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Introduction: The utilization of natural feed additives to modulate rumen fermentation processes and
mitigate enteric methane emissions has garnered considerable attention as a sustainable nutritional strategy in
ruminant production systems. Plant-derived essential oils (EOs), with their complex bioactive profiles, offer
a promising alternative for shifting the rumen microbial ecosystem toward improved fermentation efficiency.
Hyssop (Hyssopus officinalis L.), a perennial herb belonging to the Lamiaceae family, is widely recognized
for its medicinal and aromatic properties. The essential oil extracted from this plant contains numerous
biologically active components, notably pinocamphone, B-pinene, and various sesquiterpenes, which
collectively exhibit potent antimicrobial, antifungal, and antioxidant activities. These multifaceted biological
properties suggest substantial potential for optimizing rumen fermentation dynamics and improving nutrient
utilization. The present study was therefore designed to systematically evaluate the effects of different
inclusion levels of whole Hyssop essential oil (HEO) on in vitro gas production kinetics, methane emission
patterns, key fermentation parameters, and microbial indices in ruminal fluid. The central hypothesis was
that, due to its antimicrobial properties, HEO could establish an optimal balance between suppressing
methane production and maintaining or even improving ruminal fermentation efficiency at a specific
concentration. Therefore, this investigation aimed to assess the impact of HEO on ruminal methane output,
volatile fatty acid profile, nutrient degradability, and microbial protein synthesis efficiency to identify its
optimal dietary inclusion level.

Materials and Methods: The experiment was conducted in a completely randomized design with five
treatments and four replicates. Treatments included different levels of HEO (0, 50, 100, 150, and 200 mg/L
of culture medium). The essential oil was obtained via hydrodistillation using a Clevenger apparatus from
the aerial parts of the plant collected at full flowering. Rumen fluid was collected from three fistulated male
sheep (30 £ 3.5 kg body weight) fed a diet consisting of wheat straw and concentrate. The in vitro gas
production technique was used, and samples were incubated at 39°C for 96 hours. Gas production was
measured at 3, 6, 9, 12, 24, 48, 72, and 96 hours. Methane production was assessed at 24 hours by absorbing
carbon dioxide with a 10 M NaOH solution. After 24 hours of incubation, additional fermentation and
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microbial parameters were evaluated. These post-incubation analyses included measurements of pH,
ammonia-nitrogen concentration, total volatile fatty acids (TVFA) concentration, and total protozoal count
using a Neubauer chamber. Additionally, degradability of dry matter (DM), organic matter (OM), and
neutral detergent fiber (NDF) were determined. Microbial biomass yield and microbial synthesis efficiency
were calculated based on truly degraded organic matter and gas production data.

Results and Discussion: The addition of HEO significantly and dose-dependently reduced in vitro methane
production. The effect was most pronounced at the highest dose, where methane production decreased by
31% at 200 mg/L compared with the control treatment (P < 0.05). This reduction is likely attributed to the
direct inhibitory effect of the HEO bioactive compounds, particularly pinocamphone, on methanogenic
archaea and protozoa. Cumulative gas production decreased significantly at all incubation time points
compared to the control (P<0.05). Total protozoal population declined linearly with increasing essential oil
levels, showing a substantial 33% reduction at 200 mg/L compared to the control (P<0.05), highlighting the
strong antiprotozoal activity of the essential oil. TVFA concentration showed a quadratic response (P<0.05),
increasing up to the 100 mg/L level and then decreasing at higher doses, indicating a dual stimulatory and
inhibitory effect on microbial fermentation. Notably, the 100 mg/L treatment significantly increased
microbial biomass yield and microbial synthesis efficiency by 19% and 20%, respectively (P<0.05),
indicating a more efficient allocation of digested nutrients to microbial biomass production. Conversely,
degradability of DM, OM, and NDF decreased linearly with increasing essential oil levels (P<0.05),
reflecting a general inhibitory effect on fibrolytic microbial activity at higher concentrations.

Conclusion: At an inclusion level of 100 mg/L, HEO achieved a significant methane reduction (14.3%)
while improving microbial protein synthesis efficiency and maintaining acceptable nutrient digestibility.
This specific level of HEO may therefore serve as an effective natural strategy for enhancing the efficiency
of rumen fermentation and reducing the environmental impact of ruminant production through lower
methane emissions. For practical application, further in vivo trials are recommended to validate these
promising in vitro findings and to determine the appropriate dietary inclusion rate.

