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Introduction

Water deficit or drought stress is one of the critical abiotic stresses and limiting factors in the productivity of
plants, especially in arid and semi-arid regions. In these conditions, the nutrient use efficiency by plant decrease due
to the lower mobility of these elements. The application of bio-fertilizers is one of the most important and
sustainable strategies for soil fertility management and plant nutrition; in addition to reducing chemical pollution,
improves plant growth conditions. The application of arbuscular mycorrhizal fungi (AMF), as bio-fertilizer
improves plant nutrients and water uptake and enhances plant resistance to stress conditions leading to improving
plant growth and productivity. The objectives were evaluating the effect of different fertilizer sources (chemical
fertilizer and AMF as biofertilizer) and harvesting time on the quantity and quality characteristics of peppermint
under drought-stress conditions.

Materials and Methods

To evaluate the effects of different fertilizer sources and harvesting times on the quantity and quality of essential
oil in peppermint (Mentha piperita L.) under drought stress conditions, a field experiment was carried out at the
Faculty of Agriculture, University of Maragheh, Iran, in 2019. The study followed a split-split plot design based on
a randomized complete block design (RCBD) with 36 treatments and three replications. The first factor included
three irrigation levels: irrigation after depletion of 30% available water as control, depletion of 50% of available
water as mild stress, and depletion of 70% of available water as severe stress. The sub-factor included different
fertilizer sources, including control (C), 100% nitrogen fertilizer (NF), arbuscular mycorrhizal fungi (Rhizophagus
intraradices) (AMF), 75% NF + AMF, 50% NF + AMF, and 25% NF + AMF. The third factor was harvesting time
(first and second harvest). The distance between rows was set to be 4 m, with a plant density of 10 plants per m2. In
AM fungi treatments, 80 g of the soil containing mycorrhizal fungi hyphae and the remains of the root and spores
(1000 g spore.10-1 g soil) was added to the soil during planting. The aerial parts of peppermint were harvested at
50% flowering stage on the first and second harvests. The data were analyzed using analysis of variance and mean
comparison based on the least significant difference (LSD) test with SAS 9.3 statistical software.
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Results and Discussion

The results showed that plant height, number of nodes per plant, number of leaves per plant, number of lateral
branches per plant, SPAD index, dry matter yield, essential oil content, and yield were significantly affected by the
interaction of fertilizer sources x irrigation levels, harvesting time, and harvesting time x irrigation levels. The
highest and lowest values of morphological characteristics, leaf greenness, dry matter yield, and essential oil yield of
peppermint were achieved under non-stress conditions with the application of 75% nitrogen fertilizer + AMF and
severe water stress without fertilization, respectively. The maximum (2.4%) and minimum (1.2%) of essential oil
content were observed under mild water stress fertilized with 75% nitrogen fertilizer + AMF and severe water stress
without fertilization, respectively. The main essential oil compounds were menthol, menthone, 1,8 cineol, and
menthofuran. The highest menthol and menthone content were recorded under mild water stress fertilized with 75%
nitrogen fertilizer + AMF and non-stress conditions fertilized with 25% nitrogen fertilizer + AMF. The first harvest
showed higher values of morphological characteristics, dry matter yield, essential oil content, and yield compared to
the second harvest due to the longer growth period and better growth conditions in the first harvest.

Conclusions

The results demonstrated that the plant height, the number of nods per plant, number of leaves per plant, the
number of lateral branches per plant, SPAD index, dry matter yield and essential oil yield decreased significantly
with increasing stress levels. In contrast, the application of AMF reduced the adverse effects of water stress, so that
in severe water stress conditions (irrigation after depletion of 70% available water), individual and integrative
application of AMF with nitrogen fertilizer increased the mentioned traits when compared with control. In addition,
the mentioned traits in the first harvest increased by 127.8, 194.6, 159.8, 147.7, 17.7, and 37.9% in comparison with
the second harvest. Also, the essential oil content of peppermint is enhanced with increasing water stress to mild
stress. So, the essential oil content in mild stress increased by 11.4 and 39.7%, respectively, when compared with
non-stress and severe stress. The highest essential oil yield was achieved at the first harvest with the integrative
application of 75% NF+ AMF. Also, the major essential oil compounds of peppermint (menthol) was recorded in
mild stress integrated with 75% nitrogen fertilizer+ AMF. Generally, considering that the economic purpose of
cultivating medicinal plants is extracting the maximum content of secondary metabolites, and since the productivity
of peppermint essential oil increased significantly by the integrative application of 75% nitrogen fertilizer+
mycorrhiza in mild stress, it can be suggested as a superior treatment.
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3 - Soil available water- SAW
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Fig. 2- Means comparison of the interaction effect of harvesting time and different fertilizer resources on plant height of
Mentha piperita L.
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Fig. 3- Means comparison of the interaction effect of harvesting time and different fertilizer resources on the number of nods
per plant of Mentha piperita L.
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of nod per plant, number of leaves per plant, number of lateral branches per plant, leaf greenness (SPAD index), dry matter

