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ABSTRACT: The prominent problem of “uncertainty” has been frustrating morel farming since the commercial pro-
duction of Morchella mushrooms was realized in 2012 in China. Spawn aging may be the main underlying reason. In 
this paper, aging in cultivated strains of M. importuna T4 and M. sextelata T6 was achieved by successive subculturing. 
Oxidative stress, mycelial growth rate, biomass, sclerotial formation, pigmentation, and yield of different subcultures were 
determined. The results suggested that M. importuna T4 and M. sextelata T6 exhibited systemic senescence manifested as 
24 and 17 subcultures and lifespan of 3048 and 2040 h, respectively. Aging showed a close relevance to oxidative stress. 
Regression analysis revealed a strong positive correlation between time of subculturing (aging) and lipid peroxidation (oxi-
dative stress) in both morels. In addition, pigmentation tended to increase, while the number of sclerotia tended to decrease, 
with the rise of subculturing times in both morels. Moreover, the mycelial growth rate and biomass of the last two subcul-
tures were significantly lower than those of others, indicating that cultural characteristics may be used as signs of seriously 
aging culture. Finally, the yield of subcultures was significantly lower than that of the original strains in artificial cultiva-
tion. Regression analysis showed a strong negative correlation between time of subculturing and yield in two morels. This 
work will improve the understanding of “uncertainty” and thus be beneficial for stable development of morel farming.

KEY WORDS: field cultivation, medicinal mushrooms, Morchella importuna, M. sextelata, morel, mycelial growth, 
oxidative stress, successive culturing 

ABBREVIATIONS: BHA, butylated hydroxyanisole; CYM, complete yeast extracts medium; EDTA, disodium ethylenedi-
aminetetraacetate dihydrate; HCl, hydrochloric acid; HSD, honestly significant difference; MDA, malondialdehyde; SD, standard 
deviation; TBA, thiobarbutic acid; TCA, trichloracetic acid

I. INTRODUCTION

Mushrooms have been valued by humankind as edible and medicinal resources for more than a thousand 
years. Traditional use of medicinal mushrooms has been long established among different ethnic groups.1,2 
Morchella mushrooms (Pezizales, Ascomycota) have been used as traditional foods and folk medicines to 
treat excessive sputum, gastrointestinal disorders, and shortness of breath in China, India, and Pakistan.3–5 
As culinary mushrooms, true morels (ascocarps of the mushroom) are highly prized for their appearance as 
well as their high-quality taste and aroma; they are intensively picked and widely sought-after around the 
world.6,7 Meanwhile, studies of bioactive substances suggested that morels possess antiinflammatory, anti-
tumor, antioxidant, antiviral, antimicrobial, antileishmanial, neuritogenic, hepatoprotective, and immuno-
stimulatory properties.7–13 The prominent nutritional and medicinal values inspired pervasive fundamental 
and technological studies for commercial cultivation of Morchella mushrooms to meet the still-increasing 
demands for morels by customers for more than a century.6,14 Ower15 innovatively achieved morel indoor cul-
tivation, which enabled morel commercial cultivation to be realized.15 However, the complexity of applied 
conditions and the involvement of the use of M. rufobrunnea restrict the application and popularization of 
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Ower’s technology.16,17 On the basis of Ower’s innovations, artificial cultivation of Morchella mushrooms 
in field has been realized since 2012 in China.6,14 In the production season of 2017–2018, the total cultiva-
tion area exceeded 4600 ha in most areas of China. Some strains of M. importuna (e.g., 1#, 3#, 4# etc.) and 
M. sextelata (e.g., 6#, 13# etc.) have been widely applied in scale outdoor production.14,18,19

