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Table 1. Some important physicochemical properties of soil

EC H o.C. N K Soil texture Clay  silt  Sand
(ds.m™) P (%) (%) (%) (%) (%) (%) (%)
3.2 76 0.524 01 007 3.4 Sandy loam 14 34 55
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Table 2. ANOVA of mycorrhizal fungus effects on morphological characteristics of thyme (Thymus vulgaris L.)
under lead stress conditions

Source of variation d.f. NL:S;?/Z; of Plant height Shoot dry weight Rvsgitg(rj]? Epsesrir;tri]?;;eil ESS??;:ZI oil
Lead stress 2 4.43** 57.26** 0.37** 0.23** 0.018** 0.061**
Mycorrhizal fungus 2 2.34** 3.76** 0.01** 0.03** 0.031** 0. 022**
Lead x Mycorrhizal fungus 4 0.08™ 0.16™ 0.002** 0. 002** 0.0039**  0.0035**
Error 48 0.24 0.0006 0.0003 0.00007 0.0008
C.V. (%) 9.98 1.73 4.58 3.9 6.16 6.27

ns, *, and **: no significant difference and significant difference at 0.05 and 0.01probability levels, respectively.
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Table 3. Means comparison of lead stress effects on morphological characteristics of Thymus vulgaris

Lead (ppm) Number of leaves Plant height (cm)
Control 85.56a" 30.2a
200 75.18b 26.92b
400 54.68¢c 17.95¢c

“In each column, the means with at least one common letter are not significantly different (LSD test) at 5% probability level.
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Table 4. Means comparison of mycorrhizal fungi effects on morphological characteristics of Thymus vulgaris

Treatment Number of leaves Plant height (cm)
Control 41.5¢ 21.13c
C. etunicatum 50.93b 27.38b
F. mosseae 65.43a 29.25a

“In each column, the means with at least one common letter are not significantly different (LSD test) at 5% probability level..
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Table 5. Means comparison of mycorrhizal fungi effects on morphological indices and essential oil yield of
Thymus vulgaris under lead stress conditions

Lead Mﬁ\ggf""' Stem DW (g) Root DW (g) Percentage of  Exsential oilyield (mL.pot)

Control 32.66¢" 2.49c 1.75cd 0.571cd

Control C. etunicatum 36.71b 2.61b 1.95bc 0.715b
F. mosseae 40.69a 2.94a 2.3a 0.935a

Control 23.63g 2.08g 1.4e 0.330e

200ppm C. etunicatum 26.72e 2.36d 1.65d 0.440d
F. mosseae 30.65d 2.61b 2.05b 0.643c

Control 18.45i 1.68h 1.05f 0.193f

400ppm C. etunicatum 21.45h 2.11f 1.45e 0.311e
F. mosseae 25.48f 2.22e 1.85¢ 0.471d

“In each column, the means with at least one common letter are not significantly different (LSD test) at 5% probability level.
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Figure 1. Lead stress effects on relative water content (RWC) of Thymus vulgaris
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Figure 2. Fungal inoculation effects on relative water content (RWC) of Thymus vulgaris
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Figure 4. Fungal inoculation effects on chlorophyll a
in Thymus vulgaris
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Table 6. ANOVA of mycorrhizal fungus effects on physiological and biochemical properties of Thymus vulgaris under lead stress conditions
Relative Membrane  Chlorophyll

Source of variation d.f. - Chlorophyll b Carotenoids Proline Catalase Peroxidase Root lead Stem lead
water content  stability a
Lead stress 2 4068.59**  3982.48** 3.38** 41.85** 0.82** 1.48* 0.00001*  882012.08* 0.27** 0.06**
Mycorrhizal fungus 2 129.17** 1.85ns 71.26** 20.74** 12.22** 0.12* 0.000006* 2028398.01* 0.03** 0.42**
Lead x Mycorrhizal fungus 4 11.41ns 1.88** 0.08ns 1.07** 1.02** 0.06* 0.000002ns  0.0004* 0.002** 0.11**
Error 48 8.86 0.71 0.04 0.1 0.09 0.001 0.000002 0.00004 0.0008 0.01
C.V. (%) 4.55 1.2 3.44 6.67 18.88 6.64 12.54 1.54 4.58 8.61

ns, *, and **: no significant difference and significant difference at 0.05 and 0.01probability levels, respectively.

