predicting new make spirit flavour is discussed.

2. Materials and Methods

2.1. Wort Preparation

A concentrated batch of unboiled fresh wort (SG of 1.0726) was produced from
Distillers Malt (Muntons, Stowmarket, UK) using the International Centre for Brewing
and Distilling (ICBD) pilot brewing kit at Heriot-Watt University, Edinburgh. A weight
of 55 kg of malt was milled using a two-roller mill (Fraser Agricultural, Inverurie, GBR)
then mashed with 150 L of water at 64 ◦C for 1 h prior to separation using a lauter tun. The
grain bed was then sparged continuously with 81 ◦C water to obtain the desired volume
and gravity. Fresh wort was frozen in aliquots and stored at −20 ◦C. When required, the
wort was defrosted and diluted to the desired gravity (1.0612 ± 0.0018). An amount of
850 mL of defrosted unboiled wort was diluted with 150 mL of autoclaved water. Gravities
were measured using a benchtop Anton Paar DMA 4500 (Anton Paar, St. Albans, UK).
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2.2. Yeast Viability

Yeast viability assessments were carried out using the ABER CountstarTM automatic
yeast counter (ABER Instruments, Aberystwyth, UK) using methylene blue stain. In a
1.5 mL Eppendorf tube, 10 μL of yeast slurry was pipetted into 990 μL of sodium acetate
(0.1 M) (Fisher Scientific, Loughborough, UK) EDTA (10 mM) (Sigma Aldrich, Milwaukee,
WI, USA) solution (pH 4.5) and agitated. Into another 1.5 mL Eppendorf tube, 500 μL of the
resulting 1000 μL of solution was then transferred into 500 μL of methylene blue staining
solution (Fisher Scientific, Loughborough, UK) and agitated. An amount of 20 μL of the
stained solution (dilution factor of 200) was then pipetted into a chamber on an ABER
CountstarTM slide.

2.3. Yeast Rehydration, Pitching and Fermentation

A weight per volume pitching rate of 1 g active dried yeast (ADY) per 1 L of wort was
used. For rehydration, ADY was slurried with autoclaved water (30 ◦C) then placed in an
unagitated water bath (Grant SUB36; Grant Instruments, Shepreth, UK) at 30 ◦C for 60 min
prior to pitching.

Fermentations using individual yeast strains (Table 1) were performed. Fermentation
time was set at 72 h, and temperature at 35 ◦C, with fermentations carried out in tripli-
cate for each strain. Fermentations (300 mL) were carried out in 500 mL conical flasks
(Fisher Scientific, Loughborough, UK). The triplicate fermentations per yeast strain were
consolidated after 72 h to give 900 mL of wash. Wash samples were centrifuged for five min-
utes (1006.2 g) to remove yeast from suspension (Denley, Guangzhou, China). Wash alcohol
by volume (ABV%) calculations were then conducted by first measuring the specific gravity
of a centrifuged wash sample using a benchtop Anton Paar DMA 4500 (Anton Paar, St.
Albans, UK). The ABV% of the sample was then estimated using the following formula:
Alcohol by volume (ABV%) = (Original Gravity − Final Gravity) × 135.25.

2.4. Distillation

Wash distillations were carried out using 2 L copper pot stills (operating capacity of
1 L) and associated worm-tub condensers (Copper-Alembic, Gandra, Portugal). Stills were
heated using electric hotplates (Duronic, Romford, UK). 900 mL of wash was charged per
yeast strain. 500 μL of silicon-based antifoam was added to each 900 mL wash distillation.
The collection of low wines was carried out until the distillate coming off the still was 1.5%
alcohol by volume (ABV).

Low wines distillations were carried out using 2 L copper pot stills (operating capacity
of 1 L) and associated worm-tub condensers (Copper-Alembic, Gandra, Portugal). Approx-
imately 200–300 mL of low wines was charged per yeast strain, and 2.5 mL of foreshots
were collected per spirit distillation. After the collection of foreshots, a 3.5 mL sample
of distillate (spirit or ‘hearts cut’) was collected and the ABV (%) recorded. Spirit was
collected until the distillate coming off the still was 70% ABV. Feints (distillate produced
post spirit cut) were not collected in this experiment.

Alcohol by volume (ABV%) and density values were determined using a handheld
Anton Paar DMA35 density meter (Anton Paar, St. Albans, UK).
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Table 1. Yeast strains used in this study.

Number Name Yeast Strain Application

1 Pinnacle MG+ Saccharomyces cerevisiae Whisk(e)y
2 SafSpirits M1 S. cerevisiae Whisk(e)y
3 SafSpirits USW6 S. cerevisiae Bourbon/Whiskey
4 Pinnacle M S. cerevisiae Whisk(e)y
5 Distilamax MW S. cerevisiae Whisk(e)y
6 Distilamax GW S. cerevisiae Whisk(e)y
7 Pinnacle S S. cerevisiae Whisk(e)y
8 Pinnacle G S. cerevisiae Whisk(e)y
9 Kerry M S. cerevisiae Whisk(e)y
10 Distilamax XP S. cerevisiae var. diastaticus Whisk(e)y
11 Safale T58 S. cerevisiae English/Belgian ale
12 Safale WB06 S. cerevisiae Wheat beer
13 Safale BE-256 S. cerevisiae Belgian ale
14 Safale S-04 S. cerevisiae US/English ale
15 Saflager 189 S. pastorianus Swiss lager
16 Safale K-97 S. cerevisiae German/Belgian ale
17 Safale S-33 S. cerevisiae Belgian/English ale
18 Safale BE134 S. cerevisiae var diastaticus Belgian-Saison
19 Hothead S. cerevisiae Norwegian ale
20 Kveik S. cerevisiae Norwegian ale
21 LalvinV116 S. cerevisiae Ice wine
22 Lalvin EC1118 S. cerevisiae var. bayanus Champagne
23 Lalvin ICV OKAY S. cerevisiae Wine
24 Exotics SPH Hybrid S. cerevisiae/S. paradoxus Red wine

2.5. Gas Chromatography Mass Spectrometry (GC/MS)

18 new make spirit (NMS) samples were analysed to determine specific ester concen-
trations using a solid-phase microextraction (SPME) GC/MS method developed within
Heriot-Watt University’s International Centre for Brewing and Distilling (ICBD). Specific ester
concentrations were determined using a Shimadzu QP2010 Ultra (Shimadzu, Kyoto, Japan)
GC/MS integrated system with split/splitless injector and Shimadzu AOC 5000 autosampler.
SPME was conducted using a 65 mm polydimethylsiloxane/divinylbenzene coated fibre
(Supleco, Bellefonte, PN, USA). Samples were prepared by adding 1 mL of NMS to a
15 mL vial and 5 mL of distilled water then added to the NMS and mixed. Data were
handled using Shimadzu GC/MS Solutions data handling systems. For instrument details
see Table 2.

Table 2. GC/MS Instrument conditions.

SPME
Conditioning: 5 min at 70 ◦C

Extraction: 5 min
Desorption: 1 min

Column DB Wax UI (30 m × 0.25 mm × 0.25 μm) (Agilent, Santa Clara, CA, USA)
Carrier gas Helium (BOC; 5.0)

Internal standard Methyl heptanoate

Oven
40 ◦C for 3 min; ramp to 100 ◦C at 10 ◦C/min; ramp to 160 ◦C at 4 ◦C/min;

ramp to 220 ◦C at 10 ◦C/min. Hold for 100 min. Ramp to 250 ◦C at
70 ◦C/min. Hold for 3 min.

2.6. Sensory Analysis

Quantitative descriptive analysis: Aroma Intensity Rating. A form of quantitative de-
scriptive analysis (QDA) was carried out on the NMS samples. Sensory analysis was carried
out in two phases: (1) Language familiarisation, (2) NMS nosing, undiluted (still strength).

The language familiarisation sessions utilised descriptors from the Scotch whisky
research institute (SWRI) whisky wheel [9] and aroma standards using the Whisky aroma
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kit (The Aroma Academy, Aberdeen, UK). A total of 200 min of language familiarisation
was carried out with the panel (n = 5).

To avoid the introduction of bias derived from numerical scales, the NMS nosing
ballot constructed for this experiment was an adaptation of a graphic line scale [10]. In
place of a line scale it consists of three tick boxes, each with a corresponding word anchor
relating to the intensity of the descriptor. The word anchors were, from left to right: ‘Not
present’, ‘Mild/Subtle’ and ‘Strongly present’. Unbeknownst to the assessors, the tick boxes
represented a scale of 0–1.0. The assessor responses were converted to their numerical
value by the panel leader after the conclusion of the sensory session.

2.7. Hedonic Assessment: Acceptability Rating

An acceptability test using the nine-point hedonic scale was also performed. The nine-
point hedonic scale was historically used for the hedonic assessment of food, beverages
and non-food products [11].

Assessors (n = 5) were asked to nose samples individually and then check only one
of the phrases from the nine presented on a ballot that best described their opinion of the
sample. The phrases represented a scale of 1–9 where 9 represented ‘like extremely’ [11].
This assessment was performed in order to narrow down the initial selection of yeast
strains [12].

2.8. Statistical Analysis

Kolmogorov–Smirnov, Analysis of Variance (ANOVA), Friedman and Games Howell
multiple comparison tests were performed using the IBM SPSS statistics software package
(IBM, Armonk, NY, USA).

The Kolmogorov–Smirnov test compares an observed sample distribution and a
specified theoretical distribution and is sometimes referred to as a normality test [13].
Analysis of variance (ANOVA) is a statistical technique that tests to determine if significant
differences exist between three or more groups and this includes one group with multiple
variations [14] such as the yeast used in this work. The Friedman test in a non-parametric
one-way ANOVA [15].

The Games Howell multiple comparison test is a pairwise comparison procedure,
designed for use with unequal sample sizes, that can determine which specific groups are
statistically significantly different [16,17].

3. Results

3.1. Yeast Viability and Wash Alcohol Volume

The yeast viability, measured using methylene blue staining following 60 min of
rehydration in water at 30 ◦C, was found to be less than 90% for all strains tested. However,
no significant difference was found in the average final-wash alcohol by volume (ABV).
Ten of the yeast strains assessed achieved average final-wash ethanol concentrations of 8%
ABV or over. This included all of the yeast strains marketed as ‘distilling’ strains (1–10),
with the exception of yeast strain 7 (Pinnacle S).

3.2. Aroma Intensity Ratings

The aroma intensity ratings experiment intended to investigate whether the yeast
strain used to produce the new make spirit had an effect on the perceived intensity of seven
common aromas associated with whisky new make spirit. Seven individual Friedman tests
were carried out.

From the individual Friedman tests, it was found that there was no statistically
significant difference in the perceived intensity of the fruity (fresh) aroma depending on
the yeast strain used to produce the new make spirit (χ2 (22) = 25.26, p = 0.285). This was
also the case for all of the other aroma categories; fruity (2), sulphury, floral, sweet, cereal
and feinty (χ2 (22) = 27.03, p = 0.210, χ2 = 27.49, p = 0.193, χ2 = 13.75, p = 0.910, χ2 = 31.63,
p = 0.084, χ2 = 25.14, p = 0.290 and χ2 = 30.31, p = 0.11, respectively).
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Distilling yeast strain 2 achieved the highest average intensity rating for the fruity
(fresh) aroma category (0.7; Figure 2a), with both distilling and wine yeast receiving an
average score of 0.45.

 

Figure 2. Average aroma intensity rating from 0 (absent) to 1.0 (most intense) for seven common
aromas associated with whisky new make spirit: (a) Fruity (Fresh), (b) Fruity (Dried), (c) Floral,
(d) Sweet, (e) Cereal, (f) Sulfury, (g) Feinty. Ratings are grouped by yeast type: Distilling, Brewing, or
Wine; n = 5.

This suggests that the NMS spirit produced using these strains possesses the fruity
characteristics of the solvent-like and fresh fruit variety. As described in the Scotch Whisky
Research Institute (SWRI) flavour wheel [9].

The ‘Fruity (dried)’ category relates to the dried fruit aroma category described on
the SWRI whisky flavour wheel [9]. Brewing yeast strain 18 achieved the lowest average
rating for this attribute (0.05) (Figure 2b). Regardless of classification, the average intensity
rating was below 0.5 in relation to the Fruity (dried) attribute. This suggests an overall
lower perception of this attribute by the panel in the given samples. In addition, only NMS
samples produced using distilling yeast 10 and brewing yeast 15 could be considered as
exhibiting mild-to-strong fruity characteristics of the dried fruit variety (Figure 2b).

In relation to the floral attribute, which is associated with fresh flower-like aromas, all
strains achieved average intensity ratings below 0.5 (Figure 2c). More specifically, with the
exception of yeast strain 5 (0.45), all of the new make spirit produced achieved average
aroma intensity ratings or 0.4 or lower, which suggests that the NMS produced using the
yeast strains included in this study possessed weak floral aroma characteristics.
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The sweet aroma category was associated with honey, vanilla and caramel-like
aroma [9]. Six yeast strains achieved average aroma intensity ratings above 0.5, with
yeast strain 6 achieving the highest average rating of 0.75 (Figure 2d). With the exceptions
of yeast strains 4, 10, 21, 22 and 23, all of the assessed yeast strains achieved average
intensity ratings of 0.4 or above (Figure 2d) suggesting that the NMS produced using these
yeast strains exhibits mild-to-strong sweet aroma characteristics. Interestingly, three of the
four wine yeast strains achieved scores below 0.4, with the average score of 0.41 caused by
a single higher-scoring strain. Overall, distilling and brewing strains were ranked higher
with an average score of 0.48.

Brewing yeast strain 20 scored significantly high in relation to cereal notes (0.9; Figure 2e),
which include toasted, malt and husky aromas. On average the brewing yeast scored
higher (0.5) than both the distilling and wine yeast (0.42 and 0.43, respectively).

Yeast strains 3, 11, 17, 20, 21 and 24, achieved average intensity ratings of 0.1 or lower
in relation to the sulfury aroma category. This suggests a particularly low perception of
this attribute by the assessors in these NMS samples (Figure 2f). Yeast strains 19 and 23 on
the other hand both achieved the highest average rating for this attribute at 0.45 (Figure 2f).
Overall, the mean average intensity ratings did not exceed 0.3 across all of the yeast strains
assessed suggesting that sulfury characteristics in the NMS were minimal.

The average aroma intensity rating for feinty notes, which include leathery, tobacco
and sweaty aromas, was consistent across all yeast strains with brewing and wine yeast
averaging 0.45 and distilling yeast 0.4. Of the brewing yeast, strains 14 and 20 were the
highest ranking.

3.3. Ester Profiles

The concentration of seven esters was assessed in new make spirit samples from eight
distilling yeast strains, eight brewing yeast strains and two wine yeast strains used in
the aroma intensity test. Ethyl hexadecanoate was not detected in any of the samples.
The results for ethyl hexanoate, ethyl lactate, ethyl decanoate, phenylethyl acetate, ethyl
dodecanoate and ethyl octanoate are shown in Table 3.

Table 3. Average ester concentration in new make spirit per yeast type: Distilling (n = 8), Brewing (n = 8), Wine (n = 2).

Average Concentration per Yeast Type (mg/L)

Ester Aroma
Aroma Threshold

(mg/L) [18]
Distilling Brewing Wine

Ethyl hexanoate Aniseed, apple-like 0.076 1.71 0.52 1.60

Ethyl lactate Buttery, butterscotch,
artificial strawberry >14 1.30 23.90 7.97

Ethyl decanoate Floral, soapy 1.1 1.09 0.79 1.96
Phenylethyl

acetate Roses, honey, waxy 0.7 1.63 0.92 2.47

Ethyl dodecanoate Soapy, estery 0.64 0.25 0.56 0.92
Ethyl octanoate Sour apple 0.24 0.75 0.71 1.41

Total 6.73 27.4 16.33

All samples exceeded the threshold value for ethyl hexanoate with distilling yeast gen-
erating new make spirit with the highest concentration. Samples from brewing yeast con-
tained an average of 23.90 mg/L ethyl lactate, exceeding the aroma threshold of 14 mg/L.

Samples from wine yeast contained the highest concentration of ethyl decanoate,
phenylethyl acetate, ethyl dodecanoate, and ethyl octanoate, with each case exceeding
threshold levels. Threshold levels were not reached for either distilling or brewing strains
for ethyl decanoate and ethyl dodecanoate.

The total ester concentration, by addition of each of the six individual averages, places
brewing strains highest followed by wine and then distilling yeast (Table 3).
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3.4. Hedonic Assessment: Acceptability Ratings

New make spirit samples produced using the 24 different yeast strains used in this
study were assessed individually and assigned an acceptability rating using a ballot
constructed based on the 9-point hedonic scale.

It is generally not recommended to perform statistical analyses of data derived from
hedonic assessments such as the 9-point hedonic scale, as the type of data collected is not
mathematically suitable. However, mean ratings can be collected and ratings of seven or
higher are considered indicative of a product of a highly acceptable sensory quality [19].

As shown in Table 4, seven of the twenty-four yeast strains achieved an average
acceptability rating of 7 or above.

Table 4. Average mean acceptability ratings of new make spirit samples that achieved a mean rating
of 7 or above (out of 9).

Yeast Strain Mean Acceptability Rating

14 7.75
2 7.5

13 7.5
20 7.5
11 7.25
16 7
17 7

Yeast strain 14 (brewing yeast) achieved the highest average acceptability rating. Yeast
strains 2, 13 and 20 (distilling, brewing, and brewing yeast, respectively) jointly achieved
the second highest average acceptability rating (Table 4). Thirdly, these were followed
by yeast strain 11 (brewing yeast) and then joint fourth by yeast strains 16 and 17 (both
brewing yeast).

From these data and the selection of yeast strains used in this study, it appears that,
with the exception of spirit produced using yeast strain 2, NMS produced using ‘brewing’
strains were found to be the more acceptable products by the panel.

4. Discussion

Multiple studies identified that different yeast strains produce different congener
profiles and different aromas in beer [20–22]. Furthermore, the mechanisms for production
of higher alcohols and esters were well studied [23,24]. The difference in congener profiles
between different strains, (even within species), depends on differences in the metabolism
of sugars, proteins and amino acids and autolysis of yeast [25].

Overall, although statistical analysis produced no credible evidence from this study
that the yeast strain had a statistically significant impact on the perceived intensity of the
aroma categories assessed, it is suggested from the results of the panel responses that there
were differences in the overall perceived aroma profiles of the assessed new make spirit
(NMS) profiles and that a large selection of the yeast strains used in this study produced
NMS with distinctly fresh-fruit-like, sweet and non-sulphury characters.

Commercially, yeasts are commonly split and marketed into groups related to their
intended industrial application. To look more broadly at the yeast strains involved in this
study, the strains were separated into three groups: distilling strains, brewing strains, or
wine strains, based on either the industrial application or fermentation medium specified
by the yeast manufacturer. The categorisation of strains based on application (distilling,
brewing, or wine) highlighted distinct patterns. Generally, distilling yeast was regarded as
fruitier than brewing or wine yeast. Brewing yeast was regarded as having cereal, sulfury,
and feinty notes, and wine yeast was rated alongside distilling yeast for fresh fruit aroma
and highest for floral aroma (although intensity ratings for floral aroma were low across
all samples). These results compare with analytical studies of ester concentration, with
wine yeast containing, on average, higher concentrations of ethyl decanoate, phenylethyl
acetate, ethyl dodecanoate, and ethyl octanoate, compared to distilling and brewing yeast.
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The aroma characteristics of these esters are floral, rose, estery, and sour apple, respectively.
These results also concur with data from the literature and unpublished industry studies;
higher alcohols, acetate esters and ethyl esters are more commonly cited in fermentation
studies with distilling yeast in comparison with brewing or wine yeasts [1,12].

That distilling yeast was perceived as fruitier than brewing or wine yeast contrasts
with the total ester concentration (Table 3). However, the analysis of aroma compounds
and the perceived character of matured Scotch whisky demonstrates that the relative
levels of individual esters within the headspace may be low but the interactions with other
components within the spirit matrix leads to an increase in the overall ‘estery’ character [26].

The results from the hedonic assessment clearly indicate that brewing strains produce
new make spirit that is ‘most acceptable’. Six of the top seven scoring strains were brewing
strains, with each strain also ranking highly in at least one attribute within the aroma
intensity ratings. On average brewing strains also produced a spirit with a significantly
higher concentration of ethyl lactate, a compound associated with buttery, butterscotch
and artificial strawberry characteristics. Traditionally, brewing strains were employed
within distillery fermentations either as the main production yeast, or in co-fermentation
at additions of up to 50%. The results from this study highlight the positive influence that
brewing strains of S. cerevisiae have on new make spirit aroma.