The main problem of Morchella outdoor cultivation is its “uncertainty.” The average yield can reach 
1500 ~ 2250 kg fresh morel per ha for experienced farmers. Occasionally, the yield may exceed 6000 kg 
per ha in small-scale cultivation. However, failure of production is also common. Statistics showed that 
the cultivation of about 70% of farmers is of poor profitability every year, with yield less than 1500 kg per 
ha. Some fundamental studies on Morchella (e.g., nuclear behavior during meiosis and ascosporogenesis,18 

reproductive strategies and mating type,20–23 as well as effects of material formula,24 surface fire,25,26 and 
microelement27,28 on cultivation) may promote the development of morel artificial cultivation. Nevertheless, 
there are many confusing problems to be settled regarding genetics of vegetative incompatibility, mech-
anism of fructification, spawn aging and degeneration, as well as role of conidia; these knowledge gaps 
restrict the healthy and long-term development of morel farming.19

Aging is a time-related process of progressive decline in the ability to withstand stress, damage, and 
disease.29 A loss or reduction in sporulation and virulence was found in some senesced strains of ento-
mopathogenic fungi30,31 and thus may cause great loss for production of biological pesticides. Experience 
shows that application of aging spawns in cultivation may bring remarkable losses for morel production.32 
Spawn aging may be the main reason underlying “uncertainty” of morel farming. However, there has been 
no scientific conclusion. In this study, the cultural and cultivated characteristics of aging strains of M. im-
portuna and M. sextelata were determined. This work uncovered the effect of aging on morel culture and 
cultivation, and thus will promote the breeding and spawn production of Morchella mushrooms and be 
beneficial for the stable development of the morel industry.

II. MATERIALS AND METHODS

A. Mushroom Strains and Successive Subculturing

Strains of M. importuna T4 and M. sextelata T6 are production strains domesticated from wild morels in 
Sichuan Province, China. They are available from Peixin He in Zhengzhou University of Light Industry and 
Wei Liu in Huazhong Agricultural University, China. The strain obtained via tissue separation from fresh 
ascocarp represents subculture 0 (T4-0 or T6-0). Successive subculturing was done by taking inoculum from 
the subculture 0 to produce the 1st subculture (T4-1 or T6-1), repeated for the 2nd one (T4-2 or T6-2) from the 
1st, and so on.32,33 Briefly, a 2-mm–diameter mycelial plug from stock culture was inoculated on one side of 
a Petri dish (9 cm diameter) of complete yeast extracts medium (CYM) (glucose 20 g/L, yeast extracts 2 g/L, 
peptone 2 g/L, K2HPO4 1 g/L, MgSO4 0.5 g/L, KH2PO4 0.46 g/L, and agar 20 g/L) and incubated at 24°C in 
the dark. Before the mycelia reached the other side of a Petri dish, mycelial plugs containing the whole hyphal 
tips excised from colony edges were transferred to fresh plates with growth tips toward the margin of medium 
and continued to cultivate until growth cessation. Meanwhile, the adjacent plugs close to old inoculum of 
plate cultures were transferred to CYM slant and then incubated at 24°C in the dark. The slant cultures were 
preserved at 4°C for short-term use or –80°C under the protection of 15% (v/v) glycerol solution for long-term 
use. Each subculture was repeated three times with inocula of the same age and from the same plate.

B. Assay of Cultural Characteristics

In successive subculturing, mycelia growth ceased in the 24th subculture of M. importuna T4 and 17th 
subculture of M. sextelata T6. Therefore, subcultures of T4-0, -3, -6, -9, -12, -15, -18, -21, and -23 of M. 
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importuna, and T6-0, -2, -4, -6, -8, -10, -12, -14, and -16 of M. sextelata were selected for further study. For 
assay of cultural characteristics, mycelial plugs (4 mm diameter) from respective slant culture were placed 
in the center of CYM plates covered with autoclaved cellophane membranes.34 The inoculated plates were 
incubated at 24°C in the dark for 14 d. The mycelial growth rate was calculated when the mycelial tips 
reached the other side of a Petri dish by the following formula: mycelial growth rate (mm/h) = (radius of 
colony – 2)/incubation hours. The sclerotial development was observed. The biomass (g/d) was calculated 
by dividing total time of cultivation (14 d) by the fresh weight of mycelia and sclerotia on cellophane mem-
brane. Each culture was repeated three times with inocula from the same slant. 