SIS elai il 3 Sdos g duoyd ( Sid (359 355dos (Judg IS adlid igr 2 3 ol ad Ll
Table 3- Means comparison of interaction effects of irrigation levels and different fertilizer resources on plant height, number

yield, essential oil content and yield of Mentha piperita L.
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Fig. 4- Means comparison of the interaction effect of harvesting time and different fertilizer resources on the
number of lateral branches per plant of Mentha piperita L.
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Fig. 5- Means comparison of the interaction effect of harvesting time and different fertilizer resources on essential oil yield of
Mentha piperita L.
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Table 5- Ingredients detected in essential oil of Mentha piperita affected by irrigation levels and different fertilizer sources
(Average of two harvesting time)

) o3 LSS s150 Sk St
:”a’ bl o bwlxo o WaoF1  WaoF2  WaoFs  WaoFs  WiaoFs  WaoFs
ow
Essential oil ingredients ~ Calculated Reference
retention retention
indices indices
e T

1 o= w 931 932 0.8 0.7 0.7 0.8 0.9 0.7
a-Pinene

2 O‘;“*L‘" 970 969 0.7 0.6 0.6 0.7 0.8 0.6
Subinene

3 ol 975 974 11 11 12 12 13 12
p-Pinene

4 O 988 988 0.6 0.7 0.5 0.9 0.7 0.4
Myrcene

5 JPtSHY 1000 998 0.1 0.1 0.1 0.1 0.1 0.1
3-Octanol

IR A
6 i w 1017 1014 0.1 0.1 0.1 0.1 0.1 0.1
a-Terpinene
7 iged 1029 1024 2.9 2.6 2.7 3.1 3.1 3.0
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25

26

27
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Limonene

Jofaw—) A
1,8-Cineole
oLl
yTerpinene
Ohaed b o
Cis-Sabinene hydrate
Jsud
Linalol
O
Menthone
Ol
Menthofuran
Josm 5
&Terpineol
Joiam g8
neo-Menthol
Jsue
Menthol
JHf-oim s
Terpinene-4-ol
Jottegib g5
neo-iso-Menthol

REer
Pulegone
O
Piperitone
Sliwl =50
neo-Menthy acetate
[ oy ECR V.
p-Menth-1-en-9-ol
bl Jetiog 3l
iso-Menthy! acetate
Oiangr e
f-bourbonene
Oedon )8
(E)-Caryophyllene
Oy o=
(E)-p-Farnesene
&> Sl
Germacrene D
oS!
Elixene
Joslad g
Viridiflorol

odd (olulid ©luS 5 ggeome

Total identified (%)