Borneman et al. [27] warns that high levels of genetic similarity exist between commer-
cial S. cerevisiae strains which potentially reduce the scope for genetic, metabolic, and thus
new congeneric differences. The lack of statistically significant differences between indi-
vidual strains in both aroma intensity ratings and in ester production in this study reflects
this theory. Lambrechts and Pretorius [28] reviewed the production of higher alcohols and
esters in Saccharomyces strains and found them to be strain-dependent. For alcohols this
is potentially due to differences in amino acid utilisation in the Ehrlich pathway. These
metabolic differences were found to be greater in non-Saccharomyces yeasts [29]. For ester
synthesis, the precursor alcohol and acyl-CoA concentrations, as well as the expression of
the Eeb1 and Eht1 genes [30], were shown to be key [31]. Saerens et al. [32] later reported
that yeasts could be chosen for the production of desired alcohols and esters based on the
expression levels of genes involved in their biosynthesis. The production of congener types
by non-conventional yeasts, such as Hanseniaspora guillermondii, is cited commonly in the
literature, with multiple studies demonstrating higher concentrations of higher alcohols
and esters in comparison to brewing and wine yeast strains [33,34]. As such, there is a
great potential in their application within distillery fermentations.

5. Conclusions

Developments in yeast isolation, propagation techniques, and format have greatly
expanded the diversity of the yeast strains available to Scotch whisky distillers. It is also
no secret in the distilling industry that using alternative yeast strains, compared to the
‘industry standards’, is a perfectly viable production strategy. There are already a number
of products available on the Scotch whisky market that are produced with yeast strains
that are either proprietary or strains that were not initially developed and marketed for
whisky fermentations.

This work highlights the aroma characteristics imparted by yeast, the variation in
overall aroma perception, and consequently the importance of yeast strain selection. There
is clear scope to increase the palette of flavour attributes in new make spirit giving distillers
an opportunity to innovate in this very traditional process.
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Abstract: Saccharomyces cerevisiae yeast culture can be dehydrated, and it has a potential prebiotic
effect. This study evaluated the effects of supplementing increasing levels of dehydrated yeast
culture (DYC) of Saccharomyces cerevisiae (Original XPC™, Diamond V, Cedar Rapids, IA, USA) on
fecal microbiota, nutrient digestibility, and fermentative and immunological parameters of healthy
adult dogs. Eighteen adult male and female dogs with a mean body weight of 15.8 ± 7.37 kg were
randomly assigned to three experimental treatments: CD (control diet), DYC 0.3 (control diet with
0.3% DYC) and DYC 0.6 (control diet with 0.6% DYC). After 21 days of acclimation, fecal samples
were collected for analysis of nutrient digestibility, microbiota and fecal fermentation products. On
the last day, the blood samples were collected for the analysis of immunological parameters. The
microbiome profile was assessed by the Illumina sequencing method, which allowed identifying the
population of each bacterial phylum and genus. The statistical analyses were performed using the
SAS software and the Tukey test for multiple comparison (p < 0.05). Our results suggest that the
addition of DYC increased the percentage of the phyla Actinobacteria and Firmicutes (p = 0.0048 and
p < 0.0001, respectively) and reduced that of the phylum Fusobacteria (p = 0.0008). Regardless of the
inclusion level, the yeast addition promoted reduction of the genera Allobaculum and Fusobacterium
(p = 0.0265 and p = 0.0006, respectively) and increased (p = 0.0059) that of the genus Clostridium.
At the highest prebiotic inclusion level (DYC 0.6), an increase (p = 0.0052) in the genus Collinsella
and decrease (p = 0.0003) in Prevotella were observed. Besides that, the inclusion of the additive
improved the apparent digestibility of the crude fiber and decreased the digestibility of crude protein,
nitrogen-free extract and metabolizable energy (p < 0.05). There were no significant changes in the
production of volatile organic compounds. However, an increase in propionate production was
observed (p = 0.05). In addition, the inclusion of yeast resulted in an increased phagocytosis index
in both treatments (p = 0.01). The addition of 0.3 and 0.6% DYC to the diet of dogs wase able to
modulate the proportions of some phyla and genera in healthy dogs, in addition to yielding changes
in nutrient digestibility, fermentative products and immunity in healthy adult dogs, indicating that
this additive can modulate fecal microbiota and be included in dog nutrition.

Keywords: bacteria; beta-glucan; fermentation; illumina; mannan oligosaccharides; prebiotic
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1. Introduction

Prebiotics are substrates that are selectively used by host microorganisms and promote
health benefits [1]. By modulating the intestinal microbiota, prebiotics can alter the host
physiology and improve the fight against innumerable metabolic and immune infections
and diseases, such as obesity, diabetes, and inflammatory bowel disease [2]. Yeasts are an
example of prebiotics used in nutrition, such as Saccharomyces cerevisiae.

Structurally, the yeast cell wall of S. cerevisiae is composed of two fractions: one formed
by beta-1,3/1,6-glucans and chitin, and another comprising mannoproteins partially formed
by mannan oligosaccharides (MOS) [3]. S. cerevisiae can be dehydrated and is used as
the commercial product Original XPC™ (Diamond V, Cedar Rapids, IA, USA). Its final
composition includes MOS, beta-glucans, nucleotides, organic acids, polyphenols, amino
acids, vitamins and minerals.

The MOS present in the Saccharomyces cerevisae cell wall is able to increase lactobacilli
populations [4] and fecal bifidobacterial populations [5], which are considered beneficial
bacteria to the host, and it appears to preserve the integrity of the gut absorption surface [6].
Another component, the beta-glucan, can selectively stimulate the growth of lactobacilli
populations in a rat model [7], which also suggests a prebiotic activity [8].

Some studies have evaluated the supplementation of prebiotics with similar composi-
tions of S. cerevisiae for modulation of fermentative products in dogs and obtained lower
concentrations of phenols and indoles [9], reduced fecal ammonia excretion [10], and an
increase in short chain fatty acids (SCFA) [11].

Regarding immunological parameters, supplementation with MOS present in the
yeast cell wall can induce an increase in white cell blood concentrations, stimulating the
immune response against pathogens [12], in addition to reducing inflammatory activity
and improving innate immunity [11,13].

Considering these potential benefits, the aim of this experiment was to evaluate the
effect of a food enriched with increasing levels of a commercial product called Original
XPC™ (Diamond V, Cedar Rapids, IA, USA) (OXPC) composed of dehydrated yeast culture
on fecal microbiota, nutrient digestibility, and fermentative and immunological parameters
in healthy adult dogs.

2. Materials and Methods

2.1. Ethics

All experimental procedures were approved by the Ethics Research Committee for
Animal Welfare of the School of Veterinary Medicine and Animal Science, University of
São Paulo (protocol number 9148270415).

2.2. Animals

The experiment was carried out at the Nutritional Development Center and Broma-
tology Laboratory of the Premier Pet company, located in Dourado, São Paulo, Brazil.
Eighteen adult male and female dogs, with a mean weight of 15.8 ± 7.37 kg and mean
age of 3.3 ± 1.58 years, were included in this investigation (Table 1). The health status
was confirmed prior to the beginning of the experiment. During the experiment, the dogs
were housed individually in kennels with dimensions of 2.0 × 5.60 m and solarium of
2.0 × 4.90 m.

2.3. Experimental Design

The animals were randomly assigned to one of three experimental treatments, resulting
in 6 replicates per treatment. The whole experiment last 25 days, which included an
acclimation period of 14 days for diet adaptation; after this period, total fecal samples were
collected for analysis of nutrient digestibility every day for a week (7 days). On the next
3 days, feces were collected immediately after defecation with sterile gloves for fecal pH,
fecal fermentation products, and microbiota analysis. On the last day, the blood samples
were collected for analysis of immunological parameters.
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Table 1. Descriptive information of the animals included in the study.

Animal Diet Sex Breed Weight (Kg) Age (Years)

Animal 1 DC Male Whippet 11.6 1.5
Animal 2 DC Female English Setter 24.4 1.7
Animal 3 DC Female Cocker Spaniel 10.5 6.0
Animal 4 DC Male Beagle 12.0 5.0
Animal 5 DC Female Beagle 12.8 5.0
Animal 6 DC Male Golden Retriever 29.0 3.3
Animal 7 OXPC 0.3 Male Beagle 12.2 4.0
Animal 8 OXPC 0.3 Female Beagle 10.4 4.0
Animal 9 OXPC 0.3 Female Whippet 9.1 1.2

Animal 10 OXPC 0.3 Female English Bulldog 12.6 2.6

Animal 11 OXPC 0.3 Male West Highland
White Terrier 8.4 1.1

Animal 12 OXPC 0.3 Male Labrador Retriever 30.4 4.2
Animal 13 OXPC 0.6 Male Beagle 14.5 5.7
Animal 14 OXPC 0.6 Female Beagle 7.8 1.5
Animal 15 OXPC 0.6 Male French Bulldog 15.2 2.4
Animal 16 OXPC 0.6 Male English Setter 26.9 1.6
Animal 17 OXPC 0.6 Male Beagle 11.4 4.0
Animal 18 OXPC 0.6 Female Golden Retriever 25.0 4.5

2.4. Diets

A control diet was formulated to meet the requirements of AAFCO [14] for adult
dogs under maintenance, and the prebiotic was included in different concentrations. The
additive used in this study was Original XPC™ (Diamond V, Cedar Rapids, Iowa, USA)
(OXPC), composed of dehydrated yeast culture of S. cerevisiae, with approximately 11.50%
moisture, 14.90% crude protein, 1.30% fat, 25.20% crude fiber, and 8.50% ash. The OXPC is
produced through the fermentation of selected liquids and cereal grains and raw ingredients
with S. cerevisiae. After this process, the entire culture medium is dried without destroying
the yeast factors, B-vitamins, and other nutritional fermentation products to form the
final product.

Experimental treatments included increasing levels of the additive, as follows: DC
(control diet without OXPC), OXPC 0.3 (control diet with 0.3% OXPC), and OXPC 0.6
(control diet with 0.6% OXPC). All diets were isonutritive and formulated with the same
ingredients, differing only by the addition and concentration of OXPC, which was propor-
tionally compensated by starch between diets (Table 2). Diets were extruded at the Pet Unit
of Premier Pet, Dourado—SP (Brazil), and all ingredients were obtained from a single batch
in order to avoid variability among treatments.

All animals were fed sufficient amounts of calories according to the National Re-
search Council’s energy requirement [15] for the maintenance of adult dogs, calculated
as 95 kcal × (BW) 0.75 per day, with water offered ad libitum. The daily total amount of
the food was divided into two equal portions, offered at 07:00 a.m. and 03:30 p.m. The
feeders were removed 30 min after offering the diets. Consumption and food leftovers
were measured and recorded throughout the experiment.
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Table 2. Ingredient and chemical composition of the experimental diets with and without the additive
Original XPC™ (OXPC).

Item
Diets 1

DC OXPC 0.3 OXPC 0.6

Ingredients (%)
Starch 1.00 0.70 0.40

Dehydrated yeast culture – 0.30 0.60
Corn grain 20.91 20.91 20.91

Poultry viscera meal 36.00 36.00 36.00
Broken rice 30.00 30.00 30.00
Poultry fat 8.20 8.20 8.20

Liquid palatability enhancers 2.00 2.00 2.00
Powdered palatability enhancers 0.50 0.50 0.50

Potassium chloride 0.43 0.43 0.43
Common salt 0.30 0.30 0.30

Premix mineral/vitamin 2 0.52 0.52 0.52
Antifungal 0.10 0.10 0.10

Antioxidant 0.04 0.04 0.04
Chemical composition (% of dry matter)

Ash 6.65 5.92 6.09
Crude protein 35.66 31.25 33.37

Fat 15.63 16.38 14.36
Nitrogen-free extract 3 35.35 39.09 39.58

Crude fiber 6.71 7.36 6.59
Gross energy (kcal/g) 5.23 5.22 5.14

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC) and OXPC 0.6 (control diet with 0.6% OXPC);
2 Addition per kilogram of product: Iron 100 mg, Copper 10 mg, Manganese 10 mg, Zinc 150 mg, Iodine 2 mg,
Selenium 0.3 mg, Vitamin A 18000IU, Vitamin D 1200IU, Vitamin E 200IU, Thiamine 6 mg, Riboflavin 10 mg,
Pantothenic Acid 40 mg, Niacin 60 mg, Pyridoxine 6 mg, Folic Acid 0.30 mg, Vitamin B12 0.1 mg, and Choline
2000 mg; 3 Nitrogen-free extract was calculated by the formula NFE = 100 − (Moisture + crude protein + fat +
crude fiber + ash).

2.5. Determination of the Coefficients of Apparent Digestibility of Nutrients

The apparent digestibility coefficients (ADC) of the nutrients were determined by
the total fecal collection method, according to AAFCO [14] recommendations. Individual
food consumption was recorded daily, as well as the quantities offered and rejected. Feces
were collected within a 24 h period for 7 days, subsequently weighed and conditioned in
individual plastic bags, previously identified, closed, and stored in a freezer (−15 ◦C) for
further analysis. At the end of the collection period, they were thawed and homogenized,
forming a single sample per animal (feces pool). The content of dry matter (DM), crude
protein (CP), ethereal extract in acid hydrolysis, a.k.a. fat (EEAH), ashes, and crude
fiber (CF) from food and feces were analyzed according to the methodology described by
AOAC [16]. All analyses were conducted in duplicate and repeated when the coefficient of
variation was greater than 5%.

Nitrogen-free extract (NFE) was calculated by the difference between DM and the sum
of CP, EEAH, CF, and ashes. The gross energy (GE) of food and feces was determined on a
calorimetric pump (1281, Parr Instrument Company, Moline, IL, USA). Based on the results
obtained in the laboratory, ADC of DM, organic matter (OM), CP, EEAH, CF, and NFE of
the diets were calculated. These calculations were performed with the following formula:
CDC of the nutrient (%) = [ingested nutrient (g) − excreted nutrient (g)]/(ingested nutrient
(g))] × 100.

2.6. Determination of Fecal Score, Fecal pH, and Ammoniacal Nitrogen

The fecal score was evaluated according to grading scores from 0 to 5, of which
0 = liquid stools; 1 = pasty and shapeless stools; 2 = soft, malformed stools that assume the
shape of the collection container; 3 = soft, formed, and moist stools that mark the floor;
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4 = well-formed and consistent stools that do not mark the floor; 5 = well-formed, hard,
and dry stools. Values between 3 and 4 were considered as ideal fecal score [17].

For determination of fecal pH, a 2 g sample of feces was separated and diluted in
18 mL of distilled water within 30 min after defecation. Determination was carried out
with a digital benchtop pH meter (Digimed, DM-20, São Paulo, SP, Brazil), according to
the methodology adapted from Walter et al. [18]. For quantification of fecal ammoniacal
nitrogen, stool samples were collected within 30 min after defecation. The sampling process,
as well as the distillation, were performed according to Sá et al. [19].

2.7. Evaluation of Volatile Organic Compounds in Feces

Fresh feces were collected from the animals within 30 min after defecation and were
quickly homogenized; 0.5 g of sample was placed in a sealed 20 mL glass vial with a leak-
proof metal cap and double-sided silicone/Teflon. Samples were stored and maintained at
−20 ◦C. The samples were evaluated by gas chromatography coupled to mass spectrometry
(GC-MSD) (Agilent Technologies, Santa Clara, CA, USA) using an Agilent 7890 A gas
chromatograph (CG) and an Agilent 5975C mass sorting detector (MSD), according to an
adapted methodology [20,21]. The NIST mass spectra library of 2008 was used to identify
the compounds detected.

2.8. Determination of Short-Chain (SCFA) and Short Branched Chain Fatty Acids (SBCFA) and
Lactic Acid in Feces

Stool samples were collected within 30 min after defecation. Subsequently, they were
homogenized and weighed for the quantification of SCFA and SBCFA. Three grams of feces
were acidified with 9 mL of 16% formic acid in a 15 mL falcon tube. The determination
of the short and short branched chain fatty acids was performed by gas chromatography
(Shimadzu Corporation, Kyoto, Japan) according to Erwin et al. [22].

Lactic acid was measured according to the methodology described by Pryce et al. [23],
by the spectrophotometry method at 565 nm (500 to 570 nm). After collection, the feces
were homogenized and mixed with 9 mL of distilled water (1: 3 v/v).

2.9. Determination of Biogenic Amines

Five grams of fresh stool were collected in duplicate within 30 min after defecation
and stored in 7 mL of 5% trichloroacetic acid and refrigerated. Subsequently, the samples
were centrifuged at 10,000× g for 20 min at 4 ◦C, and the supernatant was filtered on
qualitative filter paper. The residue was extracted two more times using 7 mL and 6 mL
of 5% trichloroacetic acid. The supernatants were combined for further determination
of the biogenic amines. The determination and separation of the biogenic amines were
performed by high-performance liquid chromatography by reverse phase column ion
pairing and subsequently quantified by fluorimetry after post-column derivation with
second ophthalaldehyde [24]. The amines were identified by comparing the retention
time of the peaks found in the samples with those of the amines of the standard solution,
according to the methodology described by Gomes et al. [25].

2.10. Determination of Fecal Bacteria Concentration by Illumina Sequencing Technology

After a 7-day digestibility period, fecal samples were immediately and aseptically
collected for 3 days for microbiota determination. The samples did not have contact
with any other surface besides sterile gloves. The DNA extraction was performed using
the Mobio Power Soil kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the
methodology described by McInnes et al. [26]. After extraction, the DNA concentration
was quantified using a Qubit® 2.0 Fluorometer (Life Technologies, Grand Island, NY, USA).

Amplifications of the 16S rRNA gene were generated using a Fluidigm Access matrix
(Fluidigm Corporation, South San Francisco, CA, USA) in combination with a Roche
High Fidelity Fast Start Kit (Roche, Indianapolis, IA, USA). For this step, primers 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
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291 bp-fragment of the V4 region were used [27]. After this, Fluidigm primer specific
forward (CS1 tag) and inverse (CS2 tag) were added according to the Fluidigm protocol. To
confirm the quality of the regions and the sizes of the amplicons, the fragment analyzer
(Advanced Analytics, Ames, IA, USA) was used.

A pool of DNA was generated by combining equimolar amounts of the amplified
fragments from each sample. The pooled samples were selected by gel size from 2% E-gel
agarose (Life Technologies, Grand Island, New York, NY, USA) and extracted using Qiagen
gel purification kit (Qiagen, Valencia, CA, USA). To confirm the appropriate profile and
average size, the sorted and cleaned clustered products were run on an Agilent Bioanalyzer.

The characterization of the microbial community through the Illumina sequencing was
performed on a MiSeq using V3 reagents (Illumina Inc., San Diego, CA, USA) at the W.M.
Keck Center for Biotechnology at the University of Illinois. Fluidigm tags were removed
using FASTX-Toolkit (version 0.0.13); to process the resulting sequence data, QIIME 1.8.1
was used according to Caporaso et al. [28]. The sequence data were imported from demul-
tiplexed fastq files, and we filtered out low-quality sequencing reads considering a quality
score threshold of 25. After that, the sequences were grouped into operational taxonomic
units (OTUs) using OTU open reference and were compared against the reference database
OTU Greengenes 13_8 using a 97% similarity threshold.

An even sampling depth of sequences per sample was used for assessing alpha and
beta diversity measures. A total of 917,433 reads were obtained, with an average of
50,436 reads (range = 17,666–93,602) per sample. Rarefaction curves based on observed
species, Chao1, and phylogenetic distance (PD) whole tree measures plateaued, suggest-
ing enough sequencing depth. The dataset was rarified to 16,300 reads for analysis of
diversity and species richness. Principal coordinate analysis (PCoA) was performed, using
both weighted and unweighted unique fraction metric (UniFrac) distances, to measure
the phylogenetic distance between sets of taxa in a phylogenetic tree as the fraction of
the branch length of the tree, on the 97% OTU composition and abundance matrix [29].
The unweighted distance checks for the presence or absence of different taxa of micro-
bial communities between/among samples, whereas the weighted distance investigates
proportional changes in the microbial community.

2.11. Phagocytosis and Oxidative Burst Test

In order to perform this assay, blood leukocytes (lymphocytes, neutrophils, and mono-
cytes) were incubated with a fluorescent reagent that indicated the production of reactive
oxygen species in the basal state, and after carrying out phagocytosis of Staphylococcus
aureus bacteria, which indicated the percentage and intensity of phagocytosis. Cells were
incubated with the DCFH-DA reagent in phosphate buffered saline (PBS) and DCFH and
fluorochrome-labeled (propidium iodide) labeled S. aureus and maintained at 37 ◦C for
20 min. After this period, the red cells were disrupted with a lysis solution and washed
with PBS until a clear-looking sample was obtained. This sample was then read on a FACS
Calibur (Becton & Dickinson, Franklin Lakes, NJ, USA) flow cytometer.