C. Assay of Lipid Peroxidation

Oxidative stress in growing cultures was tested by measuring lipid peroxidation by a modified thiobarbutic 
acid (TBA)-based method.34,35 Specifically, the fresh mycelia on the cellophane membrane of 14-day plate 
cultures were homogenized and 0.5 mL of homogenate was mixed with 0.5 mL TBA reagent [0.5% (w/v) 
TBA in 20% (w/v) trichloracetic acid (TCA) and 0.33 N hydrochloric acid (HCl)]. Five microliters of 2% 
(w/v) of the lipid antioxidant butylated hydroxyanisole (BHA) (in absolute ethanol) was added to the re-
sulting mixture to prevent artificial lipid peroxidation during the assay. The mixture was incubated at 100°C 
for 20 min, added with 1 mL butanol, mixed by vigorous vortexing, centrifuged at 15,000 g for 3 min, and 
its absorbance was measured at 535 and 600 nm against a sample blanks (0.5 mL phosphate-disodium eth-
ylenediaminetetraacetate dihydrate [EDTA] buffer, plus 0.5 mL TBA reagent containing 0.02% w/v BHA). 
The absorbance difference (A535 – A600) was converted to malondialdehyde (MDA) equivalents using the 
extinction coefficient for MDA of 1.55 × 105 M–1cm–1. Lipid peroxidation was expressed in mmol MDA/g 
fresh mycelia.

D. Outdoor Planting Experiment

The outdoor planting experiments were conducted in the production season of 2016–2017 by technology of 
field soil cultivation in Suyahu Wetland Reserve, western suburb of Zhumadian City, Henan Province, China 
(114.02E, 32.98N). The cultivation of each isolate was repeated three times in different plastic canopies. The 
area of each small plot was about 15 m2. The whole process of morel artificial cultivation can be roughly 
divided into six major stages: spawn production, land preparation, spawning, exogenous nutrition supplying, 
fruiting management, and harvesting.14 The spawning time was on November 4, 2016. The dosage of seeding 
(0.5 kg/m2) and exogenous nutrition (1.2 kg/m2) and other management measures were the same. The mature 
ascocarps were harvested and weighed until the end of the production season (before April 15, 2017).

E. Statistical Analysis

The data were expressed as mean ± standard deviation (SD). Data were subjected to one-way analysis of 
variance followed by the Tukey’s honestly significant difference (HSD) test (α = 0.05). Pearson regression 
analysis was used for correlation assessments. All analyses were carried out using IBM SPSS Statistics 22.

III. RESULTS

A. Systemic Senescence through Successive Subculturing 

M. importuna T4 and M. sextelata T6 exhibited systemic senescence within a distinct time frame through 
successive subculturing. The lifespan (life expectancy) on CYM was from 2040 h (T6) to 3048 h (T4) (Fig. 
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1). M. sextelata T6 is apt to age on CYM plate in comparison with M. importuna T4. The subculture times 
were 17 for strain T6 and 24 for T4 (Fig. 1). Moreover, although the total growth length of M. sextelata 
T6 (121.1 cm) was shorter than that of M. importuna T4 (132.1 cm), their difference (9.08%) was mild 
compared with subculture times (41.2%) and lifespan (49.4%), because the mycelia of T6 grew faster than 
T4 (Fig. 1). The lifespan can be roughly divided into juvenile phase and senescent phase with respect to 
mycelia linear growth rate.32 Compared with M. importuna T4, the period of senescent phase of M. sextelata 
T6 was longer (408 h vs. 192 h), but the juvenile phase was shorter (1632 h vs. 2856 h). Subculture of T4-
23 and T4-24 of M. importuna and that of T6-15, T6-16, and T6-17 of M. sextelata were at the senescent 
phase (Fig. 1). 