1029

1058

1066

1103

1152

1161

1162

1163

1175

1177

1184

1236

1252

1273

1294

1307

1382

1416

1457

1479

1494

1589

1026

1054

1065

1095

1148

1159

1162

1161

1167

1177

1184

1233

1252

1271

1294

1304

1387

1417

1454

1484

1492

1592

6.4

15

0.3

135

44

2.2

3.9

32.7

2.2

1.4

0.4

0.7

10.8

0.6

1.0

1.2

0.2

1.0

0.1

0.4

94.6

5.6

0.2

13

0.3

14.8

4.3

2.2

3.8

31.8

1.3

2.7

1.8

0.4

0.7

12.6

0.7

11

13

0.2

11

0.1

0.4

94.6

6.0

0.2

13

0.3

144

4.2

2.3

4.0

34.2

14

2.9

14

0.5

0.6

10.1

0.5

11

1.2

0.2

11

0.1

0.4

94.3

5.9

0.1

14

0.2

14.9

3.8

2.4

4.2

33.9

14

2.2

1.6

0.4

0.6

10.8

0.5

11

1.2

0.2

0.9

0.1

0.3

95.2

6.1

0.1

14

0.4

14.8

4.2

2.3

4.0

33.9

0.2

3.2

1.6

0.4

0.6

10.3

0.5

1.0

1.2

0.2

1.0

0.1

0.4

94.9

54

0.2

13

0.3

154

4.2

2.5

4.2

345

0.2

35

1.6

0.5

0.6

10.3

0.5

11

14

0.2

11

0.1

0.4

95.4
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Wao: irrigation after depletion of 30% available water, F1: control, F2: nitrogen fertilizer (NF), Fa: arbuscular mycorrhizal fungi

(AMF), Fa: 75% NF+ AMF, Fs: 50% NF+ AMF, Fe: 25% NF+ AMF
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Table 6- Ingredients detected in essential oil of Mentha piperita affected by irrigation levels and different fertilizer sources
(average of two harvesting time)

Sk pasls Sk pasle
u‘;_,g) uwl.w] OMDL:L«.SW- Lﬁl}?l u_nl.m:lz,o u"‘-’)ﬁ)
RC;W Essential oil Calculated Reference WsoF1 WsoF2  WhsoF3 WsoFs  WsoFs  WsoFe
ingredients retention retention
indices indices
1 “};‘yﬁ_w‘ 931 932 0.8 0.8 0.8 0.6 0.8 0.7
o-Pinene
2 ”“‘L“’ 970 969 0.5 0.7 0.7 0.6 0.6 0.6
Subinene
3 ol 975 974 12 12 12 12 12 11
B-Pinene
4 O 988 988 0.4 0.8 0.7 0.7 0.8 0.4
Myrcene
5 sty 1000 998 0.1 04 01 02 01 01
3-Octanol
6 Q""’)""s‘_fw‘ 1017 1014 0.1 0.2 0.1 0.1 0.1 0.1
a-Terpinene
7 . s 1029 1024 3.0 2.8 2.9 2.7 2.7 2.7
Limonene
8 J"“*’_”_VA 1029 1026 6.0 6.2 6.4 5.8 6.2 5.4
1,8-Cineole
O =L
9 . 1058 1054 0.2 0.2 0.2 0.1 0.2 0.2
y-Terpinene
10 S il e 1066 1065 1.1 1.4 16 15 15 13
Cis-Sabinene hydrate
Jod
11 - 1103 1095 0.3 0.3 0.3 0.3 0.3 0.3
Linalol
12 oy 1152 1148 14.2 144 13.8 13.2 14.1 14.6
Menthone
13 olsbse 1161 1159 4.2 4.1 45 3.9 3.9 3.8
Menthofuran
14 o B> 1162 1162 2.3 25 23 2.4 24 24
S&Terpineol
15 N 1163 1161 3.9 4.0 4.0 41 4.0 4.3
neo-Menthol
16 o 1175 1167 341 350 340 374 369 354
Menthol
JFE-oip
17 . i 1177 1177 2.4 1.3 2.5 1.4 0.2 0.3
Terpinene-4-ol
18 J’_““’"‘f“z 1184 1184 2.2 2.1 2.2 33 3.3 3.4
neo-iso-Menthol
19 0™ 1236 1233 1.4 1.8 1.7 1.5 1.4 1.6
Pulegone
20 ‘”""w" 1252 1252 0.4 0.5 0.4 0.5 0.5 0.5
Piperitone
21 bl g 1273 1271 0.7 0.6 0.7 0.6 0.6 0.7
neo-Menthy acetate
22 S ohdreen 1294 1294 11.9 1.1 11.0 10.9 104 110

p-Menth-I-en-9-ol
23 Sl o g 3] 1307 1304 0.4 0.5 0.5 0.5 0.5 0.5
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24

25

26

27

28

29

iso-Menthyl acetate

Feusl
[-bourbonene
OlsdanlS
(E)-Caryophyllene
O B
(E)-p-Farnesene
&> Sy
Germacrene D
oS!
Elixene
Joslaans
Viridiflorol

odd (olulid GluS 5 ggecme

Total identified (%)