2.12. Lymphoproliferation Test

The assay was performed in 96-well microtiter plates with U-shaped bottom. Blood
lymphocytes were obtained by separation into iron particles and, after purification and
washes in RPMI-1640 medium, were added to the wells in a concentration equivalent
to 1 × 105 cells/well in 200 μL/well. The mitogens used were Concanavalin A and
Phytohemagglutinin. The plates were incubated for 72 h at 37 ◦C in 5% CO2 atmosphere.
After 72 h of incubation, cells were collected and evaluation of proliferation was performed
on a FACS Calibur (Becton & Dickinson, Franklin Lakes, NJ, USA) flow cytometer. For the
analysis of fluorescence data, the values of the percentage of cell divisions and the index of
cell proliferation were considered. In order to obtain and analyze the results, we used the
software Cell Queste Flow Jo (TreeStar).
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2.13. Immunophenotyping of Lymphocytes

The number of CD4/CD8+ CD4+ CD8+ lymphocytes (CD3/CD4+/CD45R−) and
CD4/CD8+ lymphocytes (CD3/CD8+/CD45R−) was assessed. Mononuclear cells
(2 × 105 cells/mL) were incubated in microtubes (1.5 mL) with CD3 (1:100), CD4 (1:10),
CD8 (1:20), CD21 (1:100), and CD45R (1:100) (Serotec Antibody, Biolegend and eBioscience),
diluted in 100 μL of cytometry buffer (PBS containing 0.5% bovine serum albumin and
0.02% sodium azide). The isotypic antibodies for background definition were included
in the assay. Cells were incubated for 20 min at 4 ◦C, protected from light. At the end
of the incubation period, the samples were washed twice with buffer for cytometry in a
volume of 1000 μL/microtube. Finally, the cells were resuspended in 500 μL of phosphate
buffer. The population of cells with low size (FSC) and low complexity (SSC) according
to the delimited gate was selected as the lymphocyte population. From this selection, the
different populations of lymphocytes were determined. The acquisition and analysis of
10,000 cells were performed using the flow cytometry technique.

2.14. Statistical Analysis

The results were analyzed using the Statistical Analysis System (SAS Institute Inc.,
Cary, NC, USA, 2004). The normality of the residues was verified by the Shapiro–Wilk test
(PROC UNIVARIATE) and the variances compared by the F test. The statistical assumptions
underwent logarithmic or square root transformation, and then analysis of variance was
performed by PROC GLM of the SAS with the means compared by the Tukey test at 5% of
significance, as well as by simple polynomial regression, considering 2 degrees of freedom
(linear and deviation).

The abundances observed for phyla and genera of each animal were evaluated by
means of a generalized linear model, considering binomial distribution and a logit link
function. The model included the fixed effect of the treatments (OXPC levels: 0.0, 0.3%
or 0.6%) in addition to the random effect of the residue. The Tukey multiple comparison
test was performed to identify which specific means differed at 5% significance level.
All analyses were performed using the PROC GENMOD of the SAS procedure from the
Statistical Analysis System, version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

There was no difference between the treatments in relation to the average daily con-
sumption of DM, NM, OM, CP, EEAH, CF, ash, and GE (p > 0.05; Table 3). The inclusion
levels assessed for OXPC did not influence the ADC of DM, MO, ash, EEAH, and GE
(p > 0.05; Table 3). The presence of additive decreased the digestibility of NFE (p = 0.04), CP
(p = 0.01), and the metabolizable energy of the diets (p < 0.01), but increased the digestibility
of CF (p < 0.001).

There were no differences for fecal production in organic matter, dry matter, and fecal
score (p > 0.05; Table 4).

The presence of OXPC increased the propionic acid amount compared to that in
the control group (p = 0.05). The other variables of intestinal fermentation did not differ
between the treatments in this study (p > 0.05; Table 4). There was no difference among
treatments regarding VOCs (p > 0.05; Table 5).

Regarding fecal microbiota, the alpha diversity was measured to determine the number
of OTUs and then to give a basic measure of the bacterial diversity within each sample. All
samples showed similar rarefaction curves regardless of treatment, indicating that these
samples had similar diversity and no treatment effect (Figure 1). The principal coordinate
analysis (PCoA) measures the overall bacterial genera relatedness, where the samples with
similar bacterial communities are localized in similar positions in the diagram. Figures 2
and 3 suggest that OXPC supplementation at both levels (0.3% and 0.6%) did not have a
beta-diversity effect on fecal microbiota.
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Table 3. Intake of nutrients, apparent digestibility coefficients of nutrients, and metabolizable energy
from experimental diets with different doses of the additive Original XPC™ (OXPC) given to the
adult dogs.

Item
Diets 1

SEM 2 p Value
CO OXPC 0.3 OXPC 0.6

Consumption (g/day)
Natural matter 197.33 170.67 198.00 15.07 0.75

Dry matter 187.95 156.28 180.54 14.46 0.69
Organic matter 184.21 160.56 185.94 14.54 0.76
Crude protein 70.37 53.34 66.08 5.37 0.45

Ethereal extract in acid
hydrolysis 30.83 27.95 28.44 2.38 0.89

Crude fiber 13.25 12.55 13.05 1.05 0.97
Ash 13.12 10.11 12.06 0.99 0.50

Nitrogen-free extract 69.76 66.72 78.37 5.91 0.74
Gross energy (Kcal/day) 1031.29 891.74 1018.82 80.56 0.77

Apparent digestibility coefficient (%)
Dry matter 85.84 85.09 85.43 0.72 0.76

Organic matter 89.10 88.44 88.35 0.58 0.62
Ash 40.08 31.82 40.41 3.13 0.12

Crude protein 90.56 a 86.90 c 88.62 b 0.74 0.01
Crude fiber 60.95 b 74.41 a 72.13 a 2.03 <0.001

Ethereal extract in acid
hydrolysis 94.44 95.78 95.72 0.79 0.42

Nitrogen-free extract 91.02 a 89.24 b 88.15 b 0.72 0.04
Gross energy 89.69 88.78 88.60 0.56 0.36

Metabolizable energy
(Kcal/kg of food consumed) 4100 a 4003 b 3902 c 33.38 <0.01

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC) and OXPC 0.6 (control diet with 0.6% OXPC);
2 SEM, standard error of the mean. a,b,c mean in the lines followed by the same letters do not differ by Tukey test
(p > 0.05).

The predominant fecal phyla present in all dogs included Firmicutes, Fusobacteria, and
Bacteriodetes (Table 6). Together, Firmicutes and Fusobacteria constituted about 85–88% of
the bacterial sequences, and Bacteroidetes contributed 8–12% of the sequences. An increase
(p = 0.0048) in the abundance of fecal Actinobacteria was observed as the dose of the OXPC
diet increased (Table 6). Besides that, the concentration of Firmicutes increased (p < 0.0001)
while Fusobacteria decreased with the additive inclusion (p = 0.0008).
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Table 4. Fecal quality and production, concentration of lactic acid, short and branched chain fatty
acids, and biogenic amines of feces from dogs fed with different doses of the additive Original
XPC™ (OXPC).

Item
Diets 1

SEM 2 p Value
CD OXPC 0.3 OXPC 0.6

Fecal production, fecal quality and lactic acid
Fecal production g MN/dog/day 85.34 73.54 88.54 14.46 0.75
Fecal production g MS/dog/day 26.16 23.11 26.37 3.86 0.80

Fecal score 3.97 3.88 3.97 0.05 0.42
Fecal pH 6.66 6.56 6.44 0.10 0.34

N ammoniacal 130.53 150.72 165.67 24.33 0.60
Lactic acid 13.22 16.30 11.69 3.56 0.62

Short chain fatty acids. mmol/Kg of dry matter
Acetic acid 55.02 86.47 84.17 10.00 0.07

Propionic acid 25.77 b 42.98 a 40.80 a 4.94 0.05
Butyric acid 9.41 12.04 13.00 2.16 0.49
SCFA 3 total 90.21 141.5 137.98 10.05 0.07

Branched chain fatty acids. mmol/Kg of dry matter
Valeric acid – – – – –

Iso-valeric acid 2.20 2.58 3.40 0.59 0.36
Iso-butyric acid 1.95 2.00 2.55 0.39 0.50
SBCFA 4 total 4.16 4.58 5.96 0.55 0.42

Total fatty acids 94.36 146.08 143.94 16.46 0.07
Biogenic amines. mg/Kg of feces in the of natural matter

Tyramine 80.38 12.47 65.91 43.88 0.53
Putrescin 130.54 92.14 106.35 26.33 0.59

Cadaverine 54.42 18.31 37.29 24.57 0.56
Spermidine 41.22 34.80 41.25 5.67 0.65

Phenylethylamine – 4.25 3.04 – –
Tryptamine 1.81 3.18 2.44 – -
Total amines 271.32 155.35 223.95 41.25 0.56

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC) and OXPC 0.6 (control diet with 0.6% OXPC); 2 SEM,
standard error of the mean; 3 SCFA. short chain fatty acids; 4 SBCFA. short branched chain fatty acids. a,b mean in
the lines followed by the same letters do not differ by Tukey test (p > 0.05).

Table 5. Mean percentage of the peak area of the most abundant volatile organic compounds present
in feces from dogs fed with different doses of the additive Original XPC™ (OXPC).

Item
Diets 1

SEM 2 p Value
DC OXPC 0.3 OXPC 0.6

Acetic acid 12.88 13.78 12.56 3.19 0.95
Butanoic acid 4.52 6.26 8.33 1.47 0.28

Ethanol 1.49 3.66 7.08 1.48 0.08
Indol 6.80 14.10 7.82 2.45 0.09

Phenol 1.59 4.18 4.26 1.10 0.24
Propanoic 11.73 15.01 14.76 2.29 0.54

2-piperidinone 2.35 2.87 1.86 0.53 0.43
1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC) and OXPC 0.6 (control diet with 0.6% OXPC); 2 SEM,
standard error of the mean.
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CO 

OXPC 0.3 

OXPC 0.6 

Figure 2. Beta diversity: Principal coordinate analysis (PCoA) of the unweighted portion of the
unique metric fraction (Unifrac), according to the diet consumed by the animals. The plot showing
clustering of microbial communities from feces of dogs fed with 0% (red), 0.3% (blue), and 0.6%
(green) of OXPC. The closer the items, the more similar the microbial communities in the samples.

CO 

OXPC 0.3 

OXPC 0.6 

Figure 3. Beta diversity: Principal coordinate analysis (PCoA) of the weighted portion of the unique
metric fraction (Unifrac), according to the diet consumed by the animals. The plot showing clustering
of microbial communities from feces of dogs fed with 0% (red), 0.3%(blue), and 0.6% (green) OXPC.
The closer the items, the more similar the microbial communities in the samples.
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Table 6. Prominent bacterial phyla (expressed as percentage of total sequences) in feces of dogs fed
with different doses of the additive Original XPC™ (OXPC).

Item
Diets 1

SEM 2 p Value
CO OXPC 0.3 OXPC 0.6

Unassigned
bacteria

0.011 ±
0.0004

0.010 ±
0.0004

0.019 ±
0.0006 0.0078 0.9886

Actinobacteria 0.160 b ±
0.0016

0.703 a,b ±
0.0034

1.869 a ±
0.0055 0.3311 0.0048

Bacteroidetes 11.990 ±
0.0133

9.370 ±
0.0119

8.150 ±
0.0112 30.550 0.0768

Deferribacteres 0.006 ±
0.0003

0.019 ±
0.0006

0.0101 ±
0.0004 0.0088 0.9754

Firmicutes 60.050 b ±
0.0200

70.380 a ±
0.0186

70.760 a ±
0.0186 5.937 <0.0001

Fusobacteria 25.500 a ±
0.0178

17.960 b ±
0.0157

17.620 b ±
0.0156

41.330 0.0008

Proteobacteria 2.280 ±
0.0061

1.560 ±
0.0051

1.570 ±
0.0051 0.5619 0.5709

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC), and OXPC 0.6 (control diet with 0.6% OXPC); 2 SEM,
standard error of the mean. a,b mean in the lines followed by the same letters do not differ by Tukey test (p > 0.05).

The predominant fecal bacterial genera were Clostridium (18–25%), Fusobacterium
(16–25%), and Blautia (7–11%) (Table 7). The fecal concentrations of Prevotella, Allobaculum,
and Fusobacterium were lower after including OXPC (p = 0.0003, p = 0.0265, and p =
0.0006 respectively; Table 7). The Clostridium proportion increased with OXPC inclusion
(p = 0.0059; Table 7) and the Collinsella proportion was also greater when the highest
prebiotic level was supplemented (p = 0.0052; Table 7).

Table 7. Prominent bacterial genera (expressed as percentage of total sequences) in feces of dogs fed
different doses of the additive Original XPC™ (OXPC).

Item
Diets 1

SEM 2 p Value
DC OXPC 0.3 OXPC 0.6

Unassigned bacteria 0.012 ± 0.0004 0.010 ± 0.0004 0.020 ± 0.0006 0.0078 0.9886
Actinobateria
Bifidobacterium 0.056 ± 0.0010 0.090 ± 0.0012 0.016 ± 0.0005 0.062 0.8422

Collinsella 0.050 b ± 0.009 0.427 b ± 0.0027 1.441 a ± 0.0049 0.256 0.0052
Slackia 0.054 ± 0.0009 0.186 ± 0.0018 0.412 ± 0.0026 0.093 0.3835

Bacteroidetes
Bacteroides 6.946 ± 0.0104 7.392 ± 0.0107 6.465 ± 0.0100 2.356 0.8188

Parabacteroides 0.126 ± 0.0014 0.070 ± 0.0011 0.079 ± 0.0011 0.044 0.9446
Prevotella 3.044 a ± 0.0070 0.584 b ± 0.0031 0.561 b ± 0.0031 0.355 0.0003

S24-7 0.102 ± 0.0013 0.009 ± 0.0004 0.007 ± 0.0003 0.036 0.6529
Other [Paraprevotellaceae] 0.441 ± 0.0027 0.419 ± 0.0026 0.234 ± 0.0020 0.162 0.7954

[Paraprevotellaceae] 0.045 ± 0.0009 0.035 ± 0.0008 0.017 ± 0.0005 0.019 0.9581
[Paraprevotellaceae]

[Prevotella] 1.287 ± 0.0070 0.863 ± 0.0031 0.789 ± 0.0031 0.355 0.6505

Deferribacteres
Mucispirillum 0.006 ± 0.0003 0.019 ± 0.0006 0.011 ± 0.0004 0.009 0.9754

Firmicutes
Lactobacillus 0.003 ± 0.0002 0.402 ± 0.0026 0.003 ± 0.0002 0.230 0.0841
Streptococcus 0.015 ± 0.0005 0.061 ± 0.0010 0.007 ± 0.0003 0.033 0.8391
Turicibacter 0.108 ± 0.0013 0.017 ± 0.0005 0.010 ± 0.0004 0.047 0.6865

Other Clostridiales 0.290 ± 0.0022 0.417 ± 0.0026 0.183 ± 0.0017 0.137 0.7529
Clostridiales 0.433 ± 0.0027 0.368 ± 0.0025 0.457 ± 0.0028 0.092 0.9696
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Table 7. Cont.

Item
Diets 1

SEM 2 p Value
DC OXPC 0.3 OXPC 0.6

Other Clostridiaceae 0.175 ± 0.0017 0.209 ± 0.0019 0.305 ± 0.0023 0.043 0.8914
Clostridiaceae 2.641 ± 0.0065 2.730 ± 0.0067 2.530 ± 0.0064 0.348 0.9768

Clostridium 18.185 b ± 0.0158 24.513 a ± 0.018 25.043 a ± 0.0177 3.931 0.0059
Pseudoramibacter

Eubacterium 0.041 ± 0.0008 0.020 ± 0.0006 0.004 ± 0.0003 0.024 0.9024

Other Lachnospiraceae 0.547 ± 0.0030 0.840 ± 0.0037 0.801 ± 0.0036 0.191 0.8033
Lachnospiraceae 3.769 ± 0.0078 3.402 ± 0.0074 4.975 ± 0.0089 0.754 0.3603

Blautia 7.122 ± 0.0105 10.870 ± 0.013 9.698 ± 0.0121 1.573 0.0667
Coprococcus 0.073 ± 0.0011 0.134 ± 0.0015 0.198 ± 0.0018 0.039 0.8358

Dorea 2.404 ± 0.0063 3.790.0078 3.899 ± 0.0079 0.620 0.2579
Roseburia 0.031 ± 0.0007 0.007 ± 0.0004 0.017 ± 0.0005 0.009 0.9543

[Ruminococcus] 2.930 ± 0.0069 4.378 ± 0.0084 4.314 ± 0.0083 0.127 0.3235
Peptococcus 0.956 ± 0.0040 1.299 ± 0.0046 0.700 ± 0.0034 0.622 0.5734

Peptostreptococcaceae 0.538 ± 0.0030 0.237 ± 0.0020 0.365 ± 0.0025 0.192 0.6946
Ruminococcaceae 1.639 ± 0.0052 1.488 ± 0.0049 1.526 ± 0.0050 0.277 0.9762

Fecalibacterium 5.828 ± 0.0096 4.650 ± 0.0086 5.355 ± 0.0092 1.162 0.6535
Ruminococcus 0.300 ± 0.0022 0.190 ± 0.0018 0.098 ± 0.0013 0.127 0.7235

Megamonas 0.665 ± 0.0033 0.980 ± 0.0040 1.970 ± 0.0057 0.685 0.1052
Phascolarctobacterium 0.276 ± 0.0021 0.220 ± 0.0019 0.151± 0.0016 0.103 0.8935
[Mogibacteriaceae] 0.038 ± 0.0008 0.001 ± 0.0001 0.0003 ± 0.0001 0.011 0.8000
Erysipelotrichaceae 2.825 ± 0.0068 2.383 ± 0.0062 2.199 ± 0.0060 0.525 0.7750

Allobaculum 6.905 a ± 0.0104 3.850 b ± 0.079 3.996 b ± 0.0080 3.318 0.0265
Catenibacterium 0.455 ± 0.0027 1.014 ± 0.0041 1.016 ± 0.0041 0.349 0.4300

Clostridium 0.024 ± 0.0006 0.018 ± 0.0006 0.020 ± 0.0006 0.011 0.9975
Coprobacillus 0.056 ± 0.0010 0.183 ± 0.0017 0.016 ± 0.0005 0.041 0.5815

[Eubacterium] 0.781 ± 0.0036 1.697 ± 0.0053 0.906 ± 0.0039 0.390 0.2840
Fusobacteria

Other Fusobacteriaceae 0.611 ± 0.0032 0.643 ± 0.0033 0.692 ± 0.0034 0.070 0.9849
Fusobacterium 24.888 a ± 0.0177 17.319 b ± 0.015 16.928 b ± 0.0153 4.106 0.0006
Proteobacteria

Sutterella 0.894 ± 0.0038 0.487 ± 0.0028 0.300 ± 0.0022 0.277 0.3770
Campylobacter 0.000 ± 0.0000 0.051 ± 0.0009 0.016 ± 0.0005 0.028 0.8022

Succinivibrionaceae 0.031 ± 0.0007 0.004 ± 0.0003 0.278 ± 0.0022 0.103 0.2653
Anaerobiospirillum 1.328 ± 0.0047 0.865 ± 0.0038 0.956 ± 0.0040 0.371 0.7132
Enterobacteriaceae 0.024 ± 0.0006 0.148 ± 0.0016 0.015 ± 0.0005 0.084 0.6069

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC), and OXPC 0.6 (control diet with 0.6% OXPC);
2 SEM, standard error of the mean. a,b mean in the lines followed by the same letters do not differ by Tukey test
(p > 0.05).

There was no difference for CD4+ and CD8+ lymphocytes, CD4+/CD8+ ratio, oxida-
tive burst (baseline and SAPI and PMA induced), and lymphocyte proliferative response
(p > 0.05; Table 8). However, the phagocytosis index was higher with inclusion of OXPC
compared to that of control (p = 0.01).
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Table 8. Results of lymphocyte immunophenotyping, phagocytosis test, proliferation, and oxidative
burst of dogs fed different doses of the additive Original XPC™ (OXPC).

Item
Diets 1

SEM 2 p Value
DC OXPC 0.3 OXPC 0.6

CD4+ % (T helper
cells) 28.66 28.33 28.83 1.28 0.96

CD8+ % (cytotoxic T
cells) 15.16 14.33 16.83 0.87 0.15

CD4+/CD8+ 6.26 2.16 1.56 1.77 0.16
Basal oxidative burst 216.17 206.50 196.83 8.00 0.26

Oxidative burst SAPI 3 497.83 575.83 507.00 29.45 0.15
Oxidative burst PMA 4 764.33 778.00 774.67 60.51 0.98

Phagocytosis index 264.67 b 295.17 a 297.17 a 7.38 0.01
Proliferation index 310.33 355.50 356.17 16.14 0.10

1 DC (control diet), OXPC 0.3 (control diet with 0.3% OXPC), and OXPC 0.6 (control diet with 0.6% OXPC);
2 SEM, standard error of the mean; 3 SAPI, Staphylococcus aureus conjugated with propidium iodide; 4 PMA,
phorbol 12-myristate 13-acetate. a,b mean in the lines followed by the same letters do not differ by Tukey test
(p > 0.05).