B. Correlation between Time of Subculturing and Lipid Peroxidation

Lipid peroxidation is a common differentiation-associated indicator of oxidative stress. In particular, the 
levels of MDA are used as a measure of the degree of this stress.36 MDA assay of different subcultures sug-
gested that the levels of MDA were overall increased with the rise of subculturing time (Tables 1 and 2). 
Regression analysis showed a significantly positive correlation between time of subculturing and MDA in 
M. importuna T4 (r = 0.937, P = .000) and M. sextelata T6 (r = 0.787, P = .012). The results definitely sug-
gested that morel aging was closely relevant to oxidative stress. Nevertheless, the detailed MDA variation 
of subcultures in M. importuna T4 and M. sextelata T6 was different. In M. importuna T4, the difference 
of lipid peroxidation of the original strain and the 1st subculture was not significant (P > .05). Meanwhile, 
the level of MDA of the T4-23 subculture may be an error of determination (Table 1). The hyphal growth 
of subcultures at the senescent phase was limited, and thus their MDA level may show no difference with 
that of subcultures at late juvenile phase as T6-16 manifested (Table 2), rather than significantly smaller 
than that of the T4-21 and T4-18 subcultures (Table 1). However, the difference of lipid peroxidations of 
the 10th, 12th, 14th, and 16th subcultures of M. sextelata T6 was not strong (Table 2). The detailed MDA 
variations in M. importuna and M. sextelata may reflect the different growth behavior and control mecha-
nism of aging in two morels. The underlying mechanism needs further study. The results also implied that 
lipid peroxidation may be used as the index of morel aging cultures. Nevertheless, the threshold for aging 
cultures of different cultivated varieties was difficult to define.

FIG. 1: Growth curve of Morchella importuna T4 and M. sextelata T6 successively subcultured on CYM plates
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C. Cultural Characteristics of Subcultures

The cultural characteristics of healthy strains of M. importuna and M. sextelata on CYM plate were similar. 
Cultured at 24°C in the dark, the hyphae grew evenly at the rate of 0.58 ~ 0.86 mm/h (Fig. 1). The mycelia 
almost covered the whole plate (9 cm in diameter) in 3 ~ 4 d. Small white to light yellow sclerotial initials 
formed from highly proliferating interwoven hyphae after 5 ~ 7 d of incubation. Then the sclerotia matured 
after several days of development with thickening of sclerotial edges into convexities. Pigment secretion 
resulted in deeper color of the colony and sclerotia (Fig. 2).19 Furthermore, the sclerotia of M. importuna 
T4 formed on each CYM plate (> 101) (Fig. 2) was more than those of M. sextelata T6 (51 ~ 100) (Tables 
1 and 2). The changing trends of mycelial growth rate and biomass in subcultures of both Morchella spp. 
were similar; those of the last two subcultures (T4-21 and T4-23 of M. importuna, and T6-14 and T6-16 of 
M. sextelata) were significantly lower than other subcultures (Tables 1 and 2). In addition, the number of 
sclerotia formed on CYM plates tended to decrease in both morels (Fig. 2) and can be roughly categorized 
into three groups, i.e., > 101 (T4-0, T4-3 and T4-6), 51 ~ 100 (T4-9, T4-12, T4-15 and T4-18), and < 50 
(T4-21 and T4-23) in M. importuna (Table 1), and 51 ~ 100 (T6-0, T6-2, T6-4 and T6-6), < 50 (T6-8, T6-
10 and T6-12), and 0 (T6-14 and T6-16) in M. sextelata (Table 2). In addition, pigmentation of subcultures 
tended to increase with the rise of subculturing times (Fig. 2), which was also found in senesced strains of 
Podospora anserina.37 The results indicated that the mycelial growth rate, biomass, and number of scle-
rotium may be used as the signs of seriously aging cultures. In other words, the degree of aging in most 
cultures of M. importuna and M. sextelata was difficult to estimate by cultural characteristics. 