1382

1416

1457

1479

1494

1589

1387

1417

1454

1484

1492

1592

11

13

0.1

0.4

95.8

1.0

1.2

0.2

0.9

0.1

0.3

96.1

11

1.2

0.2

1.0

0.1

0.4

96.5

1.0

13

0.2

11

0.1

0.4

97.4

1.0

13

0.2

11

0.1

0.4

96.7

11

14

0.2

11

0.1

0.5

96.0
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Wso: irrigation after depletion of 50% available water, F1: control, F2: nitrogen fertilizer (NF), Fs: arbuscular mycorrhizal fungi
(AMF), F4: 75% NF+ AMF, Fs: 50% NF+ AMF, Fe: 25% NF+ AMF
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Table 7- Ingredients detected in essential oil of Mentha piperita affected by irrigation levels and different fertilizer sources

(average of two harvesting time)

oasl 55b yasls
o JSWiS (s3] &1k S50 u”
) o] . )
& bwlbxe WwF1 W2  WnFs  WiwoFs  WooFs  WaoFs
Row Essential oil Reference
: : Calculated retention
ingredients retention indices
indices
1 Q;")'_’_w‘ 931 932 0.6 0.8 0.7 0.7 0.7 0.8
a-Pinene
2 “'HJL" 970 969 0.5 0.7 0.6 0.6 0.7 0.7
Subinene
3 ‘H_LJ 975 974 1.3 1.3 1.1 1.1 1.1 1.3
[-Pinene
4 O 988 988 0.7 0.7 0.3 0.6 0.9 1.0
Myrcene
5 Jpshy 1000 998 0.1 01 01 01 01 01
3-Octanol
6 oyl 1017 1014 0.1 0.1 0.1 0.1 0.2 02
o-Terpinene
7 . e 1029 1024 2.8 2.9 2.8 2.8 2.7 2.8
Limonene
8 Jﬁ*“_‘_”’\ 1029 1026 6.1 5.9 6.2 6.3 6.4 5.8
1,8-Cineole
o yi— LolS
9 il 1058 1054 0.1 0.1 0.2 0.1 0.2 0.3
y-Terpinene
10 Sl e e 1066 1065 15 15 1.3 15 16 15
Cis-Sabinene hydrate
11 "bju 1103 1095 1.0 0.3 0.3 0.3 0.3 0.4
Linalol
12 )9 1152 1148 12.2 13.0 15.0 14.3 13.8 13.3
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Menthone
13 ohgdyte 1161 1159 3.9 38 38 3.9 3.7 3.7
Menthofuran
14 J"“”*’f > 1162 1162 2.1 2.2 2.5 2.4 2.3 2.3
S&Terpineol
15 Jyem gt 1163 1161 4.0 4.1 4.2 4.2 4.3 4.1
neo-Menthol
16 Jye 1175 1167 335 35.9 36.0 35.1 344 346
Menthol
17 JF_‘G_O**“" 1177 1177 16 15 2.6 1.3 1.2 1.3
Terpinene-4-ol
18 N 1184 1184 2.0 21 2.0 21 33 2.4
neo-iso-Menthol
19 N 1236 1233 1.5 2.0 1.1 1.6 1.6 1.4
Pulegone
20 R 1252 1252 0.3 05 05 05 0.5 0.5
Piperitone
21 Sl (giomgi 1273 1271 0.7 06 0.6 07 0.7 0.8
neo-Menthy acetate
22 JFphdrear g 1294 1294 11.1 9.5 8.9 12.2 11.2 12.8
p-Menth-1-en-9-ol
23 okl Jeemyyl 1307 1304 0.6 05 0.4 05 05 0.7
iso-Menthy! acetate
24 gt 1382 1387 0.9 1.1 1.0 1.0 11 1.1
f-bourbonene
25 oekde ) 1416 1417 17 1.3 1.3 1.2 11 1.2
(E)-Caryophyllene
26 O 1457 1454 0.8 0.2 0.2 0.2 0.2 0.2
(E)-p-Farnesene
27 3 oSl 1479 1484 1.0 1.0 1.0 1.0 1.0 1.0
Germacrene D
28 S ) 1494 1492 0.1 0.1 0.1 0.1 0.1 0.1
Elixene
29 J)’“”’f’ 1589 1592 0.3 0.4 0.4 0.4 0.4 0.4
Viridiflorol

o0 ‘_;:L»LJA uL.S)S Egome
Total identified (%)
&59 55 95 Moy B tF5 (53 59Sh0 + 43950 395 Juoyd YO 4 (950 7,8 :F3 g5 595 F2 camlis (1 ¢ g, e kst iSlis wod Ve il s )bl :Wio