4. Discussion

Few studies have evaluated nutrient digestibility in dogs fed with diets supplemented
with additives similar to OXPC, such as MOS mixed with basal diet [10], spray-dried yeast
cell wall [30], S. cerevisiae live yeast [31], or S. cerevisiae fermentation product [6], among
others. Different results were found with regard to nutrient digestibility that mentioned
increases, decreases, and even non-alteration. Therefore, there is no consensus on the
influence of the addition of this additive on digestibility parameters. Nonetheless, in this
study, there was a decrease in ADC of CP and NFE and an increase in the ADC of the
CF. The increase in intestinal microbial biomass caused by the inclusion of prebiotics in
the diet may reduce ADC of CP [30]. Fecal bacterial mass enhances fecal protein content,
which implicates in less ADC compared to the control group. Ideally, the true digestibility
coefficient of the protein should be evaluated, in order to avoid considering fecal microbial
protein content [32]. In regard to NFE digestibility, the OXPC consisted of dehydrated yeast
culture, which has soluble fiber in its composition. That may have increased the viscosity
of the bolus and impaired the interaction of pancreatic enzymes with the substrate, thereby
decreasing the rate of carbohydrate digestion by pancreatic amylase [33].

Although the ADC of CF increased, this result must be evaluated with caution. The
methodology used to determine CF was not entirely satisfactory. The laboratory technique
is deficient because it yields low estimates of the fiber fraction present in the samples,
destroying all of the soluble fraction and part of the insoluble fraction [34]. The main
limitation is related to the fact that it does not separate cellulose from hemicellulose and
causes loss of lignin (which is not considered carbohydrate) and hemicellulose. This method
provides values that may change due to very drastic digestion, which leads to the loss of
some components, and therefore, the values and differences obtained in our study may not
be accurate [35]. The differences found in the metabolizable energy content of the foods
may be actually a reflection of the small variations in the crude energy of the diets and
levels and types of fibers.

Regarding fecal pH, no differences were observed among treatments, as well as in the
study developed by Swanson et al. [4], who supplemented dogs with 2 g of FOS plus 1 g
MOS. It is known that lactate produced by lactobacillus can lower fecal pH [36], and in
this study, the authors attributed the non-detection of some bacterial species that consume
lactate to this absence of differences in the results of fecal pH. Besides that, the SCFAs are
absorbed quickly in the intestine, and may not be possible to identify in large amounts in
feces that could have masked minor effects on pH [4].

In our study, the addition of OXPC at the concentrations of 0.3 and 0.6% were not
capable of altering this genus population, which may have been implicated in the lack of
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lactic acid alteration. In addition, in a study by Vickers et al. [37], the authors evaluated the
fermentation characteristics of different substrates found in canine diets and could observe
an increase in lactate with the use of FOS; however, when MOS was used, this product had
its concentration decreased. Saccharomyces cerevisae processing or concentration also may
explain the differences in these results.

Volatile organic compounds (VOCs) reflect differences in diet, intestinal microbiota,
and exposure to chemical contaminants, as they are usually generated by the metabolism
of intestinal microorganisms [38]. In this study, the main fecal VOCs did not change
among treatments, which can be considered a positive effect, once it is related to lower
stool odor [39]. In dogs, the presence of fecal VOCs was identified with the inclusion of
prebiotics [40].

Total SCFAs did not change with OXPC addition, which can be explained by their
rapid absorption by colonocytes, reducing fecal detection by presenting smaller quantities
in feces [4]. These findings corroborate other studies [9,12,31]. SCFAs are associated with
cell proliferation due to their role in the energy metabolism of colonocytes and are among
the products generated in prebiotic fermentation [41]. Among them, propionic acid showed
a higher fecal concentration in dogs treated with OXPC. The MOS present in OXPC reduces
colonization by pathogenic bacteria in the intestine by competitive exclusion [30], which
may result in an increase in propionic acid.

Biogenic amines are putrefactive compounds that can cause damage to intestinal
health [42]. The extra source of energy promoted by fermentable carbohydrates, undi-
gested protein, and their metabolites are used by bacteria for protein synthesis, decreasing
the fecal concentration of protein-derived fermentation compounds [43]. No difference
between treatments was observed for biogenic amines, which also corroborates the results
of Swanson et al. [4].

According to Slavin [44], the level of inclusion of the prebiotic, as well as its source
and time of use, can influence its effect. In a recent study, Perini et al. [45] compared
the efficacy of prebiotics over 30 and 60 days of supplementation, and observed some
changes in fermentation products over time. Therefore, the period of 21 days may not have
been long enough to observe the effects of these prebiotics on the fermentative products
evaluated in this study.

The microbial balance in the gastrointestinal tract is mostly determined by diet, and
prebiotics can influence the gastrointestinal microbiota [46]. Likewise, evaluating the effect
of adding a fermented S. cerevisae dry product in vitro, Possemiers et al. [47] did not find
strong changes in the microbial community composition of the mucosal associated microbiota.

The predominant microbial phyla in the canine and feline gut, reported by previous
investigations are Firmicutes, Bacteroidetes, Proteobacteria, Fusobateria, and Actinobacteria.
Fusobacteria is one of the predominant phyla in the intestinal microbiome (intestine or
feces). It frequently represents 10% or more of the genera sequences that inhabit the
intestine [32]. This characteristic was also observed in this study, where the predominant
fecal phyla present in all dogs included Firmicutes, Fusobacteria, Bacteriodetes, Proteobacteria,
Actinobacteria, and Deferribacteres.

Middelbos et al. [48] phylogenetically characterized the fecal microbiota of healthy
dogs with 454 pyrosequencing for the first time. The dominant phyla were Fusobacteria
(23–40% of the readings), followed by Firmicutes (14–28% of the readings), Bacteroidetes
(31–34% of the readings), Actinobacteria (0.8–1.4% of the readings), and Proteobacteria (5–7%
of readings). Although Fusobacteria was not the most dominant, it was among the phyla
with the highest proportion. It was also observed in the study of Beloshapka et al. [46],
in which Fusobacteria and Firmicutes constituted about 75–80% of the bacterial sequences,
with Bacteroidetes, Proteobacteria, and Actinobacteria contributing only about 10–15%, 5%,
and 2–3% of the sequences, respectively.

An increase in lactobacilli, bifidobacterium, and aerobic bacteria was reported when
supplementing the diet of healthy dogs with a combination of 2 g FOS and 1 g MOS [4], as
FOS is preferentially fermented by lactic acid-producing bacteria [49]. This effect may have
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been evidenced by the type of additive used and its processing, and for this reason, this
result was not observed in our study.

The abundance of fecal Actinobacteria increased with the highest dose of OXPC in the
diet and has also been observed in cats fed a diet containing a prebiotic [50]. This increase
was correlated to microbiota adaptation of the prebiotic, which led to the increase in a
genus belonging to the phylum Actinobacteria. The same may have occurred in this study,
where the presence of OXPC stimulated the increase in the genus Collinsella, which belongs
to the phylum Actinobacteria that was responsible for this increase. In the same way, an
increase in Clostridium was observed, which may be correlated with the increase in the
Firmicutes phylum, to which it belongs.

The members of the phylum Firmicutes, especially those of the genus Clostridium, can
provide some benefits to the animals and are positively correlated with the oxidation of
carbohydrates [51]. Although clostridial species are not all considered negative [52], an
increase in the population of a potentially pathogenic bacterial genus could be considered
a disadvantage of adding OXPC to dog’s diet. Despite this, the animals did not shown
clinical signs of infection, so it is reasonable to associate the increase in Clostridium with
non-pathogenic strains.

Allobaculum also belongs to the Firmicutes phylum and is associated with weight regu-
lation and regulation of hormones known to influence energy homeostasis (e.g., leptin) [53].
Fusobacterium reduction was observed with the inclusion of OXPC in the diet of the ani-
mals. This effect is considered beneficial since this genus is associated with gastrointestinal
diseases [54,55].

Previous studies have shown an association of the genus Prevotella with diets con-
taining high concentrations of carbohydrates [56,57]. However, the addition of OXPC
reduced the concentration of this genus to the detriment of the others, which highlights the
importance of conducting investigations on the interactions between bacterial populations
and dietary substrates. We hypothesized that a greater inclusion of OXPC would allow the
capture of evident differences among the bacterial groups.

Among the immunological tests performed in the study, the phagocytosis index
presented greater activity in the animals that were supplemented with OXPC (0.3 and 0.6)
compared to control. Few studies have assessed the effect of including this prebiotic on
the immunity of pets; the pioneers were Middelbos et al. [3], who did not find differences
in the immunity of dogs with the use of blends containing beet pulp, cellulose or blends
of cellulose, fructooligosaccharides, and yeast cell wall at 2.5% in the diet. However,
another study that evaluated MOS supplementation observed an increase in the total
percentage of white blood cells [4]. A more recent study demonstrated that the inclusion of
1.0% of a commercial blend containing MOS, FOS, GOS, and beta-glucan in healthy dogs
increased the polymorphonuclear cell count, phagocytosis index, and oxidative burst in
supplemented animals compared to the control group [58]. Finally, Lin et al. [59] observed
that supplementation of 0.2% yeast cell wall fractions to dogs tended to increase fecal IgA
concentrations. All of the aforementioned suppliers concluded that this finding is related
to positive modulation of the immune system.

Studies in other species show that the beta-glucans and MOS contained in S. cerevisiae
have been identified as agents capable of triggering strong antigenic stimuli and immune
responses. Beta-glucan is designated as an immunological response modifier, for when
recognized by the organism, it has the ability to trigger a series of events in the immune
response. Kubala et al. [60] reported that modulation of cellular activity by beta-glucan
begins with the activation of macrophages, endothelial and dendritic cells, and B and T
cells. In addition, they involve the specific immune response by inducing the expression of
various cytokines such as TNF, IL-6, IL-8, and IL-12 [61]. Therefore, the composition of the
OXPC treatment (0.3 and 0.6) explains the improvement in the index of phagocytosis in
supplemented dogs.
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5. Conclusions

According to the results, the addition of 0.3 and 0.6% OXPC in the diet of dogs was
able to alter some phyla and genera abundances to increase propionic acid production
and the phagocytosis index in healthy adult dogs with minor alteration in digestibility.
Other studies should evaluate higher doses of OXPC supplementation and its effects on
the intestine of healthy dogs and those suffering from gastrointestinal disorders.
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Abstract: The legal cannabis market worldwide is facing new challenges regarding innovation in
the production of cannabinoid-based drugs. The usual cannabinoid production involves growing
Cannabis sativa L. outdoor or in dedicated indoor growing facilities, followed by isolation and purifi-
cation steps. This process is limited by the growth cycles of the plant, where the cannabinoid content
can deeply vary from each harvest. A game change approach that does not involve growing a single
plant has gained the attention of the industry: cannabinoids fermentation. From recombinant yeasts
and bacteria, researchers are able to reproduce the biosynthetic pathway to generate cannabinoids,
such as (-)-Δ9-tetrahydrocannabinol (Δ9-THC), cannabidiol (CBD), and (-)-Δ9-tetrahydrocannabivarin
(Δ9-THCV). This approach avoids pesticides, and natural resources such as water, land, and energy
are reduced. Compared to growing cannabis, fermentation is a much faster process, although its
limitation regarding the phytochemical broad range of molecules naturally present in cannabis. So far,
there is not a consolidated process for this brand-new approach, being an emerging and promising
concept for countries in which cultivation of Cannabis sativa L. is illegal. This survey discusses the
techniques and microorganisms already established to accomplish the task and those yet in seeing for
the future, exploring upsides and limitations about metabolic pathways, toxicity, and downstream
recovery of cannabinoids throughout heterologous production. Therapeutic potential applications of
cannabinoids and in silico methodology toward optimization of metabolic pathways are also explored.
Moreover, conceptual downstream analysis is proposed to illustrate the recovery and purification of
cannabinoids through the fermentation process, and a patent landscape is presented to provide the
state-of-the-art of the transfer of knowledge from the scientific sphere to the industrial application.

Keywords: cannabinoids biosynthesis; Cannabis sativa; cannabidiol; fermentation; heterologous
expression; metabolic engineering; tetrahydrocannabinol; tetrahydrocannabivarin

1. Introduction

The global cannabis and cannabinoids market has undergone a great increase in recent
years with legalization for medical and recreational purposes in different U.S. states and
countries. In 1996, California (CA) was the first U.S. state to legalize medical cannabis
use [1]. Five years later, Canada was the first country in the modern era to legalize
medical cannabis nationwide, establishing public policies that became a reference in this
subject [2]. The recreational use of cannabis was not accepted in the USA until 2012 when
Washington (WA) [3] and Colorado (CO) [4] passed a ballot initiative for this purpose. In a
global scenario, Uruguay was the first country to legalize the recreational use of cannabis
nationwide in 2013 [5], followed by Canada in 2018 [6].

Although the global cannabidiol (CBD) market has been valued at US$2.8 billion
in 2020 and has a compound annual growth rate (CAGR) of 21.2% projected to 2028 [7],
its commercialization is still restrictive. Furthermore, the usual cannabinoid production
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is attached with the agricultural process of growing Cannabis sativa L., either in outdoor
fields or in dedicated indoor growing facilities. The flowers are harvested and the active
compounds are isolated through chemical (e.g., extraction with ethanol, ethyl acetate,
butane, and CO2) or physical (such as heated press) processes to take cannabinoids out of
the vegetal biomass [8].

The agriculture-based process requires a significant amount of energy, especially light,
and chemical fertilizers. As with any agricultural commodity, it is limited by the slow
growth cycles of the plant, where the cannabinoid content can vary from one cycle to an-
other, and are susceptible to pests, weather, and environmental specificities [9]. As a matter
of fact, environmental conditions play an important role in mineral nutrient availability,
affecting secondary metabolites’ final concentration in plants. The work of Shiponi and
Bernstein [10] evaluated the hypothesis that phosphorous (P) uptake, distribution, and
availability in the plant affects cannabinoids’ biosynthesis. By analyzing two genotypes
of medical “drug-type” cannabis grown under five P concentrations (5, 15, 30, 60, and
90 mg/L), it was noted that the values lower than 15 mg/L were insufficient to support
optimal plant function, with reduced physiological responses, whereas values between
30 and 90 mg/L were within the optimal range for plant development, increasing total
cannabinoids content per plant. With that, the regime of mineral nutrients must be adjusted
to account for production goals and the genetic specificities of the strain. Moreover, the in-
door production of cannabis is responsible for greenhouse gas (GHG) emissions that range
between 2 and 5 tons of CO2-equivalent per kg of dried flower—attributed to electricity
and natural gas consumption from indoor environmental controls, high-intensity grow
lights, and supply of CO2 to accelerate plant growth [11].

With the advance of metabolic engineering and synthetic biology, the tailor-made de-
sign of cell factories became a reality, providing a remarkable opportunity for the biosynthe-
sis of cannabinoids and analogs, especially for those found in small quantities in cannabis.
As matter of fact, the expression of tetrahydrocannabinol synthase (THCAS) was already
achieved using P. pastoris as host [12]. With cannabigerolic acid (CBGA) being added into
the media, Δ9-tetrahydrocannabinolic acid (Δ9-THCA) was synthesized. Luo et al. [13]
were able to produce several cannabinoids and analogs from the genetic recombination of
Saccharomyces cerevisiae, generating an yeast that can synthesize cannabinoids from galac-
tose. With specific genetic modifications, cannabinoids that were previously generated in
small quantities can now be scaled up. Furthermore, there is no need for pesticides, and the
natural resources required (land, water, and energy) and CO2 footprint are reduced as well.

However, a drawback of fermentation is its limitation to achieve the phytochemical
broad range of molecules naturally present in Cannabis sativa L., turning full-spectrum
extracts (i.e., those with phytocannabinoids and secondary metabolites) unfeasible to be
obtained other than by the plant. The term entourage effect [14] is often used to refer to
potential synergies between chemical compounds present in cannabis, such as cannabinoids-
cannabinoids interactions [15–17] and the presence of other secondary metabolites such
as terpenes/terpenoids [18]. The list of terpenes/terpenoids found in cannabis is vast
due to differences between strains, chemotypes, and environmental conditions, but in
general, the most common terpenes/terpenoids found are β-myrcene, limonene, linalool,
β-caryophyllene, α-pinene, β-ocimene, terpinolene, and geraniol [18]. They are mainly
responsible for the odor and taste present in cannabis flowers and are used in perfume
fragrances and cleaning products worldwide. Besides these organoleptic characteristics, ter-
penes/terpenoids have been studied for their therapeutic potential, with works analyzing
analgesic [19–21], anti-inflammatory [22–26], gastroprotective [27–29], anxiolytic/anti-
depressant [30–35], apoptotic/antimetastatic [36,37] antinociceptive [38–40], neuroprotec-
tive [41–44], sedative/motor relaxant [45–47], and antifungal [48,49] properties. This broad
range of metabolites in different concentrations provides unique therapeutic applications
for full spectrum extracts.

This review describes the techniques and microorganisms already established to ac-
complish the task and those yet in seeing for the future, exploring upsides and limitations
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regarding metabolic pathways, toxicity, and downstream recovery of cannabinoids through-
out heterologous production. Moreover, therapeutic potential applications of cannabinoids,
in silico methodology toward optimization of metabolic pathways, and a patent landscape
are explored.

2. Biosynthesis of Phytocannabinoids

Cannabinoids are active lipophilic compounds that interact with specific protein
receptors in the human body, constituting a system of physiological regulations—the endo-
cannabinoid system. Two receptors for this system are well-known: CB1, located in the cen-
tral nervous system (CNS) and peripheral nervous system (PNS), with high density in the
basal ganglia, cerebellum, hippocampus, and cortex; and CB2, restricted to immune tissues
and immune cells. Some cannabinoids are produced endogenously in various vertebrates
and are known as endocannabinoids, such as anandamide (AEA) and 2-arachidonylglycerol
(2-AG) [50]. Other cannabinoids are produced only by plants of the genus Cannabis (mainly
by sativa and indica species), including (-)-Δ9-tetrahydrocannabinol (Δ9-THC) and cannabid-
iol (CBD), and are known as phytocannabinoids [18]. Over 500 chemical compounds
were identified in C. sativa L., including 102 phytocannabinoids, being Δ9-THC, CBD,
cannabigerol (CBG), and cannabichromene (CBC) their main representatives [51]. In the
plant, they are usually found in their carboxylated state, including tetrahydrocannabinolic
acid (Δ9-THCA) and cannabidiolic acid (CBDA). Although cannabinol (CBN) is one of the
major cannabinoids found in cannabis, it is not directly produced by the plant, being a prod-
uct of Δ9-THC oxidation [52]. Phytocannabinoids are separated into families based on their
structures such as cannabigerol (CBG)-family, cannabichromene (CBC)-family, cannabidiol
(CBD)-family, tetrahydrocannabinol (THC)-family, cannabinol (CBN)-family [53] (Figure 1).
They are all composed of a phenolic (resorcinol) moiety and a monoterpene moiety, later
described in this survey.

Figure 1. Structures of endocannabinoids and major phytocannabinoids present in C. sativa L.
THC: tetrahydrocannabinol, CBN: cannabinol, CBD: cannabidiol, CBC: cannabichromene, CBG:
cannabigerol [53].

The effects of cannabinoids were studied only from the 20th century, where several
analyses resulted in the development of dronabinol (Marinol®; Unimed Pharmaceuticals,
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Inc., Marietta, GA, USA). This drug is based on Δ9-THC, which in 1964—and after decades
of attempts to isolate and determine its chemical structure—was identified as the main
psychoactive component of cannabis. Together with Cesamet® (Valeant Pharmaceuticals
North America, Aliso Viejo, CA, USA), they were the first cannabinoid-based drugs to
be prescribed in the United States, presenting antiemetic and appetite-stimulating action
for patients with cancer and AIDS [50]. Several studies are being carried out for possible
pharmacological applications involving cannabinoids, especially with CBD due to the
absence of psychoactive effects. Conditions such as Alzheimer’s disease, anxiety, can-
cer, chronicle pain, depression, epilepsy, inflammatory diseases, multiple sclerosis, and
Parkinson’s disease are being investigated with promising results [54].

Phytocannabinoids are synthesized and stored within glandular trichomes that are
present on cannabis flowers with some extension to other structures, such as leaves and
stems, but almost absent in seeds and roots [55]. To produce these compounds in a heterol-
ogous host, the genes, metabolic pathways, bottlenecks, and specificities involved during
phytocannabinoids biosynthesis in Cannabis sativa L. must be comprehended and availed,
in order to be further optimized according to the host’s characteristics and limitations.