D. Cultivated Characteristics of Subcultures

Outdoor planting experiments were conducted in 2016–2017. Compared with other isolates, the hyphae 
grew slower, the pigmentation was denser, and fewer sclerotium were produced in the process of spawn 
production of subcultures at the senescent phase (T6-16 and T4-23). The cultivation of T6-16 and T4-
23 was ultimately abandoned because the mycelia cannot grow well in the medium of final spawn. The 
results of other isolates suggested that the yield of both morels decreased with the rise of subculturing 
times (Figs. 3 and 4). Regression analysis showed a significantly negative correlation between time of 
subculturing and yield in M. importuna T4 (r = –0.882, P = 0.002) and M. sextelata T6 (r = –0.951, P 

FIG. 2: Colony morphology of the original strain of Morchella importuna T4 (T4-0, a) and the 3rd (T4-3, b), 6th (T4-
6, c), 9th (T4-9, d), 12th (T4-12, e) and 15th (T4-15, f) subculture cultured on CYM plates at 24oC in dark place for 
14 d. The lower row was morphology of the reverse side of the corresponding plate in the upper row.
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= .000). Moreover, the yield of original strains (T4-0 and T6-0) was significantly higher than that of the 
subcultures (P < .05), which highlighted the application of healthy strains in morel artificial cultivation. 
However, the detailed yield categories of subcultures of M. importuna T4 and M. sextelata T6 were dif-
ferent. The yield of subcultures of M. importuna T4 can be categorized into three groups (P < .05), i.e., 
T4-3 and T4-6; T4-9, T4-12, and T4-15; and T4-18 and T4-21 (Fig. 3), whereas that of M. sextelata T6 
was categorized into two groups: T6-2, T6-4, T4-6, T6-8, and T6-10 (P > .05) as well as T6-12 and T6-
14 (.01 < P < .05) (Fig. 4). The results demonstrated that the effect of aging (subculturing) on yield of M. 
sextelata T6 was more serious than that of M. importuna T4. The yield of subcultures of M. importuna 
T4 decreased gradually (Fig. 3). However, in M. sextelata T6, the yield of subcultures was significantly 

FIG. 3: Yield of subcultures of Morchella importuna T4. Data are presented as mean ± SD (n = 3). Different letters 
appearing above the columns indicate significant difference (P < .05).

FIG. 4: Yield of subcultures of Morchella sextelata T6. Data are presented as mean ± SD. (n = 3). Different letters 
appearing above the columns indicate significant difference (P < .05).
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lower than that of T6-0, although not seriously different among the subcultures (Fig. 4). The excessive 
response of yield of M. sextelata T6 to aging (subculturing) may put forward higher request for applica-
tion of the variety in artificial cultivation. In addition, the yield of M. sextelata T6-0 was lower than that 
of M. importuna T4-0 (Figs. 3 and 4), which was consistent with the overall performance of the strains 
in the production season. Finally, no significant difference was observed in other cultivated characteris-
tics, e.g., time and quantity of mitospore appearance, time of fruiting, shape and size of ascocarps, and  
so on. 

IV. DISCUSSION

A. �Cultural and Cultivated Characteristics Associated with Morchella Aging Were 
Studied

In this study, systemic senescence of the cultivated strains of M. importuna T4 and M. sextelata T6 was 
achieved through successive subculturing, and then the cultural and cultivated characteristics associated 
with aging were determined. The results suggested that sclerotial formation and fructification of the sub-
cultures of M. importuna and M. sextelata tend to weaken with the rise of subculturing times (Tables 1 and 
2; Figs. 2–4). Successive subculturing has been used in animal, human, and filamentous fungal cells for 
study of replicative senescence in vitro.32,38 The study of strain stability through successive subculturing is 
essential for selecting the best strain for commercial purposes.31 Correspondingly, this work is beneficial in 
recognizing and avoiding the use of aging spawn in morel cultivation as well as promoting spawn produc-
tion of Morchella mushrooms.