33550 + 55955 355 duoyd YO F6 (o ysSee +
Wro: irrigation after depletion of 70% available water, F1: control, F2: nitrogen fertilizer (NF), Fs: arbuscular mycorrhizal fungi
(AMF), F4: 75% NF+ AMF, Fs: 50% NF+ AMF, Fe: 25% NF+ AMF

93.3 94.1 95.5 97.0 96.2 96.9
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Table 8- Monoterpenes and Sesquiterpenes percentage of essential oil of Mentha piperita affected by irrigation levels and
different fertilizer sources (Average of two harvesting time)

_ o)lo5
G ‘:;L.,l “lf)l’ ‘_T“*"”s ; Treatments
rouped essential oil compounds
P omp WsoF1 WaoF2 WsoF3 WaoF4 WaoFs

WsoFe

LS9 Slai Sy 6.3 5.98 5.95 6.9 7.1 6.1
Monoterpene hydrocarbons
eS| sl igigs 84.2 84.4 84.1 84.4 83.9 84.9
Oxygenated monoterpenes
59 oA 3.6 3.7 3.7 35 35 3.9
Sesquiterpene hydrocarbonates
S Sl 25 o 0.4 0.4 0.4 0.3 0.4 0.4
Oxygenated sesquiterpenes
A elss 0.1 0.1 0.1 0.1 0.1 0.1
Other compositions
225 lulid S5 ggocne 946 946 943 952 949 95.4
Total identified compounds (%)

WsoF1 WsoF2 WsoF3 WsoF4 WsoFs WsoFs

9 Slai Sy 6.1 6.7 6.6 6.1 6.3 5.8
Monoterpene hydrocarbons
eS| slagy Fyige 85.4 85.7 85.8 87.04 86.2 85.6
Oxygenated monoterpenes
“S5rh Sl S s 3.8 3.3 3.6 3.7 3.7 40
Sesquiterpene hydrocarbonates
eS| S5 P55 5 0.4 0.3 0.4 0.4 0.4 0.5
Oxygenated sesquiterpenes
kS 0.1 0.1 0.1 0.2 0.1 0.1
Other compositions
225 (glulid SleS 3 ggocne 95.8 96.1 96.5 97.4 96.7 96.0
Total identified compounds (%)

WroF1 WroF2 WroFs WroF4 WroFs WroFs

S 9 Slain Sy 6.2 6.6 5.9 6.2 6.4 6.97
Monoterpene hydrocarbons
eS| slagy Fyige 82.2 83.4 85.5 86.8 85.9 85.6
Oxygenated monoterpenes
259t Sn s 45 36 37 35 3.4 338
Sesquiterpene hydrocarbonates
5euS| Slon 25 0.3 0.4 0.4 0.4 0.4 0.4
Oxygenated sesquiterpenes
A S5 0.1 0.1 0.1 0.1 0.1 0.1
Other compositions
w’ @L“L“ s S g9 93.3 94.1 95.5 97.0 96.2 96.9
Total identified compounds (%)

slome alss Slus doyd Ve 3l L 6okl W70 ¢ ol sbre aylss Sl s yd 0+ 51 L ()bl W0 ¢ gy jlome adss ySTus o3 Yo 5l L (s5bl ;W0

3255ue +a359 515 365 o yd VO (F6 y6Sen +4355 505 365 2o )3 B¢ tF5 5y +55g 5 355 Mo pd YO 4 5y )5Sie 58 F3 g5 565 F2 il :F1 ¢ gbo,
Wao: irrigation after depletion of 30% available water, Wso: irrigation after depletion of 50% available water, W+o: irrigation after

depletion of 70% available water, F1: control, F2: nitrogen fertilizer (NF), Fa: arbuscular mycorrhizal fungi (AMF), Fa: 75% NF+
AMF, Fs: 50% NF+ AMF, Fe: 25% NF+ AMF
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