The biosynthesis of cannabinoids begins with metabolic pathways to produce ger-
anyl pyrophosphate (GPP) and olivetolic acid (OA) as shown in Figure 2 [56]. Geranyl
pyrophosphate (GPP) is mainly biosynthesized via the 2C-methyl-D-erythritol-4-phosphate
(MEP) pathway, also known as non-mevalonate or 1-deoxy-D-xylulose-5-phosphate (DOXP)
pathway, and in a small extension through mevalonate (MVA) pathway [56,57]. The final
products, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP),
are catalyzed to GPP by the action of geranyl pyrophosphate synthase (GPPS), providing
the monoterpene moiety of phytocannabinoids [58]. In parallel, the polyketide pathway
toward OA starts with hexanoic acid produced either by an early termination of fatty
acid biosynthesis or by the breakdown of C18 unsaturated fatty acids via the lipoxyge-
nase pathway [59]. The hexanoic acid is converted to hexanoyl-CoA by the action of an
acyl-activating enzyme type 1 (AAE1) found in Cannabis sativa (CsAAE). Then, a type
III tetraketide synthase (CsTKS), also known as olivetol synthase (OLS), promotes the
aldol condensation of hexanoyl-CoA with three molecules of malonyl-CoA, producing
olivetol, followed by the C2–C7 aldol cyclization to OA carried by a polyketide cyclase
(CsOAC) [60]. With an olivetolic acid pool, the phenolic (resorcinol) moiety is available
to be further converted into cannabinoids. More details regarding MEP/DOXP pathway,
MVA pathway, fatty acid biosynthesis, and lipoxygenase pathway are summarized in
several reviews [61–64] with higher plants metabolism focus.

With the availability of the precursors, an aromatic prenyltransferase named ger-
anylpyrophosphate:olivetolate geranyltransferase (GOT) is responsible to convert GPP
and OA into cannabigerolic acid (CBGA) [13], the central precursor for phytocannabinoids
biosynthesis. This enzyme was detected in 1998 and is assumed to be an integral membrane
protein, although some activity was found in soluble fractions [65,66].

With an appropriated CBGA pool, enzymes such as THCA synthase, CBDA syn-
thase, and CBCA synthase promote an oxidative cyclization of the monoterpene moiety
of the substrate, generating Δ9-THCA, CBDA, and CBCA, respectively. In the plant, the
phytocannabinoids are stored as carboxylic acid; they can be decarboxylated to their corre-
sponding neutral form through drying, heating, or combustion [67].
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Figure 2. Phytocannabinoids biosynthesis in Cannabis sativa L. The monoterpene moiety is provided
majoritarian through the MEP/DOXP pathway, and in small extension through the MVA pathway,
in which geranyl pyrophosphate (GPP) is synthesized. Parallel to that, fatty acids metabolism uses
hexanoic acid as a substrate to fulfill the phenolic (resorcinol) moiety of cannabinoids, generating
olivetolic acid (OA). Through the action of cannabigerolic acid synthase (CBGAS), GPP and OA are
converted into cannabigerolic acid (CBGA), the central precursor for many other cannabinoids, such
as Δ9-tetrahydrocannabinolic acid (Δ9-THCA), cannabidiolic acid (CBDA), and cannabichromenic
acid (CBCA) [13,55,56,67].
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Phytocannabinoids such as CBGA, Δ9-THCA, CBDA, and CBCA are known as C5
phytocannabinoids since they have an n-pentyl side chain in the phenolic moiety. However,
there are also C3 phytocannabinoids, or propyl cannabinoids, derived not from olivetolic
acid (OA) but from divarinic acid (DA) as illustrated in Figure 3. The prenylation of
DA with GPP results in cannabigerovarinic acid (CBGVA), the central precursor for C3
phytocannabinoids biosynthesis. The cannabinoid synthase enzymes are not alkyl length
selective and can convert CBGVA into the propyl homologous of THCA, CBDA, and CBCA,
known as tetrahydrocannabivarinic acid (Δ9-THCVA), cannabidivarinic acid (CBDVA),
and cannabichromevarinic acid (CBCVA), respectively [68]. Since these compounds are
not commonly produced by cannabis strains due to dissimilar enzyme specificities at the
level of CBGA or CBGA-analogs formation [69], the analysis and studies of its therapeutic
value are impaired. Nevertheless, the agricultural-based method has the genetic restrictions
imposed by the plant, with selective breeding as the main resource to achieve better yields of
a specific compound, despite its limited randomness expressed in the next offspring. With
that, chemotype inheritance and genetic engineering are the objects of study to manipulate
secondary metabolites’ final concentration and can be conferred in recent works [68,70].

Figure 3. Propyl phytocannabinoids (C3) biosynthesis in Cannabis sativa L. Monoterpene moiety is
provided majoritarian through the MEP/DOXP pathway, and in small extension through the MVA
pathway, in which geranyl pyrophosphate (GPP) is synthesized. The fatty acids metabolism uses
butanoic acid as a substrate to fulfill the phenolic (resorcinol) moiety of cannabinoids, generating
divarinic acid (DA). Through the action of cannabigerolic acid synthase (CBGAS), GPP and DA are
converted into cannabigerovarinic acid (CBGVA), the central precursor for many other C3 cannabi-
noids, such as Δ9-tetrahydrocannabivarinic acid (Δ9-THCVA), cannabidivarinic acid (CBDA) and
cannabichromevarinic acid (CBCVA) [13,55,56,67].
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3. Metabolic Engineering towards Phytocannabinoids Biosynthesis in Microorganisms

3.1. Design of a Suitable Host

A better approach to target the production of non-common cannabinoids can be
achieved through the aid of metabolic engineering and synthetic biology. Usually, a safe
and well-described cell is chosen as a “cell factory”, a chassis for the production of the
desired chemical compound. The chosen cell can express the pathways needed to achieve
the product, but, typically, the flux toward the product is naturally low. Using classic strain
improvement or directed genetic modifications (i.e., metabolic engineering), it is possible to
increase the flux toward the product. If the cell does not naturally produce the compound
of interest, the insertion of a synthetic pathway is necessary. Normally, the product will be
generated in small amounts, but the pathway can be optimized to ensure a high flux toward
the target, using concepts from both metabolic engineering and synthetic biology. Finally, a
complete synthetic cell can be constructed in a manner that its pathways are tailored for
the desired product, achieving great yields and low concentration of by-products [71].

Since fermentation of cannabinoids is a relatively new approach, there is no consensus
on the best microorganism yet. The first step is to determine which microorganisms can be
tailored for heterologous biosynthesis of these compounds. A review published by Car-
valho et al. [72] covers some of the main host characteristics, such as genetic tools available
for the microorganism, plant protein expression capacity, possibility of posttranslational
modifications, and specific biosynthetic pathways. The microorganisms analyzed in this
survey were Escherichia coli, Saccharomyces cerevisiae, Komagataella phaffii (Pichia pastoris),
and Kluyveromyces marxianus, with qualitative indicators regarding hosts characteristics
aforementioned. It was noticed that E. coli has significant genetic tools reported, and an
arsenal of strains, promoters, and vectors, but its limited posttranslational modifications
make it unlikeable to be a suitable host. All the other microorganisms are yeasts, with S.
cerevisiae and K. phaffii (P. pastoris) being the most widely reported in the literature. The yeast
K. marxianus has been reported to present an efficient hexanoic acid pathway [73], which
could solve the low-availability pool of this metabolite during heterologous biosynthesis
of cannabinoids.

3.2. From Sugar to Cannabinoids

The main intermediates and genes during phytocannabinoids biosynthesis in S. cere-
visiae were recently reported by Luo et al. [13]. The chosen substrate for the microorganism
was galactose. The GPP was produced with the introduction of the EfmvaE and EfmvaS
genes of Enterococcus faecalis (an acetyl-CoA acetyltransferase/HMG-CoA reductase and an
hydroxymethylglutaryl-CoA synthase [74]), and by overexpressing the genes of the meval-
onate pathway (ERG12, ERG8, ERG19, and IDI1) [75] and a mutated ERG20F96W/N127W gene
(erg20∗) that preferentially produces GPP over FPP [76]. Hexanoyl-CoA was produced
heterologously using genes from Ralstonia eutropha (RebktB, a β-keto thiolase from Ralstonia
eutropha H16 that catalyzes condensation reactions between acetyl-CoA with acyl-CoA
molecules [77]), Cupriavidus necator (CnpaaH1, an NADH-dependent 3-hydroxyacyl-CoA
dehydrogenase [78]), Clostridium acetobutylicum (Cacrt, a crotonase that catalyzes the de-
hydration of 3-hydroxybutyryl-CoA to crotonyl-CoA in the n-butanol biosynthetic path-
way [79]) and Treponema denticola (Tdter, a trans-enoyl-CoA reductase [80]), or feeding
hexanoic acid as a substrate for AAE (encoded by CsAAE1 from Cannabis). Expression of
the genes encoding CsTKS and CsOAC produced olivetolic acid, which was prenylated
by CsPT4-T, a geranylpyrophosphate:olivetolate geranyltransferase activity. The resulting
CBGA was transformed into Δ9-THCA and CBDA using THCAS and CBDAS. After expo-
sure to heat, Δ9-THCA and CBDA were decarboxylated to Δ9-THC and CBD, respectively.
As both Δ9-THC and CBD come from CBGA, the insertion of gene copies that encode
THCAS or CBDAS will determine which final product is going to be synthesized. The final
concentration obtained of Δ9-THCA and CBDA was 8.0 mg/L and 4.3 μg/L, respectively. In
addition to cannabinoids derived from olivetolic acid, Luo et al. [13] also produced propyl
cannabinoids (from divarinic acid). The hexanoic acid was replaced by butanoic acid,
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providing an appropriate butanoyl-CoA pool for the synthesis of C3 cannabinoids. Thus,
Δ9-THCVA and CBDVA were produced with concentrations of 4.8 mg/L and 6.0 μg/L,
respectively [13].

A list of the enzymes involved during heterologous biosynthesis of phytocannabinoids
by S. cerevisiae with their respective accession numbers on GenBank is available in Table 1.

Table 1. List of enzymes and corresponding GenBank accession numbers involved in heterologous
expression of phytocannabinoids in S. cerevisiae.

Enzyme Abbreviation Accession No. EC No. References

Acyl activating enzyme 1 AAE AFD33345.1 6.2.1.1 [81]
Olivetol synthase (tetraketide

synthase 3) OLS (TKS) AB164375 2.3.1.206 [82]

Olivetolic cyclase OAC AFN42527.1 4.4.1.26 [60]
Geranylpyrophosphate:olivetolate

geranyltransferase GOT (CsPT4-T) US10975379B2 a 2.5.1.102 [13]

Tetrahydrocannabinolic acid
synthase THCAS AB057805 1.21.3.7 [83]

Cannabidiolic acid synthase CBDAS AB292682 1.21.3.8 [84]
Cannabichromenic acid synthase CBCAS WO2015196275A1 b 1.3.3- [85,86]

a Patent number, b Application number.

Zirpel et al. [12] tested the production of Δ9-THCA by heterologous hosts such as
E. coli, S. cerevisiae, and K. phaffii [12], in which S. cerevisiae and K. phaffii showed THCA
synthase activity after addition of 1 mM CBGA, leading to a Δ9-THCA production of
0.36 g/L in K. phaffii. No functional expression of THCA synthase could be found in E. coli,
hence it was concluded by the authors that functional expression of THCAS might require
eukaryotic chaperones to facilitate covalent binding of FAD to the THCAS or glycosylation
of the protein.

Renew Biopharma chose the green alga Chlamydomonas reinhardtii as a host, stating
that it is capable of compartmentalizing the biosynthesis of cannabinoids in its chloroplasts,
which protects the rest of the cellular structures [9]. This approach resulted in a more
expensive downstream since microalgae are known to have a complex cellular wall. For
instance, Chlamydomonas reinhardtii has a multilayered extracellular matrix, which requires
physical and chemical agents to rupture it and access the cannabinoids [87].

3.3. Patent Prospection

A survey on the free access Patent Inspiration database was conducted using the term
(cannabi*) as a keyword for search on Title or Abstract, while the terms microorganism AND
yeast AND production have been searched on Abstract and Description. The initial results
revealed a total of 58 documents filled over the past 20 years proposing the protection of
new technologies associated with the biotechnological production of cannabinoids or their
derivates. However, after a thorough analysis, only 16 patens actually protected processes
and methods related to the prospected theme (Table 2).
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The analysis of the International Patent Classification (IPC) revealed that the intro-
duction of foreign genes synthesizing transferases (C12N9/10) or lyases (C12N9/88) in
vectors or expression systems specially adapted for E. coli (C12N15/70) are the main areas
investigated (data not shown). Although not being able to perform post-translational
modification as yeasts and higher eukaryotic cells, due to E. coli superior growth rate, low
nutritional requirement, higher yield, and its extensive genetic information turned into
a preferable host for tailoring new metabolic pathways for the industrial production of
cannabinoids [72,88,89].

The technology of the cannabinoids biosynthesis was first protected by the University
of Saskatchewan in association with the Natural Resources Council of Canada, where
homologous, isolated, and/or purified sequences of Cannabis sativa alkanoyl-CoA syn-
thetases, type III polyketide synthase, polyketide cyclase, aromatic prenyltransferase, and a
cannabinoid-forming oxidocylase were used as target genes for the cannabinoid production
in E. coli and Saccharomyces cerevisiae systems (US9546362B2). According to the granted
patent, carboxylic acids (C5–C20) and coenzyme-A are required as substrates, which di-
rectly impacts the cost of the final product. Similar plasmid vector configurations were later
proposed with the addition of inducible galactose operons (US10392635B2), substitution of
alkanoyl-CoA synthetases for prenol or isoprenol kinases (US10837031B2), or proposition
of new host cells, such as Lactobacillus paracasei subsp. paracasei (EP3067058A1).

A recently granted patent by the American company Syntiva Therapeutics Inc. (US108-
01049B2) discloses the incorporation of phosphoglucose isomerase (pgi), glucose 6-phosphate
dehydrogenase (zwf ), and citrate synthase (gItA) genes in yeasts, which allows the het-
erologous production of hexanoate synthesis during the stationary phase using simple
sugars. In addition, the overexpression of the long-chain fatty acid-CoA (fadD) ligase
gene, responsible for the conversion of hexanoate into hexanoyl-CoA, also resulted in the
silencing of the fadE gene associated with the degradation of this precursor. Such genetic
modifications achieved costs inferior to US$1.000 per kilogram of purified cannabinoid
and significantly increased the yield of the process [90]. This disruptive technology led
to a significant leap in the number of filed patents, from 4 documents between 2014 and
2019 to 11 only in the last year (Table 2). The incremental changes proposed by these recent
patents include the modification of the peroxisomal β-oxidation in yeasts to allow the use
of fatty acids and affordable sources of vegetable and animal fat (US2020224231A1) and the
inclusion of different pathways that allows the conversion of glucose into cannabinoids via
acetoacetyl-CoA, malonyl-CoA, or mevalonate (US2020071732A1; US2020165641A1).

Our survey revealed that only three countries detain the technology for the heterol-
ogous production of cannabinoids, being the United States the major contributor with
12 filled documents, followed by Canada and Italy with three and one documents, re-
spectively. The presence of Canada in this selective group is supported by the Cannabis
Act [6], a jurisdictional regulation that establishes production guidelines, licenses, and
requirements for cannabis-derived products, providing regulatory approval for both plant
cultivation and the heterologous expression. USA and Italy, on the other hand, only have
parameters defined by law regarding the cultivation and usage of the source material
(i.e., cannabis plants with Δ9-THC content of 0.3% or 0.2–0.6%, respectively), leaving the
microbial production under an unregulated ground [91,92]. However, the allowance of
cannabinoids prescription from a licensed healthcare provider [92,93] and the approval
of the first CBD-containing drug (Epidiolex®; GW Pharmaceuticals, Cambridge, UK) by
the FDA in 2018 for treating severe seizures in patients above one year old [94] creates
a prone environment for the development of biosynthetic cannabinoid industry in these
countries. This statement is supported by the nature of the applicants in the prospected
patents, which are majorly represented by private companies.

3.4. Culture Medium, Production System, and Broth Composition

The production of phytocannabinoids by heterologous expression in yeasts has been
accomplished through fed-batch liquid cultures [12,13]. This production system is indicated
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for fermentations in which substances are periodically added to the medium to fulfill the
chemical demand of the target microorganism. The interval between applications avoids
excess toxic substances in the medium, preventing possible detours during biosynthesis or
even cell death. As shown by Coral et al. [95] the medium composition plays an important
role to determine the optimal point between biomass and product concentration.

Luo et al. [13] worked with recombinant S. cerevisiae in liquid culture medium. Strains
were pre-grown in yeast peptone dextrose extract (YPD) medium overnight and then back-
diluted to OD600 = 0.2 into yeast peptone galactose extract (YPG), a non-selective culture
medium for Candida, Pichia, Saccharomyces, and Zygosaccharomyces containing 20 g/L of
peptone, 10 g/L of yeast extract, and 20 g/L of galactose. The medium was supplemented
with 1 mM olivetolic acid or corresponding fatty acid (such as hexanoic, pentanoic, and
butanoic acid). Strains were incubated for 24 h, 48 h, or 96 h in 24-deep-well plates
(800 r.p.m.) at 30 ◦C while supplementing with 2% (w/v) galactose every 24 h.

Zirpel et al. [12] worked with recombinant E. coli, P. pastoris, and S. cerevisiae. Recombinant
E. coli cells were grown in 1 l flasks, containing 100 mL LB-medium (50 μg kanamycin mL−1,
33 μg chloramphenicol mL−1, 100 μg spectinomycin mL−1) at 37 ◦C and 200 rpm to an
OD600 of 0.6. THCAS expression was started by the addition of 1 mM IPTG and cells grown
for 16 h at 20 ◦C. Recombinant S. cerevisiae cells were grown in minimal medium without
leucine at 30 ◦C and 200 rpm for 24 h. Cells were used to inoculate 100 mL of 2 × YPAD
medium at an OD600 of 0.5 and incubated with 0.5 % (w/v) galactose at 20 ◦C and 200 rpm
for 144 h. Recombinant P. pastoris cells were grown in BMGY at 30 ◦C and 200 rpm for 24 h.
Afterward, cells were harvested by centrifugation at 5000× g for 5 min and resuspended in
modified BMMY (mBMMY) [96] to an OD600 of 20. Pichia cells were cultivated at 15 ◦C and
200 rpm until no increase in THCAS activity could be observed and supplemented with
0.5% (v/v) methanol every 24 h for protein expression.

3.5. Metabolic Engineering In Silico

Despite the remarkable work accomplished by Luo et al. [13] the titers of Δ9-THCA
(8.0 mg/L−1) and CBDA (4.4 μg/L−1) obtained were low, making the process economically
unfeasible to be scaled up into industrial levels. Improvement and redesign of metabolic
pathways toward the product is the main strategy to enhance higher concentrations of
cannabinoids. In fact, metabolic bottlenecks for the biosynthesis of Δ9-THCA have been
recently analyzed in silico and reported [66] for an engineered S. cerevisiae strain. The
kinetics of reactions toward cannabinoids were modeled using MATLAB® (version 9.4,
The Mathworks, Inc., Natick, MA, USA) with the SimBiology extension [97], in which
Δ9-THCA was produced from glucose instead of galactose—a much-appreciated upgrade
since galactose is up to 100-fold more expensive than glucose. Nevertheless, a high glucose
concentration at the beginning leads to respiratory inhibition known as the Crabtree
effect [98], in which ethanol is produced and the growth rates are slowed.

The first challenge lies in acetyl-CoA, the committed precursor for mevalonate and
olivetolic acid pathways, responsible for the GPP and OA pool, respectively. Thomas
et al. [66] suggested the replacement of acetaldehyde dehydrogenase (ADH) as well as
acetyl-CoA synthetase with aldehyde dehydrogenase acylating (ADA) from Dickeya zeae,
an optimization that grants higher specific activity, demands less energy, and prevents
acetate formation. Moreover, the ethanol generated by aerobic cultivation on glucose can
be converted back into acetaldehyde with the addition of ADH2 under specific promoter
control. In parallel, non-essential pathways can be muted to enhance the carbon flux toward
cannabinoids. The peroxisomal citrate synthase and cytosolic malate synthase consume
cytosolic acetyl-CoA, being the genes CIT2 and MLS1 excellent targets to be muted to
improve acetyl-CoA pool.

The hexanoic acid production is another metabolic bottleneck referring to the limited
pool of acetyl-CoA and down related to OA. The low specificity of OAC turns only 5% of
all the hexanoic acid into OA and the remaining 95% into olivetol. The feeding of hexanoic
acid is advantageous but limited to up to 1 mM due to cell toxicity and slower growth
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rates. OA feeding is also not recommended due to its high cost, low absorbance by the
yeast, and chemical instability. Moreover, the CBGA production is a limiting step toward
the optimization of the process as shown by Thomas et al. [66] in a sensitivity analysis.
The membrane-bound enzyme CBGAS from Cannabis sativa L. was replaced by the soluble
prenyltransferase NphB present in Streptomyces spp., especially due to a CBGA-specific
variant recently reported [99].