Sl s (N5 s beedon GRS 5 o s S U6 U ol alie Y Jsos
Table 7. Means comparison of mycorrhiza and lead effects on biochemical and physiological parameters of Thymus vulgaris

Lead Mycorrhizal fungus Membrane stability Prqlline Peroxidasg acti_vi_Ey ChlorQ?hyII b Cartc_>1noids
(%) (Hg.g™ FW) (mg protein.min™) (Hg.g™* FW) (Hg.g™" FW)
Control 80.71c” 0.29i 0.26i 0.9c 7.42c
Control C. etunicatum 82.35b 0.31h 0.32h 0.96b 8.27b
F. mosseae 84.81a 0.33g 0.33g 1.03a 9.48a
Control 76.27f 0.31f 0.38f 0.76f 4.38f
200ppm C. etunicatum 78.17e 0.361e 0.43e 0.8e 5.15e
F. mosseae 80.1d 0.368d 0.44d 0.87d 6.56d
Control 67.68i 0.44c 0.45¢c 0.51i 1.76i
400ppm C. etunicatum 70.4h 0.48b 0.48b 0.59h 2.46h
F. mosseae 72.369 0.51a 0.49a 0.61g 3.89g

“In each column, the means with at least one common letter are not significantly different (LSD test) at 5% probability level.
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Figure 7. Lead contamination effects on percentage of mycorrhizal fungus colonization in Thymus vulgaris root
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Table 8. Means comparison of mycorrhiza and lead stress effects on lead element content in Thymus vulgaris

Lead Mycorrhizal fungus Root lead (mg.kg* DW) Steam lead (mg.kg™* DW)
Control -
Control C.etunicatum -
F. mosseae -
Control 15d* 8bc
200ppm C.etunicatum 12e 6cd
F. mosseae 10f 5d
Control 243 13a
400ppm C.etunicatum 20b 1lab
F. mosseae 17c 9b

“In each column, the means with at least one common letter are not significantly different (LSD test) at 5% probability level.
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Abstract

To investigate the effects of mycorrhizal fungi on growth characteristics, physiology, and
essential oil yield of thyme (Thymus vulgaris L.) under lead (Pb) stress, a factorial experiment
was conducted in a completely randomized design with three replications in the research
greenhouse of University of Mohaghegh Ardabili (UMA) in 2018. Experimental treatments
included different levels of Pb heavy metal (0, 200, and 400 ppm) and inoculation with
mycorrhizal fungi (without inoculation, inoculation with Funneliformis mosseae, and
Claroideoglomus etunicatum). The results showed that in comparison with the control, with
increasing Pb concentration in the soil, plant height (40.56%), number of leaves (36.09%), stem
dry weight (43.50%), essential oil percentage (40%), and cell membrane stability (16.14%) were
significantly decreased, while proline content (51.72%) and catalase activity (45%) of the leaves
increased. Inoculation of thyme with the mycorrhizal fungi was effective in increasing the
vegetative indices in presence of Pb heavy metal so that both G. mosseae and G. etunicatum
increased the number of leaves by 66.20 and 9.55% compared to the control, respectively. Also,
inoculation with G. mosseae under severe Pb stress conditions (400 ppm) increased leaf proline
content (11.49%), peroxidase enzyme activity (8.8%), chlorophyll b (21%), total chlorophyll
(70.43%), carotenoids (19.6%), and essential oil percentage (55%) compared to the control.
Overall, both mycorrhizal fungi were effective on alleviation of Pb toxicity effects and F.
mosseae had better performance, especially in terms of morphological traits and essential oil
yield. Due to the negative effects of heavy elements on human health, the recommendations to
use mycorrhizal fungi to reduce the absorption of heavy metals in plants should be done with
more consideration of all aspects including the plant and fungus species type and rate and
pollution type.
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