B. Aging Study Was Instructive for Morchella Production

Morel researchers and farmers have been frustrated at the “uncertainty” of morel farming. The underlying 
reasons may be complicated and spawn aging may be involved. Our study found that the degree of aging 
in most morel cultures was difficult to estimate by cultural characteristics, which implicated that the appli-
cation of aging cultures in morel cultivation may be common and mainly attributed to the “uncertainty” of 
morel farming. Application of scientific technical measures, e.g., eliminating subculturing times, incubating 
at low temperature, preserving spawn properly, and rejuvenating the isolates without delay, may effectively 
alleviate the damage of spawn aging. In addition, the study found that M. sextelata T6 was apt to senesce 
compared with M. importuna T4. The result was in accordance with morel production. M. importuna T4 has 
been widely applied in commercial cultivation for more than 4 years with ideal performances. In contrast, 
T6 has been gradually replaced with T-13 of M. sextelata after 3 years of commercial application because 
of spawn aging. The cultures of T6 preserved for a long time and subcultured many times should be used 
with caution in production. Furthermore, the cultivation temperature for starting culture, primary spawn, 
and culture spawn should be low (below 22°C) to effectively reduce spawn aging. Some strains of M. sex-
telata showed stronger resistance to microtherm, drought, and rough management measures than those of 
M. importuna and thus have been widely popularized in North China. Therefore, sheltering from spawn 
aging, especially for M. sextelata, will be beneficial for stable and long-term development of morel farming.

V. CONCLUSIONS

The prominent problem of “uncertainty” has been frustrating morel farming since the commercial pro-
duction of Morchella mushrooms was realized in China. Spawn aging may be the main reason for “uncer-
tainty.” Unfortunately, morel aging has not been studied systematically. Using the cultivated strains of M. 
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sextelata T6 and M. importuna T4, aging was first achieved by successive subculturing, and then the effects 
of aging on morel culture and cultivation were studied. The culture experiments suggested that the mycelial 
growth rate, biomass, and number of sclerotium may be used as signs of seriously aging cultures. Outdoor 
planting experiments demonstrated that yield decreased with the rise of time of subculturing. The seriously 
aging cultures with apparently slow mycelial growth, denser pigmentation, less sclerotial formation, and 
low or null yield are not suitable for production. Moreover, M. sextelata T6 was apt to senesce in com-
parison with M. importuna T4. The results were consistent with and instructive for Morchella cultivation. 
The application of aging cultures in Morchella cultivation may be common and mainly attributed to the 
“uncertainty” of morel farming. Further study of aging mechanism will promote the stable development of 
Morchella farming.

ACKNOWLEDGMENTS

This work was financially supported by the Key Technologies R & D Program of Henan Province (No. 
172102310553). We sincerely appreciate Mr. Tao Liu, Miss Ying Wang, Mr. Kepeng Lin, and Mr. Guojun 
Fu for their hard work in morel outdoor planting experiments.

REFERENCES

1.	 Wasser SP. Medicinal mushroom science: history, current status, future trends, and unsolved problems. Int J Med Mushrooms. 
2010;12:1–16. 

2.	 Wasser SP. The importance of culinary–medicinal mushrooms from ancient times to the present. Int J Med Mushrooms. 
2005;7:363–4.

3.	 Li SZ. Bencao Gangmu. In: Liu HR, editor. Compendium of materia medica (in Chinese). Beijing: People’s Medical Publish-
ing House; 1982, p. 1718.

4.	 Paul N, Slathia PS, Vaid A, Kumar R. Traditional knowledge of gucchi, Morchella esculenta (Ascomycetes), in Doda District, 
Jammu and Kashmir, India. Int J Med Mushrooms. 2018;20:445–50.

5.	 Ullah TS, Firdous SS, Mehmood A, Shaheen H, Dar MEUI. Ethnomycological and nutritional analyses of some wild 
edible mushrooms from Western Himalayas, Azad Jammu and Kashmir (Pakistan). Int J Med Mushrooms. 2017;19: 
949–55.

6.	 Liu Q, Ma H, Zhang Y, Dong C. Artificial cultivation of true morels: current state, issues and perspectives. Crit Rev Biotech-
nol. 2018;38:259–71.

7.	 Tietel Z, Masaphy S. True morels (Morchella) – nutritional and phytochemical composition, health benefits and flavor: a 
review. Crit Rev Food Sci Nutr. 2017;58:1888–901.

8.	 Peretz A, Zabari L, Pastukh N, Avital N, Masaphy S. In vitro antileishmanial activity of a black morel, Morchella importuna 
(Ascomycetes). Int J Med Mushrooms. 2018;20:71–80.