In conclusion, the low availability of acetyl-CoA and hexanoic acid with the low
specificity of OAC are the main limiting factors for higher yields. Nevertheless, the Δ9-
THCA titer predicted in silico after 40 h of fermentation was 299.8 mg/L−1, a 37-fold
increase compared to Luo et al. [13]. Although this value is small close to Δ9-THCA and
CBDA present in plants (5–20% in dry weight of extract), it is a great opportunity for
the biosynthesis of non-common cannabinoids such as Δ9-THCVA and CBDVA (<1% in
dry weight).

4. Conceptual Downstream Analysis

4.1. Process Flowchart

A process flowchart was proposed to illustrate the downstream procedures involved
during cannabinoids purification via heterologous expression in S. cerevisiae (Figure 4).
It is considered that the engineered yeast produces Δ9-THCA. As aforementioned, the
downstream unit operations’ choices rely on microorganism specificities, and although this
is a simplified model, it accounts for the main steps and operations toward the purification
of cannabinoids on an industrial scale. With the development of pilot-scale experiments,
kinetical and transport parameters can be better estimated for decision-making.

Figure 4. Process flowchart listing the downstream operations required to purify Δ9-THCA from
fermented broth and achieve high-quality Δ9-THC. FT: fermentation tank; DS: disc-stack centrifuge;
ST: settling tank; BM: ball/beads mill; LS: liquid-liquid separator; MF: microfiltration unit; EV: falling
film evaporator; DO: decarboxylation oven; GS: gas-liquid separator.

4.2. Process Description

The separation procedures chosen were based on the works of Zirpel et al. [12] and
Luo et al. [13], whereas the scaling up of the process were based on the works of Magalhães
et al. [100], and Poulos and Farnia [101], although some changes have been proposed to
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scale up the process. A staggered set of fermentation tanks (FT-101/102/ . . . ) is consid-
ered. After the fermentation time, the fermentation broth is sent to a disk-stack centrifuge
(DS-101), responsible for the removal of culture medium and substrate not consumed
during fermentation. Centrifugation is a suitable option due to S. cerevisiae high density
(1.1 g cm−3) and sedimentation radius (2.5 μm) [87]. Another option for this step is micro-
filtration, although the high-volume flow would require several membrane units to supply
it. The cells can be dried in a low-temperature oven to remove the remaining water.

The cells are then sent to a settling tank (ST-101) in which ethyl acetate is used with a
2:1 ratio to resuspend the cells and subsequently promote liquid-liquid extraction. Ethyl
acetate was chosen as the solvent due to its high capability to solubilize cannabinoids [102],
and also because it is only partially soluble with water (8.3 g/L at 20 ◦C), which allows the
use of liquid–liquid separators at the downstream. As previously mentioned, ethanol is also
suitable for cannabinoids extraction, but its high water solubility impairs the subsequent
steps. Moreover, ethyl acetate is FDA approved for use in food as a flavor/fragrance
enhancer and solvent [102].

The suspension is sent to a ball/bead mill (BM-01) to promote cell lysis. Since
S. cerevisiae is disproved of a complex polysaccharide cell wall, the physical disruption
should be enough, although chemical methods (e.g., detergents, enzymes, chelating agents,
and/or solvents) can complement this process. Alternatively, high-pressure homogenizers
can be used. In this stage, the cells are broken and the cannabinoids are dispersed in the
medium. It is a relatively quick process on a laboratory scale (30 s−1 over 3 min) [13]. The
biphasic mixture passes through a liquid–liquid separator (LS-101), wherein the upper
(organic) phase contains cannabinoids, ethyl acetate, and the lower phase is composed of
water, ethyl acetate, and nutrients/culture medium. The lower phase is sent to the solvent
recovery area.

The organic phase is forwarded to a microfiltration unit (MF-101) to remove cellular
debris. For this operation, the filter membrane needs to have a pore size between 0.2 and
0.45 μm [13] used polyvinylidene difluoride (PVDF) membranes during its polishing steps
prior to HPLC analysis.

The filtrate is then sent to a set of multiple effects falling film evaporators (EV-01/02) to
remove part of the solvent and prepare the product for the decarboxylation step. Vacuum is
used to boil the mixture in low temperatures, avoiding Δ9-THCA oxidation into CBNA and
other secondary reactions [103]. It is known that CBNA/CBN is formed during the long-
time storage of cannabis [104], although its rate is reduced in the absence of oxygen and
light [52]. The vapor from the first effect is used as a heat duty stream to the second effect.
Due to the high boiling points of cannabinoids, losses involved during evaporation are
minimal. The vapor and condensate from the second effect are sent to a condenser (CD-101).

The concentrate is forwarded to a settling tank (ST-102) avoiding process discontinuity
by upstream delays. The last step is to remove the residual solvent in the product and
promote the decarboxylation of Δ9-THCA into Δ9-THC. For this step, a decarboxylation
vacuum oven (DO-101) is proposed, in which the mixture is dispersed into trays with
temperature close to 120 ◦C for up to one hour [105]. As shown by Wang et al. [52], it
is possible to obtain pure Δ9-THC from Δ9-THCA by heating the extract to 110 ◦C for
40 min, under vacuum and absence of light. Even though no significant amount of CBN
was detected, a relative loss in total molar concentration of 7.94% was noted, indicating
that part of the reactant or product is being consumed by a secondary mechanism (e.g., a
side reaction with an unstable intermediate and/or product).

After the decarboxylation step, the Δ9-THC extract is almost completely pure. The
final product consists of Δ9-THC with residual ethyl acetate. As decarboxylation involves
the loss of a carboxyl group, the molar mass of Δ9-THCA goes from 358.48 g/mol to
314.47 g/mol, causing a reduction in the mass of the final product by 12.3%.

As a complementary procedure, the concentrate can be sent to a fine separation
involving chromatography, such as high-performance liquid chromatography (HPLC),
counter-current chromatography (CCC), and centrifugal partition chromatography (CPC).

181



Fermentation 2022, 8, 84

These techniques show high separation capacity and the possibility of scaling. CPC was
chosen because of its advantages over CCC, such as a higher flow for the same volume.
On a laboratory scale, 250 mL centrifugal partition chromatography has an ideal flow rate
of 5–15 mL/min, while 250 mL counter flow chromatography has an ideal flow rate of 1
to 3 mL/min. On an industrial scale, 25 L counter-current chromatography has an ideal
flow rate of 100 to 300 mL/min, whereas 25 L centrifugal partition chromatography has an
ideal flow rate of 1000 to 3000 mL/min. This ensures greater productivity (due to higher
flow and faster separation time), allowing the process to be scalable to up to tons per
month [106]. RotaChrom Technologies LLC (Budapest, Hungary) developed an industrial
scale CPC, the iCPC®, which can deliver a flow rate of up to 2.5 L/min, achieving 50–500 kg
of purified product per month [107]. The final product is resuspended in anhydrous ethanol
or formulated in capsules/pills as desired.

5. Further Analysis and Improvements

The production of cannabinoids through heterologous expression in S. cerevisiae is
feasible, although its low yields and metabolic bottlenecks adds complexity to scale up the
process. Although fermentation can supply several cannabinoids, full-spectrum extracts
(i.e., those with phytocannabinoids and secondary metabolites) are unlikely to be achieved,
especially due to metabolic network complexity and microorganism expression limitations.
In the future, it is important to analyze the limiting factors of cannabinoid production in the
recombinant microorganism, and even reassess whether S. cerevisiae is the best candidate
for this task.

To optimize the fermentative production of cannabinoids in recombinant microorgan-
isms, different parameters need to be considered at genetic, metabolic, and technological
levels. The first one refers to the expression of genes and pathways for the conversion of
glucose into cannabinoids. The metabolic level is responsible for the better understanding
of pathway interactions, allowing the characterization of metabolic bottlenecks to be further
engineered and optimized. As noticed, the low acetyl-CoA and hexanoic acid availability
for subsequent pathways are the main bottlenecks for the biosynthesis of Δ9-THCA in S.
cerevisiae. The technological level refers to the downstream procedures needed to achieve
high-purity cannabinoids on an industrial scale, avoiding unnecessary losses and providing
a final product with accessible cost.

Nevertheless, cannabinoids fermentation is an exciting and brand-new niche arriving
that can substantially change the availability of those compounds, providing a high-quality
drug at a reasonable price, especially for non-common cannabinoids, such as C3 cannabi-
noids, novel cannabinoids, and analogs.
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Abstract: Microbiology has long been a keystone in fermentation, and innovative yeast molecular
biotechnology continues to represent a fruitful frontier in brewing science. Consequently, modern
understanding of brewer’s yeast has undergone significant refinement over the last few decades. This
publication presents a condensed summation of Saccharomyces species dynamics with an emphasis
on the relationship between; traditional Saccharomyces cerevisiae ale yeast, S. pastorianus interspecific
hybrids used in lager production, and novel hybrid yeast progress. Moreover, introgression from
other Saccharomyces species is briefly addressed. The unique history of Saccharomyces cerevisiae and
Saccharomyces hybrids is exemplified by recent genomic sequencing studies aimed at categorizing
brewing strains through phylogeny and redefining Saccharomyces species boundaries. Phylogenetic
investigations highlight the genomic diversity of Saccharomyces cerevisiae ale strains long known to
brewers for their fermentation characteristics and phenotypes. The discovery of genomic contribu-
tions from interspecific Saccharomyces species into the genome of S. cerevisiae strains is ever more
apparent with increasing research investigating the hybrid nature of modern industrial and historical
fermentation yeast.

Keywords: hybrid; lager; yeast; introgression; interspecific; domestication; phylogeny; brewing;
molecular; genomics

1. Species of Saccharomyces

Saccharomyces cerevisiae may be one of the oldest domesticated organisms known to
humans. Domestication events imposed on brewing strains of the budding yeast species
S. cerevisiae resulted in unique strains similar to the divergence seen in animal lineages of
Canis familiaris breeds or the plant lineage of Brassica oleracea foods. It has been suggested
that S. cerevisiae behaved as a synanthropic species, following human settlements as a com-
mensal organism residing in gardens and vineyards, although the time period and location
of the yeast’s origins has been the subject of much debate throughout history. Domesticated
Saccharomyces brewing strains feature flocculation capabilities, fast fermentation rates, malt
sugar utilization, pleasant aromas, and are largely negative for production of phenolic off
flavors (POF) [1,2].

Nearly two centuries have passed since the first accessible description was produced
regarding brewer’s yeast and its recognition in fermentation [3,4]. Recently, phylogenic
research utilizing genomics and modern molecular biology techniques has shed some
light on the historically convoluted nomenclature surrounding this budding yeast. Ge-
nomic analysis of the Saccharomyces genus has consolidated many variations into eight
individual species: S. cerevisiae, S. paradoxus (syn. S. cariocanus, S. cerevisiae var. tetraspora,
S. cerevisiae var. terrestris, S. douglasii), S. uvarum (syn. S. bayanus var. uvarum), S. mikatae,
S. kudriavzevii, S. arboricola (syn. S. arboricolus), S. eubayanus, and S. jurei [3,5–19] (Table 1).
Moreover, two natural hybrids are recognized in the Saccharomyces clade: S. pastorianus (syn.
S. carlsbergensis, S. monacensis) and S. bayanus [20–22]. Most modern lager fermentations
utilize S. patorianus yeasts.
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Table 1. Current Saccharomyces Yeast Species History.

Saccharomyces Described Substrate Location Reference

cerevisiae 1838 Beer Germany [4]

uvarum 1898 Ribes rubrum,
redcurrant juice

South Holland,
The Netherlands [16,17]

paradoxus 1914 Tree sap Russia [15]

kudriavzevii 1991 Decayed leaf Japan [18]

mikatae 1993 Decayed leaf Japan [19]

arboricola 2008 Fagaceae spp. West China [6]

eubayanus 2011 Nothofagus spp. & parasitic
fungi Cyttaria spp.

Andean,
Patagonia [11]

jurei 2017 Quercus robur Saint Auban,
France [14]

2. Hybrid Nature of Yeast

Interspecific hybrids are not unique to lager brewing. For example, the livestock and
agricultural industries commonly employ selective breeding to alter species’ properties
or increase yields [23–25]. A time-honored showpiece of hybrid vigor is the mule, a
great pack animal known for its hardiness and longevity. For over 4000 years, the mule
has been bred as the hybrid progeny of a male donkey and a female horse. Since the
early 1900s, maize has been hybridized to increase yields and introduce biodiversity [26].
Similarly, hybrid yeasts have been isolated from fermentation processes on numerous
occasions [27] (Figure 1). A hybrid between S. cerevisiae and S. kudriavzevii was isolated
from Belgian Trappist beers [28]. Popular in wine production, strain VIN7 is a hybrid
of S. cerevisiae and S. kudriavzevii [29]. Other interspecific S. cerevisiae and S. uvarum
hybrids are also regularly used for production of wines [29,30]. Spontaneous fermentations
have yielded Pichia apotheca, a hybrid of P. membranifaciens and an unknown species [31].
Hybrid vigor, or heterosis, confers a competitive advantage by facilitating transgressive
phenotypes in changing environments, and is known to be a driver of fungal evolution and
adaptation [32]. This is especially important for yeast as the many stages of fermentation
and maturation create a microbially competitive environment in which rapid adaptation
may be advantageous.

The mule of the brewing industry is the lager yeast S. pastorianus, an interspecific
hybrid that produces the lion’s share, in volume, of the global beer production. Although
its use is widespread, the biodiversity is limited to two main lineages, Saaz/group I
(syn. S. carlsbergensis, (L12: Noble, Imperial Yeast Culture Collection, type strain CBS1513)
and Frohberg/group II (L13: Global, Imperial Yeast Culture Collection, type strain-
Weihenstephan 34/70). Saaz and Frohberg lineages vary in their genomic composition from
each parent species, S. eubayanus and S. cerevisiae, which influences important fermentation
characteristics. Genomic analysis demonstrated a genomic composition of 1:2 S. cerevisiae to
S. eubayanus sub genome in the Saaz lineage and 2:2 S. cerevisiae to S. eubayanus sub genome
in the Frohberg lineage supporting the traditional designations used by brewers [33–35].
Saaz lineage hybrids are very well adapted to cold fermentations and many of these strains
lack maltotriose utilization [27]. The Frohberg hybrids contain more S. cerevisiae genomic
content conferring greater attenuation, higher ethanol production, differing ester profiles,
and higher typical viabilities [36]. The composition of genetic material transferred and
retained in these hybrids impart important fermentation characteristics and phenotypes
such as the POF (phenolic off flavor) trait, efficient fermentation of maltose and maltotriose,
reduction of diacetyl, flocculation, and production of unique volatile metabolite profiles that
are low in off-aroma/flavors. Investigation into these hybrid lineages supports bolstering
the fermentation capacity of S. cerevisiae with hybrid vigor from S. eubayanus incorporation
and conveyance of a positive phenotype.
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Figure 1. Saccharomyces phylogenetic tree with industrially important hybrids. Industrial hybrids
are listed to the right by the fermentation they have predominately been associated with. Solid lines
between two species signifies the interspecific hybrids and dashed lines denote introgression from a
third or fourth species that may not always be present in each hybrid strain.

3. Novel Hybrid Development

The first yeast breeding experiments aimed at combining desirable traits of brewing
strains were conducted by Ojvind Winge during his tenure at the Carlsberg Laboratory in
the 1930s [37]. Hybrid yeast development has been carried out for over half a century since
then, aimed predominantly at increasing attenuation and fermentation rates via intraspe-
cific crosses with ale and lab strains [38–40]. Modern fermentations benefit from many
innate and acquired hybrids that have been isolated or developed [11,27,28,41–52]. Early
efforts in brewing science established the fundamentals necessary to explore the phylogeny,
genomics, and strain development for Saccharomyces fermentation. During typical rich
nutrient propagations of yeast in a brewing environment, mother cells reproduce asexually
to bud off small daughter clones (Figure 2). Under poor nitrogen conditions, such as proline,
yeast growth changes to a pseudohyphal form [53,54]. The complete absence of a nitrogen
source and the presence of a non-fermentable carbon source, such as acetate, will sporulate
yeast cells [55]. Sporulation transforms the cell wall into the ascus, or sack, that holds
four spores termed a tetrad. Analogous to the human egg and sperm, these spores divide
equally into mating types as either a or α [56]. When conditions improve for yeast growth,
new haploid (1n) yeast can conjugate with the opposite mating type yeast as they form a
shmoo. Depending on the genomic make up of each parental strain or species, there is some
genomic instability or rewiring that occurs during the following mitotic budding growth.

Interspecific hybridization is seen as a valuable tool for yeast strain development,
enabling the combination and enhancement of characteristics from both parental strains
or species [57]. The development of hybrids is executed via three primary methodologies:
spore–spore mating, rare mating, and protoplast fusion (Figure 2). Spore to spore mating
is most similar to what would be considered natural mating, as outlined in Figure 2b.
This approach bears a high success rate, high genomic stability, and can avoid the aid of
selection markers such as drug resistance or autotrophies. Rare mating utilizes a described
spontaneous loss of heterozygosity at the mating type locus. Normal diploid cells carry
two sets of chromosomes with both the MATa and MATα genetic alleles and do not
respond to sex pheromones for mating purposes. The spontaneous loss of either sex
allele tolerates yeast mating to a yeast cell of complimentary sex. This results in yeast
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with high chromosome counts, influencing gene dosage during cellular processes and
partially explains the outperformance over a diploid yeast of the same background [57].
Rare mating, as the name implies, is uncommon and selection markers are needed to
perform this technique. The frequency of rare mating is estimated to occur in 1 out of
10 million cells [58]. This procedure is beneficial in overcoming poor sporulation but
produces hybrids prone to high genomic instability. Lastly, protoplast fusion is performed
by removing the cell wall and fusing the protoplasts of two cells together before the cell
wall is repaired. This technique generates cells with a high chromosome copy number and
higher genomic instability but overcomes low sporulation. This technique can be used in
the laboratory to combine yeast from different genera such as the brewer’s yeast S. cerevisiae
and other yeast outside of the Saccharomyces genera which are otherwise incompatible [59].
Protoplast fusion is considered genetic engineering in many parts of the world. Recent
select investigations into Saccharomyces hybrid application in beverage fermentations are
listed in table format (Table 2).

(a) (b) (c) (d) 

Figure 2. Life and Mating of Saccharomyces Yeast. Diagram pertaining to the clonal growth typi-
cal of yeast fermentation cultures and the various known techniques employed to generate yeast
hybrids. (a) Diploid yeast cells may bud and grow clonally to form a mother and daughter cell or
undergo sporulation to form a tetrad. (b) Yeast hybridization may form by direct spore to spore
mating. (c) Yeast hybridization may form by rare mating events in which one or both diploid par-
ent cells gain competency by becoming hemizygous or MATa/MATa and MATα/MATα diploids.
(d) Yeast hybridization may also form by fusion of two separate yeast cell protoplasts with their cell
wall removed.

Utilizing advanced molecular biology techniques for the modification of yeast strains
presents an ongoing endeavor by many academic labs and some commercial yeast laborato-
ries. Several research groups have developed protocols that use plasmids carrying genetic
markers for drug resistance or functional enzymes that target the mating system in yeast.
Industrial strains are well-known for their poor ability to adhere to laboratory techniques
including sporulation and transformation [60]. One strategy developed at the University of
Wisconsin generates allotetraploid strains of prototrophic yeast without the need for sporu-
lation or modification to the nuclear genome of parental yeast strains [61]. This method
leverages a series of inducible plasmids coined HyPr (Hybrid Production) containing com-
pilatory drug markers and an inducible HO cassette. HO encodes an endonuclease that
performs a double stranded break in the DNA that determines the Saccharomyces sex type.
To repair this damage, the yeast cell will copy the silenced sex type already present in

191



Fermentation 2022, 8, 87

the genome, effectively performing a sex change and allowing the cell to mate with other
cells of the opposite mating type. Using drug resistance markers and the HO cassette,
hybrids are produced and serial growth in the absence of drug selection purges cells of
exogenous DNA [61]. Similarly at the Advanced Industrial Science and Technology Center
of the Biomedical Research Institute of Japan, another plasmid utilizing system aimed at
exploiting the loss of heterozygosity of yeast cells was developed. A series of three to
four plasmids allows for isolating a- and α- type cells from mixed cell populations and
subsequent continual cross breeding [62]. CRISPR/Cas9 has also been utilized to force
double stranded breaks in the MAT locus in order to increase the diversity of industrial
yeast strains and their hybrids [63]. In the coming years, industrial yeasts will be designed
by utilizing these protocols and molecular toolkits.