Keywords: Digestibility, Gas production, Herbal essential oil, Microbial synthesis efficiency, Protozoa
population
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! Contains 100,000 IU of vitamin A, 10,000 IU of vitamin D3, 8,000 mg vitamin E, 8,000 mg of 10% monensin, 400 mg antioxidant,
74,000 mg calcium, 15,600 mg sodium, 1,000 mg manganese, 8 mg cobalt, 6 mg selenium, 2,000 mg zinc, 1,000 mg iron, 150 mg
copper, and 30 mg iodine.
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Table 2- The effect of different levels of hyssop (Hyssopus officinalis) essential oil on gas production kinetics and methane yield
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24hours (ML) 48 hours (mL) 72 hours (mL) 96 hours (mL) e constant P (mL)

(%/h) (mL)
- (12l3) b
48.95° 57.142 61.09° 61.71° 0.097 59,38 12.39°

0 (Control)
50 45.90% 54.03% 58.58% 59.40% 0.100° 56.54% 11.222
100 44,35 51.45P 56.07° 57.37° 0.098P 54.340 10.622bc
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200 38.92¢ 44 .52¢ 48.22°¢ 49 .45¢ 0.1118 47.16° 8.50¢
SEM 1.02 1.21 1.19 1.11 0.0019 1.17 0.38
P-value
fi‘r; N <0.0001 <0.0001 <0.0001 <0.0001 0.005 <0.0001  <0.0001
922 0.25 0.62 0.59 0.26 <0.0001 0.96 0.82
Quadratic
e 422 0.02 0.05 0.05 0.22 <0.0001 0.11 0.57
Cubic
Ske ap
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trend
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!Methane production was measured after a 24-hour incubation period.
Different letters in each column indicate significant differences between the means at the 5% level (P<0.05).
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Table 3- Effect of different levels of whole hyssop (Hyssopus officinalis) essential oil on total protozoa population and fermentation
parameters under in vitro conditions
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Essential oil level Total VFA concentration s Ammonia nitrogen

(x10° cells/mL) .

(mg/L) (mmol/L) concentration (mg/dL)

" (ald) 6.78? 95,570 4.272 37.758

0 (Control)

50 6.722 96.75% 3.97° 36.75%

100 6.62° 98.872 3.60¢ 35.60b°

150 6.48¢ 93.50°¢ 3.154 34.32¢

200 6.30d 89.254 2.87d 32.401

SEM 0.04 0.80 0.12 0.45

P-value

b <0.0001 <0.0001 <0.0001 <0.0001

Linear

92 0.0007 <0.0001 0.93 0.10

Quadratic

<2 0.79 0.94 0.28 0.61

Cubic

ey 422 0.84 0.013 0.66 0.83

Quartic trend

(P<e1-0) 1ol o 2o > iy g 53 b Soleo w15 cime AMES] o> L5 g s )3 Coglisie gy
PS8 (6 S 03Il ¢ igmligSil 0)93 Csls VF Iy (g (nl 3 35290 (430055 slajial)ly don
Different letters in each column indicate significant differences between the means at the 5% level (P<0.05).
All fermentation parameters presented in this table were measured following a 24-hour incubation.
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Table 4- The effect of different levels of whole hyssop plant (Hyssopus officinalis L.) on digestibility parameters and ruminal
microbial parameters
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) ’ - (ro59) 25 Microbial mass Microbial (o185
Essential oil Dry matter Organic matter Neutral detergent synthesis biomass yield  Partitioning factor (mg of
level (mg/L) degradability (%)  degradability (%) fiber degradability efficiency (%) (mg) truly degraded organic
(%) matter/mL of gas produced)
" (aal2) 65.252 74.902 47.072 25.990 47.68° 2.97°
0 (Control)
50 64.428 73.82@ 46.222 28.29% 51.56% 3.072
100 63.92@b 73.15b¢ 45.692 31.058 56.822 3.192
150 62.47bc 71.99¢ 44.74P 29.82@b 48.34% 3.14%
200 61.10°¢ 70.08¢ 43.01° 29.502 45550 3.128
SEM 0.38 0.40 0.35 0.59 1.19 0.026
P-value
"’J_cé <0.0001 <0.0001 <0.0001 0.03 0.24 0.03
Linear
- 0.23 0.08 0.14 0.04 0.002 0.05
Quadratic
e o2 0.86 0.26 0.37 0.90 0.49 0.95
Cubic
JUERESS
Quartic 0.54 0.81 0.91 0.33 0.05 0.32
trend
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Different letters in each column indicate significant differences between the means at the 5% level (P<0.05).
The parameters related to nutrient degradability were measured after a 24-hour incubation, whereas the remaining parameters were
determined after 96 hours of incubation.
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