Currently, the options for strain selection in S. cerevisiae yeast are plentiful, but the
criteria for fermentation performance in the brewing environment remains selective. Strains
are employed largely by beer style, equipment availability, and supporting knowledge
base. Certain beer styles also contain defining features from specific yeast flavor active
molecules [64]. Banana and clove flavors are derived from isoamyl acetate and 4-vinyl guaia-
col (4VG) in Weissbier [64–66]. Hybridization of yeast bears several advantages in brewing
to include transgressive phenotypes such as increased ethanolic fermentation performance
or stress tolerance, shifting fermentation temperatures beyond traditional inhibitory condi-
tions, and creating a mosaic blend of parental fermentation profiles [24,51,57,63,67]. Targets
of yeast hybridization may include increased formation of glycerol for an enhanced mouth-
feel, alternative carbon source metabolic ability, reduced off-flavor production, increased
formation of antioxidants that increase beer flavor stability, or increase production of yeast
longevity molecules such as trehalose. The methodologies to create yeast hybrids vary
in their specificity to target genetic or phenotypic results, but efforts to harness yeast hy-
brids in brewing broadly increase the biodiversity of fermentation yeast, add depth to the
complexity of fermentation profiles, and advance brewing science knowledge.

Table 2. Interspecific Yeast Hybrids in Fermentation.

History Parents Reference

Isolated S. cerevisiae × S. eubayanus [11]
Isolated S. cerevisiae × S. eubayanus × S. uvarum [41]
Isolated S. cerevisiae × S. uvarum [68]
Isolated S. cerevisiae × S. kudriavzevii [27,28,42]
Isolated S. uvarum × S. eubayanus [27,42]

Developed S. cerevisiae × S. eubayanus [43,45–47,69]
Developed S. cerevisiae × S. mikatae [48]
Developed S. cerevisiae × S. kudriavzevii × S. paradoxus [49]
Developed S. cerevisiae × S. kudriavzevii [52]
Developed S. cerevisiae × S. arboricola [48,51]
Developed S. cerevisiae × S. jurei [70]

4. Natural Considerations and State of the Field

Outside of industrial fermentations and laboratory settings, Saccharomyces yeast is
readily obtained from tree sap exuded seasonally from oaks and beech tree bark, part of
the Fagaceae family. The natural fluctuation of available carbon, nutrition, and climate
influences the state cells between active replication, a non-dividing state termed quiescence,
and sporulation [71]. During industrial use, yeast spend their time in active growth
and metabolism.

The fermentation of sugars into ethanol, carbon dioxide, and flavor molecules is
utilized to prepare food or drink for human consumption. The brewer’s and baker’s
yeast have secured a niche ecological space in industry via an advantage in high sugar
environments. The Crabtree effect is a critical microbial factor for beer production and
occurs when fermentation of sugars is the preferred metabolic route instead of aerobic
respiration in the presence of oxygen. This metabolic capability is estimated to have evolved
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during the Cretaceous period, ca. 125 million years ago, when modern fruiting plants
also appeared and humans were absent [72,73]. Bacteria present in these environments
competed for resources, but the make–accumulate–consume provided a winning strategy
for yeast. By producing inhibitory concentrations of alcohol for later consumption via a
diauxic shift the yeast continued to occupy these environments over time [71,72,74].

The production of fruity esters may be an advantageous evolutionary trait developed
to allow the passage of non-mobile unicellular fungi yeast from one rich environment to
the next either via insect or brewer [75–78]. One theory suggests insect vectors’ intestines
act as a vessel for facilitating natural yeast hybridization events [76,77]. Unfortunately, the
microscopic nature of yeast impose a limit for scientists to infer retrospectively on yeast
mating modes and frequency by analyzing genomic data sets [79,80].

Interspecific hybridizations facilitate exchange of DNA which intertwine lineages
and blur traditional species boundaries [32]. In yeast, the newly developed hybrids
can rapidly adapt by filtering their diverse chromosomes and retaining advantageous
portions via the loss of heterozygosity [81–83]. Cells experiencing a stressor, such as a
drug or environmental condition, appear to prioritize genomic filtering early in growth,
demonstrated by Saccharomyces interspecific hybrids subjected to various temperatures.
S. cerevisiae and S. uvarum hybrids retained the cryotolerant subgenome of S. uvarum dur-
ing cold adaptation, but retained the S. cerevisiae subgenome during warm environmental
growth [83,84]. The dynamics between interspecific hybridization, adaptation, and evo-
lution in Saccharomyces is not fully understood, but recent evidence suggests that this
exchange of DNA components has and will continue to play a pivotal role as new yeast
hybrids are described.

5. Conclusions

The quest to gain diverse and novel fermentation characteristics from a pure culture
remains an overarching goal for brewing molecular biologists. Flavor attributes and
temperature phenotypes were investigated by many research groups; however, gaps in
knowledge remain concerning yeast fermentation and the evolution field. Efforts large
and small are being exerted worldwide to explore the awesome power of yeast genetics in
brewing sciences, yet many questions continue to surround the budding fungus akin to
the brewers and bakers of the globe. Are interspecific hybrids naturally abundant under
the correct environmental conditions or are they rare success stories? To what extent are
yeast present in various natural climates and substrates, what vectors are involved in
mobility, what interactions occur with other microbes, what is the typical lifecycle timeline
of wild yeast, do Saccharomyces yeast originate out of Asia, or will researchers ever obtain
adequate and representative environmental samples? Yeast phenotypes that, to the authors
knowledge, remain unexplored by targeted hybridization include formation of antioxidants
that increase flavor stability, formation of glycerol for an enhanced mouthfeel in low alcohol
beverages, and reduced off-flavor production.

Many recent interspecific hybrids developed have largely focused on reinventing the
lager yeast, S. pastorianus, by crossing S. cerevisiae with S. eubayanus. As research continues,
understudied Saccharomyces species may serve as a reservoir for diverse genomic contri-
butions. Natural isolates of Saccharomyces hybrids suggest that interspecific mating is not
as uncommon as previously thought and recent investigations continue to redefine species
whilst uncovering genetic exchange events. The ability of yeast to participate in interspecific
hybridization and avoid hinderance by large genetic distances between parent species is
promising and illustrative of the introgression likely yet to be discovered in many preserved
isolates. While there are many yeast strains favored for production of quality fermented
foods and beverages, their status as species or hybrids may be adjusted over time owing
to the continual refinement of phylogenetics, the advancement in genome sequencing
technology, and increased accessibility to genomic sequencing capabilities. By increasing
yeast sampling, focusing on metabolic specifics, and facilitating collaboration, the yeast of
tomorrow will be driven by scientific innovation in the laboratory today.
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Nomenclature

Terminology Description 

a/α

The two mating types of S. cerevisiae that enable cellular
fusion when the complimentary pheromone is detected.
The mating type and sexual state is largely determined by
the MAT locus on chromosome III.

Allele

A variant of any particular gene found at the same
genomic location. The mating type of yeast is
determined by which allele, MATa or MATα, is present
at the MAT locus.

Alloploids
A hybrid organism or cell composed of two or more
sets of chromosomes obtained from two separate species.

Auxotrophy

The loss of a functional gene needed for growth. This is
particularly relevant for amino acid synthesis and
metabolism during yeast genetics experiments where
controlling growth is needed.

Ascus
The sack like structure enclosing the four spores of
Saccharomyces, this characteristic is important in
classification of the Ascomycota (sac fungi) yeast.

Brassica oleracea

Important food crop plant species. It is wild cabbage in
the uncultivated form, but cultivation has yielded
varieties over time to include broccoli, brussels sprouts,
kale, cauliflower, cabbage, and collards.

Crabtree Positive
Microorganism that preferentially metabolizes sugar
into ethanol in the presence of oxygen instead of
cellular respiration.

Diauxic Shift
The shift from fermentation to utilizing ethanol for
cellular respiration and cell growth.

Diploid
An organism with a paired set of chromosomes creating
a (2n) genome, such as a human with a set of genomes
from each parent.

Fagaceae spp.
Family of Angiosperms (flowering plants) that include
the beech and oak trees.

Frohberg
One of two primary lineages of modern lager yeast
known to brewers originally used in Germany.
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Terminology Description 

Gene

The basic unit of heredity which is composed of a
sequence of DNA. It is characterized by a start sequence,
genomic segment that often is translatable into a protein of
function, and a stop sequence.

Genomics

The study of all of an organism’s complete sequences of
genetic materials composed of DNA (deoxyribonucleic
acid) including structure, function, evolution, mapping,
editing, and environmental interactions.

Haploid
An organism with one set of chromosomes composing
their genome (1n).

Hemizygous
A condition of diploid cells where only one copy of a
gene or other genetic component is present.

Hybrid Vigor (syn. Heterosis)
The tendency for the hybrid progeny between two
species to outperform their parents in traits such as
strength, size, or yield.

Interspecific Arising or existing between separate species.

Intraspecific
Arising or existing within a species or individuals from
the same species.

Locus
A specific fixed position on an individual chromosome
where particular genetic content is present.

Make Accumulate Consume

S. cerevisiae yeast survival strategy that invokes the
ability to make ethanol from saccharides, the ability
to survive accumulation of the toxin, and the ability
to consume ethanol for energy post fermentation.

Maltotriose

Prominent trisaccharide typical of beer wort and is
enzymatically derived from starch. It is composed of
three glucose molecules linked together by α-1,4
glycosidic bonds.

Nomenclature
The terminology and language used to categorize and
communicate in various disciplines.

Out of Asia/Silk Road Hypothesis
The idea that Saccharomyces yeast originate from an
Asian geographical region because of the abundance
natural biodiversity found in that region.

Phenotype
A characterized trait, best exemplified by
measurable qualities such as color or yield.

Phylogeny The lineage and evolution of relative organisms.

Progeny The offspring or descendants of an organism.

Quiescence
A state of inactivity, dormancy, or a period of idleness
in yeast ecology.

Saaz
One of two primary lineages of modern lager yeast
known to brewers originally used in Bohemia region of
the Czech Republic where the town Žatec/Saaz is located.

Shmoo

The distinct physical form of two Saccharomyces yeast
cells mating. This terminology originated from the
morphological similarity to an Al Capp cartoon popular
in America during the early 1950s.
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Terminology Description 

Synanthropic Species

An undomesticated organism that habitually exists with
human populations and benefit from non-natural
environments. Their life cycles are adapted fully or in
part to conditions created by human activity.

Tetrad
Four spores produced via meisis of Ascomycota yeast,
specifically focused on yeast S. cerevisiae in this article.

Transgressive Phenotype
Formation of extreme phenotypes that surpass the ability
of parental lineages, often found in hybrids and can
be positive or negative for fitness of the individual.
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Abstract: The fast emergence of multi-resistant pathogenic yeasts is caused by the extensive—and
sometimes unnecessary—use of broad-spectrum antimicrobial drugs. To rationalise the use of
broad-spectrum antifungals, it is essential to have a rapid and sensitive system to identify the most
appropriate drug. Here, we developed a microfluidic chip to apply the recently developed optical
nanomotion detection (ONMD) method as a rapid antifungal susceptibility test. The microfluidic
chip contains no-flow yeast imaging chambers in which the growth medium can be replaced by an
antifungal solution without disturbing the nanomotion of the cells in the imaging chamber. This
allows for recording the cellular nanomotion of the same cells at regular time intervals of a few
minutes before and throughout the treatment with an antifungal. Hence, the real-time response of
individual cells to a killing compound can be quantified. In this way, this killing rate provides a new
measure to rapidly assess the susceptibility of a specific antifungal. It also permits the determination
of the ratio of antifungal resistant versus sensitive cells in a population.

Keywords: cellular nanomotion; single cell; optical nanomotion detection; microfluidic chip; no-flow
chamber; yeast; Saccharomyces cerevisiae; antifungal

1. Introduction

Fungal infections are an important growing health problem due to a high mortality
rate, which is currently more than 1.6 million people worldwide per year [1–3]. It is
becoming increasingly difficult to cure these infections as the microorganisms become more
and more resistant to the existing antimicrobial drugs [4]. These resistant microorganisms
induce an increase in hospital stays and medical costs. Options to control their proliferation
consist of the development of novel molecules or a more targeted use of antimicrobial
drugs. However, the choice of available antifungal drugs to treat invasive fungal infections
is limited, since only three structural classes of compounds (i.e., polyenes, azoles, and
echinocandins) are available [5]. Furthermore, these current antifungal drug compounds
can show significant limitations such as toxicity (e.g., amphotericin B displays considerable
toxicity and undesirable side effects [6,7]), issues with pharmacokinetic properties and the
activity spectrum, a small number of targets [8,9], and a risk of interacting with other drugs,
such as chemotherapy agents and immunosuppressants [10,11]. Due to this urgent problem,
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there is an increasing interest in developing new means to fight fungal infections, one of
which is the development of new antifungal compounds. Today, multiple compounds are
in the clinical development stage [12–18].

An alternative way to reduce the spread of pathogenic fungi is the development of
rapid antifungal sensitivity tests. Such tests should permit the quick identification of the
most appropriate drug to fight a specific fungus (ideally in a timeframe of 1–3 h), and
they should drastically reduce the use of large-spectrum antifungals that are documented
to induce resistance. Standard antifungal susceptibility testing (AFST) methods rely on
measuring fungal growth in the presence of antifungals over a few days [19]. Among
them, commercially available tests, such as Sensititre YeastOne, Etest, and the fully
automated Vitek 2 yeast susceptibility system, which are all easy-to-use modifications
from CLSI/EUCAST reference methods, are widely used for testing the antifungal
susceptibility of relevant Candida and Aspergillus species [8]. New diagnostic approaches,
based on technologies such as flow cytometry, MALDI-TOF mass spectroscopy, and
isothermal microcalorimetry, have been developed to expand, and potentially improve,
the capability of the clinical microbiology laboratory to yield AFST results [19]. However,
most of these techniques are expensive, time-consuming (up to 7 days), or deliver limited
information on microbial phenotypes. Since microfluidics provides several advantages
over existing macro-scale methods, several microfluidic platforms have been developed
recently to perform rapid antimicrobial susceptibility tests [20]. These platforms are
mainly based on the microscopic transmission or fluorescence observation of cells to
quantify the effect of the antimicrobial on cell growth or viability. Unfortunately, most of
the newly developed devices are focused on antibiotic susceptibility testing (AST), and
much less on AFST.

A couple of years ago, atomic force microscope (AFM)-based sensitivity tests were
developed to assess the sensitivity of microorganisms to a given drug in a timeframe of
minutes [21,22]. The test consisted in attaching the organism of interest onto an AFM
cantilever and monitoring its oscillations (referred to as cellular nanomotion since the
displacements are of the nanometre order) as a function of time and the presence of
antimicrobial drugs. Numerous studies demonstrated that living organisms attached to
AFM cantilevers induce oscillations of the lever that immediately stop when the organism
dies [23,24]. Hence, this newly developed technology, called cellular nanomotion detection
(NMD), detects living organisms in a chemistry-independent manner and offers a clear
advantage in terms of test velocity [25,26], but possesses several drawbacks too. AFMs,
unfortunately, are expensive and relatively complex devices that require some expertise
to operate. In a typical AFM, the cantilever oscillations are detected by monitoring the
deflections of a laser beam that is reflected off the very end of the lever. This requires a
precise adjustment of the laser as well as of the detector (four-segment photodiode) before
each measurement. Finally, such nanomotion detectors are relatively complex to scale up
and can only monitor a single bacterial/fungal species at a time.

Other methods have also been used to detect the nanomotion of living microorganisms
that are attached to a surface. These include plasmonic imaging of the z motion of attached
bacteria [27], sensing of the attached bacterial vibrations with the phase noise of a resonant
crystal [28], tracking the x-y motion of attached uropathogenic Escherichia coli [29], and
subcellular fluctuation imaging, which is based on total internal reflection microscopy
(TIRM) [30], as well as optically tracking bacterial responses on micropillar architectures
using intrinsic phase-shift spectroscopy [31]. Recently, we found that a simple optical
microscope equipped with a video camera can also detect living cells’ nanometric scale
oscillations at a subpixel resolution using dedicated software [32]. We designated this
method as “optical nanomotion detection” (ONMD). The technique does not require
attaching the cells to a surface or a cantilever, nor must the cells be labelled, which are
major advantages. The measurement is fast, simple, and inexpensive.

Here, we developed a microfluidic chip for the rapid determination of drug suscepti-
bilities in fungal isolates and tested its functionality. The microfluidic chip contains no-flow
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imaging chambers, enabling us to determine the optical nanomotion of single yeast cells
before, during, and after the treatment with a chemical compound. A non-pathogenic
yeast, i.e., Saccharomyces cerevisiae, was used as a model yeast to evaluate its ONMD in
the imaging chambers. The cells are pumped into the chambers, and next, exposed to a
medium containing the antimicrobial drug or compound. In this study, the cells were killed
with ethanol and the antifungal amphotericin B. The effect of these chemical compounds
on individual yeast cells was successfully assessed by monitoring their nanomotion pattern
as a function of time.

2. Materials and Methods

2.1. Yeast Cultivation

In these experiments, we used the S. cerevisiae BY4742 strain. Yeast cells were cultured
by inoculating 10 mL of YPD medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L
dextrose) with a colony from a YPD agar (YPD containing 20 g/L agar) plate. The cultures
were grown overnight in 100 mL Erlenmeyer flasks at 30 ◦C and 200 revolutions per minute
(rpm) (Innova 4400, New Brunswick, Edison, NJ, USA). The overnight cultures were diluted
in a YPD medium to obtain an optical density at 600 nm (OD600 nm) of 0.5 and were then
grown in Erlenmeyer flasks for 1 h at 30 ◦C and 200 rpm. The cultures were further diluted
afterward, depending on the cell concentration (OD600 nm value), to obtain an optimal
number of cells and allowing for single-cell visualisation in each imaging chamber.

2.2. Microfluidic Chip Construction

The microfluidic chip was fabricated in polydimethylsiloxane (PDMS) by soft lithog-
raphy. First, the design of the microfluidic chip was created in DesignSpark Mechanical
(www.rs-online.com, accessed on 10 September 2021), and then printed onto a film
photomask (0.18 mm polyester with photo emulsion layer) using a laser-photoplotter
(Selba S.A., Versoix, Switzerland). The mould of the PDMS chip was then made on a
silicon wafer (4-inch Test CZ-Si wafer, Microchemicals GmbH, Ulm, Germany), using
multi-layer photolithography. The wafer was cleaned in acetone (Carl Roth, Karlsruhe,
Germany) and 2-propanol (Carl Roth, Karlsruhe, Germany) for 5 min each, then rinsed
with ultrapure water and, finally, air blow-dried. The wafer was then heated on a hot
plate (Torrey Pines Scientific, Carlsbad, CA, USA) at 100 ◦C to ensure that all the residual
solvents were evaporated. The wafer was then exposed to air plasma at 100 W, 50 kHz,
for 1 min (Plasma System Cute, Femto Science, Dongtangiheung-Ro, Korea). Two dif-
ferent resists were used to make the imaging chambers and the channels of different
heights. First, the imaging chambers were created using the negative photoresist GM1050
(Gersteltec Engineering Solutions, Pully, Switzerland). The resist was spin-coated onto
the wafer at 940 rpm for 40 s and soft-baked on a hot plate at 120 ◦C for 2 min to reach
an approximative thickness of 8 μm. The wafer and the chambers’ photomask were
brought into hard contact in the mask aligner UV-KUB3 (Kloé, Saint-Mathieu-de-Tréviers,
France) and illuminated at 365 nm ultraviolet (UV) light (intensity of 35 mW/cm2) for
3 s. Following UV exposure, the wafer was post-baked for 2 min at 65 ◦C in an oven,
and then for 10 min at 95 ◦C on a hot plate. For the channels, the second layer of SU-8
3050 (Kayaku Advanced Materials, Westborough, MA, USA) was spin-coated onto the
wafer at 3500 rpm for 30 s and soft-baked for 6 min at 95◦C on a hot plate, to reach
an approximative thickness of 60 μm. The wafer was then aligned and brought into
hard contact with the channels’ photomask and illuminated with 365 nm UV light (in-
tensity of 35 mW/cm2) for 9 s. Next, the wafer was post-baked for 5 min at 95 ◦C on
a hot plate. Finally, the wafer was immersed in SU-8 developer (Kayaku Advanced
Materials, Westborough, MA, USA) for 6 min and then washed with 2-propanol and
blow-dried. The dimensions of the channels and imaging chambers were measured with
a 3-D profilometer (Profilm 3 D, Filmetrics, San Diego, CA, USA).

The SU-8 mould was cleaned from (in-)organic residue by rinsing it with acetone,
2-propanol, and ultrapure water, and blow-dried with air. The mould was then silanised in
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a glass bell with TMS (chlorotrimethylsilane, Sigma Aldrich, Overijse, Belgium) for 15 min
to reduce the adhesion of PDMS to the SU-8 mould. PDMS (Sylgard 184 Silicone Elastomer
Kit, Dow Inc., Midland, MI, USA) was prepared by mixing the base and the curing agent at
a 10:1 ratio. After casting the PDMS onto the mould, it was degassed in a glass bell with an
applied vacuum for 30 min to 1 h. The PDMS was then cured for 1 h at 100 ◦C on a hot plate
or overnight at 60 ◦C in an oven. After curing, the PDMS was peeled off the mould and the
holes for inlets and outlets were punctured with a 1 mm rapid core sampling tool (Electron
Microscopy Sciences, Hatfield, PA, USA). Finally, the microfluidic chip was assembled by
bonding the PDMS to a glass coverslip (170 μm thickness, Carl Roth, Karlsruhe, Germany),
after plasma-treating them both at 100 W, 50 kHz for 1 min.

2.3. Computational Simulation of Fluid Flow in the Microfluidic Chip

To evaluate the absence of fluid flow in the designed imaging chambers, fluid flow
simulations were performed using COMSOL Multiphysics 4.4 (COMSOL, Stockholm,
Sweden) by selecting “fluid flow” (single-phase flow, laminar flow) physics. Water at
20 ◦C was selected as the working liquid. Laminar fluid flow through the channels was
simulated with laminar inflow as a boundary condition at the inlet. The inlet flow rate was
set at 0.5 μL/min, which corresponds to the inlet flow rate that was used during the actual
experiments. Pressure (atmospheric pressure) was selected as the boundary condition at
the outlet and backflow was suppressed. The physics-controlled mesh was selected as the
mesh setting with a normal element size.

2.4. Determination of the Diffusion Coefficient in the Imaging Chamber

To determine that the mass transport in the imaging chamber occurs only by dif-
fusion, and to estimate the time it takes to obtain a homogeneous concentration in the
chamber, a diffusion experiment using 100 μM fluorescein (Agar Scientific Ltd., Stansted,
Essex, UK) as a tracer compound was performed. The fluorescent dye was pumped in
the flow cell from inlet A to outlet A using a syringe pump (KDS 260, Kd Scientific Inc,
Holliston, MA, USA) at a flow rate of 0.5 μL/min. When the dye reached the chip, the
flow was stopped, and every 10 s, images were recorded with a PCO Edge 4.2 sCMOS
camera (Excelitas PCO GmbH, Kelheim, Germany). The mean grey values of a small area
in the centre of the imaging chamber were calculated (ImageJ Fiji, [33]) and normalised
to the maximal mean value.

A 3-D finite element model was set up to simulate the diffusion of fluorescein in the
imaging chamber (COMSOL Multiphysics 4.4, Stockholm, Sweden) by selecting “transport
of diluted species” (time-dependent study) physics. Water at 20 ◦C was selected as the
working liquid. At the entrances of the chamber, the concentration boundary was set at
a normalised concentration of 1. The physics-controlled mesh was selected as the mesh
setting with an extremely fine element size. The increase of the concentration in the centre of
the channel was calculated as a function of time, and the diffusion coefficient was estimated
by fitting the calculated curve on the experimentally determined profile.

2.5. Microfluidic Chip Setup

The inlet and outlet of the imaging chambers (inlet/outlet B, Figure 1a) were con-
nected to a pressure-driven pump (LineUp™ Push-Pull, Fluigent, Le Kremlin-Bicêtre,
France), and the inlet and outlet of the channels (inlet/outlet A, Figure 1a) were con-
nected to a syringe pump (KDS 260, Kd Scientific Inc, Holliston, MA, USA) via fluo-
rinated ethylene propylene (FEP) tubing with an internal diameter of 0.51 mm. The
microfluidic chip setup was then mounted onto an inverted Nikon Eclipse Ti2 epifluores-
cence microscope (Nikon, Tokyo, Japan) to perform ONMD with bright-field microscopy.
The microfluidic chip and tubing were firstly flushed with 2-propanol and then ultrapure
water to eliminate and remove air bubbles. Next, the yeast liquid culture in YPD was
filled into the imaging chambers from inlet B (Figure 1a) at a flow rate of 5 μL/min
using the pressure-driven pump. Both the inlet and outlet B tubings were clamped,
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and the first ONMD movie was acquired (see Section 2.6). The solution containing the
killing compound 70% (v/v) ethanol or 500 μg/mL amphotericin B (Merck, Darmstadt,
Germany) was then filled in from inlet A to outlet A using the syringe pump at a flow
rate of 0.5 μL/min. As a control, a second chip was filled with YPD growth medium
only, and all the inlets and outlets were closed. The time required for the compounds
to be pumped in, to replace the liquid in the inlet channel and the flow cell channels
around the imaging chambers, to diffuse into the imaging chamber, and to reach the
maximum concentration in the centre was estimated at 10 min. This estimate is based on
the time it takes to pump the compound through the tubing to the flow cell at a flow rate
of 0.5 μL/min, which is 8 min (volume of the internal volume of the tubing was 4 μL);
the time to replace the liquid in the inlet channel and flow cell chamber, which is 20 s
(volume of 0.15 μL); and the time to reach a maximum concentration in the centre of the
imaging chamber by diffusion, which is 75 s (Figure 2c).
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Figure 1. (a) Mathematical modelling of the fluid flow velocity at the mid-plane of the imaging
chambers (4 μm). (b) Pressure distribution over the design. (c) Mask design of the flow cell with inlet
and outlet channels. (d) Dimensions of a cross-section of the 2 imaging chambers and channels (3-D
profilometer). (e) Constructed flow cell showing the imaging chambers (red rectangles) containing
yeast cells.

2.6. Nanomotion Measurement and Analysis

Cellular oscillations were monitored by recording bright-field movies of 500 frames
at a framerate of 35 fps with a PCO Edge 4.2 back-illuminated sCMOS camera (Excelitas
PCO GmbH, Kelheim, Germany) using a 40× objective. The movies were analysed using a
cross-correlation analysis method [34] described previously [32]. The ONMD algorithm
(MATLAB, MathWorks) calculates the x-y displacement of individual cells for each frame,
and saves the trajectories of the tracked cells, as well as the root mean square of the displace-
ment, to an MS Excel file. The distribution of the displacements per frame was represented
as violin and box-and-whisker (10th to 90th percentile) plots, whereas the total displace-
ments for all cells were represented as box-and-whisker plots (Prism8, GraphPad). The
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software also allows for highlighting pixels that change from frame to frame (differential
image) using a colour scale: the pixels that changed the most are indicated in red, whereas
the ones that changed the least are shown in blue.

Figure 2. (a) Diffusion of fluorescein in the imaging chambers: fluorescent images at different time
points; red squares represent the analysed area. (b) Simulation of the diffusion in the chamber:
evolution of the normalised fluorescein concentration at the same time points as in (a). (c) Evolu-
tion of the experimentally determined fluorescein concentration (black triangles) overlaid with the
simulated evolution of the concentration (with a diffusion coefficient of 3.2 × 10−10 m2/s) (blue
dots). (d) Differential image of flowing yeast cells in the channels and the chamber during filling the
imaging chambers from inlet B. (e) Differential image of flowing yeast cells during ethanol flow from
inlet A. (f) Higher magnification differential image during ethanol flow from inlet A (the imaging
chamber edges are indicated with a dashed line). (g) Typical differential image of cell positions in the
no-flow imaging chamber during cellular nanomotion measurements.

3. Results

3.1. Design and Construction of the Microfluidic Chip
3.1.1. Modelling Fluid Flow and Mass Transport in the Microfluidic Chip

Fluid flow was simulated in the design using finite element modelling. The mag-
nitude of the velocity at a slice positioned at the mid-plane of the imaging chamber
(which is at a height of 4 μm) was calculated (Figure 1a). The pressure distribution
over the channels and the imaging chambers was also calculated, showing no pressure
difference over the chambers (Figure 1b). To experimentally demonstrate that the
mass transport in the imaging chambers did occur solely by diffusion, a diffusion
experiment was performed using the fluorescent compound fluorescein as a molec-

205



Fermentation 2022, 8, 195

ular tracer (Figure 2a,c). By comparing the experimentally determined evolution of
the concentration in the centre of the imaging chamber to the simulated evolution
(Figure 2b,c), a diffusion coefficient of 3.2 × 10−10 m2/s was estimated. This value
corresponds to the range of values, i.e., 4.0 × 10−10 to 6.0 × 10−10 m2/s, that has been
reported using other methods [35–38].

As an additional experimental proof to demonstrate that there is no convective flow
in the imaging chambers, the differential image analysis in the ONMD software was
used. The software allows for distinguishing cells that are pushed by the convective
flow. Figure 2d shows the flow of the cells during the filling process of the imaging
chambers and Figure 2e shows the movement of the cells during liquid flow from inlet A.
We showed that there is no flow or convection movement of the cells inside the chamber
(Figure 2e,f). The cells that are surrounded by a defined highlighted ring are moving in a
diffusive environment, whereas cells that have a smear of red colour are affected by fluid
flow (such as the cells that are in the channel). Furthermore, these images show that
there is no correlation between the cell position and the movement of the cells since the
fluid flow through the channels does not seem to affect the movements of cells that are
relatively closely located at the channel side (as compared to the more centrally located
cells) (Figures 2G and S1).

All these results show that there is no fluid flow in the imaging chambers when a
solution containing a killing compound is flown through the channels, and that it is possible
to image the same selected cells before and after the treatment.

3.1.2. Microfluidic Chip Construction

The microfluidic chip design consisted of an inlet (B) and an outlet (B) that were
used to fill the cells into the imaging chambers (Figures 1a,c and 2d), and an inlet (A)
and an outlet (A) that were used to pump in the killing agent (Figures 1a,c and 2e). The
fabricated in- and outlet channels had a width of 200 μm, a height of 60 μm, and a length
of 7 mm. The vertical channels in the flow cell had a width of 200 μm and a height of
60 μm. The two no-flow imaging chambers had a width of 300 μm, a depth of 100 μm,
and a height of 8 μm (Figure 1d,e). The mould for the microfluidic chip was made on a Si
wafer in the epoxy-based photoresist SU-8 through a standard photolithography protocol.
Using 3-D profilometer imaging, it was shown that the dimensions of the no-flow chamber
matched the design specifications (Figure 1d). After casting the PDMS over the mould and
curing the PDMS layer, the chip was assembled by pressing it onto a glass coverslip after
plasma treatment of both surfaces. The plasma treatment guaranteed that the bonding
was leak-free.

3.2. Dynamics of Single-Cell Nanomotion upon Treatment by a Killing Compound

A method was optimised to follow the nanomotion of several cells before and during
treatment with a killing compound. After assembling the chip, the in- and outlets were
connected by FEP tubing to a pressure-driven pump and a syringe pump. Firstly, the tubing
and the chip were rinsed with isopropanol and then water to remove air bubbles.

Secondly, the imaging chambers were then filled with the yeast solution. The filling
was ended by stopping the flow and clamping the inlet and outlet tubes. Then, the first
movie of the nanomotion of single yeast cells was recorded in the no-flow chambers (time
point zero min). The first movie was acquired right after stopping the flow to obtain
nanomotion of cells without treatment. Thirdly, the chip was filled with the compound
solution from inlet A, using a syringe pump with a low flow rate of 0.5 μL/min for
approximately 20 min. Next, the nanomotion of the same individual yeasts was followed
as a function of time, with a second movie taken 10 min (±1 min) after the compound
reached its maximum concentration in the middle of the chamber. Each subsequent movie
was taken at 10 min time intervals.

The first experiment was a control experiment, where the cellular nanomotion of
20 individual yeast cells (Figure S1c) during growth in YPD medium was recorded
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over a period of 120 min (Figures 3 and S1c). The nanomotion data show that actively
growing cells were characterised by an asymmetric distribution of displacement per
frame (Figure 3a), which can vary from cell to cell as well as in time. Cells 8 and
13 (Figure 3b,c), and cells 2, 3, 5, and 6 (Figure S2) are characterised by a relatively
large variation as a function of time, in contrast to cells 11 and 16 (Figure 3b,c), and
cell 12 (Figure S2). Although variations could be seen between individual cells, at
the population level (20 cells), no major differences between the distribution of the
displacements/frames for all 20 cells and the average total displacements could be
observed during the 2 h of growth (Figure 6a,d).

Figure 3. Cellular nanomotion of S. cerevisiae cells grown in YPD medium during 2 h. (a) Distribution
of the displacements per frame for each of the 20 analysed cells at times 0, 30 min, 60 min, and
120 min. (b) Distribution of the displacement/frame as a function of time for 4 selected cells: cells 8,
11, 13, and 16. (c) Total displacement as a function of time for the selected cells.

In the next experiments, we evaluated the effect of a killing compound on the
variation of the cellular nanomotion of 20 individual yeast cells as a function of time.
We evaluated 70% (v/v) ethanol and the antifungal amphotericin B as killing agents
(Figure S1b). Since S. cerevisiae cells are quickly killed by ethanol [32], we followed the
cellular nanomotion with a time interval of 10 min for only 1 h (Figure 4). The total
displacements and the distribution of the displacements/frames showed a reduction
already after 10 min of exposure, and stayed low up to the 1 h mark. Most cells died
very quickly, as illustrated well by cells 9, 14 (Figure 4b,c), 6, 8, 10, and 12 (Figure S3).
Three cells, i.e., cells 11 and 13 (Figure 4b,c), and cell 7 (Figure S3), still showed some
nanomotion after 1 h exposure, which indicates that these cells were more ethanol-
tolerant than the other cells. The overall susceptibility of the cell population to ethanol
is confirmed by the distribution of the displacements/frames graph for all 20 cells, as
well the average total displacements graph (Figure 6c,f).

207



Fermentation 2022, 8, 195

Figure 4. Effect of ethanol (70%) on the cellular nanomotion of S. cerevisiae. (a) Distribution of the
displacements per frame for each of the 20 analysed cells before treatment and after 10 min and
60 min. (b) Distribution of the displacements/frames as a function of time for 4 selected cells: cells 9,
11, 13, and 14. (c) Total displacements as a function of time for the selected cells.

Next, we evaluated the effect of amphotericin B on S. cerevisiae cells. Single-cell
displacements were recorded every 10 min for 120 min (Figure S1c). We used a high concen-
tration of the antifungal compound to obtain a fast response [39]. The total displacements
and the distribution of the displacements/frames showed a reduction, which was less
drastic than in the case of ethanol. Many cells, such as cells 4, 18 (Figure 5b,c), 3, 5, and
19 (Figure S4), were dead after 120 min of treatment. Nevertheless, some cells, i.e., cells
13, 15 (Figure 5b,c), 7, and 16 (Figure S4) still showed some nanomotion after 2 h exposure,
which indicates that these cells were less sensitive to the antifungal. At the population
level, the dynamics of the killing of the cells by amphotericin B is also demonstrated by
the distribution of the displacements/frame graph for all 20 cells, as well the average total
displacements graph (Figure 6b,e).

Finally, the sensitivity of the individual yeast cells to ethanol and amphotericin was
characterised by analysing the slope of their decrease in nanomotion activity as a function
of time. The more sensitive the cells are to the killing compound, the faster they stop
moving, and so the more negative the slope of their nanomotion curve is. We calculated
the slopes of the total displacement as a function of time for 10, 20, 30, and 40 min during
the treatment with ethanol (Figure 7a) and amphotericin (Figure 7b). For the amphotericin
treatment, the slopes calculated after 10, 20 and 30 min provide the necessary information
to conclude that a cell is sensitive or more resistant (cells 1, 6, 12, 13, and 17 in Figure 7).
Since the response to 70% ethanol is very fast, the slope calculated at the 10 min time points
already indicates that the cell is sensitive. Based on these results, we can conclude that
values of these slopes enable quantifying the effect of a killing compound in a short time
frame (10 to 30 min).
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Figure 5. Effect of the antifungal amphotericin B (500 μg/mL) on the cellular nanomotion of
S. cerevisiae. (a) Distribution of the displacements per frame before treatment and after 30 min,
60 min, and 120 min. (b) Distribution of the displacements/frames as a function of time for 4 selected
cells: cells 4, 13, 15, and 18. (c) Total displacements as a function of time for the selected cells.

Figure 6. Averaged cellular nanomotion for 20 cells. (a) Distribution of the displacements/frames
during 2 h growth (control). (b) Distribution of the displacements/frames during amphotericin
treatment. (c) Distribution of the displacements/frames during ethanol treatment. (d) The total
displacement during 2 h growth (control). (e) The total displacement during amphotericin treatment.
(f) The total displacement during ethanol treatment. Wilcoxon test: **** p < 0.0001; * p < 0.1; ns:
not significant.
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Figure 7. The slopes of the decrease in the total displacement as a function of time are calculated
based on the time points 10, 20, 30, and 40 min during (a) ethanol and (b) amphotericin B trea-ment.

4. Discussion

We developed a microfluidic chip for the optical nanomotion detection (ONMD)
method [32]. The microfluidic chip contains no-flow imaging chambers, and the growth
medium can be replaced by a treatment solution without disturbing the nanomotion of
the cells. The cellular nanomotion of the same cells can be recorded before and during the
treatment. Hence, by acquiring ONMD data at regular time intervals of a few minutes, the
response of the cells to a chemical compound can be quantified as a function of time.

As a control, we observed the cellular nanomotion for 2 h. The results indicate that
the cellular nanomotion reflects the “metabolic state” of the cell and that, in a population
of 20 cells, some cells are more metabolically active. Previously, we found that ONMD
was sensitive enough to detect differences between the metabolic state of S. cerevisiae cells
that were grown in a growth medium, compared to cells in a buffer without nutrients [32].
Additionally, the cellular nanomotion of S. cerevisiae showed maximal nanomotion at
its optimal growth temperature [32]. The variation of the nanomotion as a function of
time for each cell could be influenced by the cell cycle. A hypothesis that can explain
why the cell displacements are changing over time is that some molecular processes in
the cell—such as cytoskeleton rearrangements and organelle transport—are more active
at specific phases in the cell cycle. Moreover, major morphogenetic events that could
influence the cellular nanomotion occur during the cell cycle, such as the polarisation of
the cytoskeleton in late G1, leading to bud emergence, a depolarisation of growth within
the bud, leading to uniform bud expansion in early G2, a breakdown of the mother-bud
asymmetry in growth in late mitosis, and a refocusing of growth towards the neck upon
mitotic exit [40].

We evaluated the sensitivity of the model yeast S. cerevisiae to the disinfectant ethanol
and the antifungal amphotericin B. The killing of the cells by ethanol was very rapid, as a
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significant decrease in the cellular nanomotion could be observed within 10 min. A few
cells still showed some activity after 60 min. Ethanol tolerance is strain-dependent [41],
affects the growth rate, and impairs the cell membrane integrity [42], which results in ionic
species permeability and the leakage of metabolites [43], and it freely diffuses inside the
cell, where it directly perturbs and denatures intracellular proteins. Additionally, ethanol
tolerance is influenced by the cell age [44]. All this could explain the variation that we
observed in a population of 20 cells.

Amphotericin B is a polyene antifungal that selectively binds to ergosterol in the cell
membrane and causes the formation of pores, which ultimately results in cell death [45]. It
is a broad-spectrum fungicidal with activity against many fungi, including S. cerevisiae [5].
Most cells were killed within 2 h by treatment with a high concentration of amphotericin
B. However, we could detect significant nanomotion of a few cells even after 2 h. These
results indicate that there is a significant variation in the sensitivity of the cells in a popula-
tion. Since ONMD is single-cell-sensitive, the ratio of resistant versus sensitive cells in a
population could also be determined. This means that ONMD allows for the detection of
one resistant cell in a population. Therefore, this ONMD method is superior to ensemble
AFST methods for selecting the optimal antifungal agent.

The slope of the decrease in the nanomotion activity (as measured by the total dis-
placement of the cell) as a function of time provides information on how fast the cell is
killed by a specific compound. This “killing rate” is a new measure to rapidly assess AFST.

We selected the model yeast S. cerevisiae to evaluate the newly developed microfluidic
chip. This chip could also be used to perform AFST on other yeasts such as the pathogenic
yeasts Candida albicans, C. glabrata, and C. lusitaniae, since ONMD, as a method to perform
rapid AFST, was previously demonstrated on these yeasts [32]. By extension, also AST on
bacteria could be performed if the design of the no-flow chamber would be adapted, i.e.,
by reducing the height of the chamber.

In the future, the number of no-flow chambers could be increased and integrated into a
chip with various compartments to assess different concentrations and different antifungals.
Alternatively, an antimicrobial concentration gradient over the no-flow chamber could
be implemented, which will allow for direct determinations of the minimal inhibitory
concentration (MIC). In addition, we will study the variation of the nanomotion of cells
during the cell cycle in more detail to find how the cellular nanomotion is influenced by
each cell cycle phase.
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//www.mdpi.com/article/10.3390/fermentation8050195/s1: Figure S1: Location of the selected
cells in the imaging chambers: (a) amphotericin B treatment, (b) ethanol treatment, and (c) control
experiment; Figure S2: Cellular nanomotion of S. cerevisiae cells grown in YPD medium during
2 h. Distribution of the displacement/frame as a function of time for additional selected cells;
Figure S3: Effect of ethanol (70%) on the cellular nanomotion of S. cerevisiae. Distribution of the
displacement/frame as a function of time for additional selected cells; Figure S4: Effect of the
antifungal amphotericin B (500 μg/mL) on the cellular nanomotion of S. cerevisiae. Distribution of the
displacement/frame as a function of time for additional selected cells.
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