9.	 Jander-Shagug G, Masaphy S. Free radical scavenging activity of culinary-medicinal morel mushrooms, Morchella Dill. ex 
Pers. (Ascomycetes): relation to color and phenol contents. Int J Med Mushrooms. 2010;12:299–307.

10.	 Doğan HH, Karagöz S, Duman R. In vitro evaluation of the antiviral activity of some mushrooms from Turkey. Int J Med 
Mushrooms. 2018;20:201–12.

11.	 Tietel Z, Masaphy S. Aroma-volatile profile of black morel (Morchella importuna) grown in Israel. J Sci Food Agric. 
2018;98:346–53.

12.	 Xiong C, Luo Q, Huang W, Li Q, Chen C, Chen Z, Yang Z. The potential neuritogenic activity of aqueous extracts from 
Morchella importuna in rat pheochromocytoma cells. Food Sci Biotechnol. 2017;26:1685–92.

13.	 Xiong C, Qiang L, Cheng C, Chen Z, Huang W. Neuroprotective effect of crude polysaccharide isolated from the fruiting 
bodies of Morchella importuna against H2O2-induced PC12 cell cytotoxicity by reducing oxidative stress. Biomed Pharma-
cother. 2016;83:569–76.

14.	 Liu W, Zhang Y, He P. Morel Biology and Cultivation (in Chinese). Changchun: Jilin Science and Technology Press; 2017.
15.	 Ower RD. Notes on the development of the morel ascocarp. Mycologia. 1982;74:142–4.
16.	 Masaphy S. Biotechnology of morel mushrooms: successful fruiting body formation and development in a soilless system. 

Biotechnol Lett. 2010;32:1523–27.
17.	 O’Donnell K, Rooney AP, Mills GL, Kuo M, Weber NS, Rehner SA. Phylogeny and historical biogeography of true morels 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

IJM-32891.indd                       1097                                                               Manila Typesetting Company                                                               12/10/2019                      05:31PM



1098	 He et al.

(Morchella) reveals an early Cretaceous origin and high continental endemism and provincialism in the Holarctic. Fungal 
Genet Biol. 2011;48:252–65.

18.	 He P, Wang K, Cai Y, Liu W. Live cell confocal laser imaging studies on the nuclear behavior during meiosis and ascosporo-
genesis in Morchella importuna under artificial cultivation. Micron. 2017;101:108–13.

19.	 He P, Wang K, Cai Y, Hu X, Zheng Y, Zhang J, Liu W. Involvement of autophagy and apoptosis and lipid accumulation in 
sclerotial morphogenesis of Morchella importuna. Micron. 2018;109:34–40.

20.	 Chai H, Chen L, Chen W, Zhao Q, Zhang X, Su K, Zhao Y. Characterization of mating-type idiomorphs suggests that 
Morchella importuna, Mel-20 and M. sextelata are heterothallic. Mycol Prog. 2017;16:1–10.

21.	 Du X, Zhao Q, Xia E, Gao L, Richard F, Yang ZL. Mixed-reproductive strategies, competitive mating-type distribution and 
life cycle of fourteen black morel species. Sci Rep. 2017;7:1493.

22.	 Du X, Zhao Q, Xu J, Yang ZL. High inbreeding, limited recombination and divergent evolutionary patterns between two 
sympatric morel species in China. Sci Rep. 2016;6:22434.

23.	 Liu W, Chen L, Cai Y, Zhang Q, Bian Y. Opposite polarity monospore genome de novo sequencing and comparative analysis 
reveal the possible heterothallic life cycle of Morchella importuna. Int J Mol Sci. 2018;19:2525. 

24.	 He S, Zhao K, Ma L, Yang J, Chang Y. Effects of different cultivation material formulas on the growth and quality of 
Morchella spp. Saudi J Biol Sci. 2018;25:719–23.

25.	 Li Q, Xiong C, Huang W, Li X. Controlled surface fire for improving yields of Morchella importuna. Mycol Prog. 
2017;16:1057–63.

26.	 Masaphy S, Zabari L. Observations on post-fire black morel ascocarp development in an Israeli burnt forest site and their 
preferred micro-sites. Fungal Ecol. 2013;6:316–8.

27.	 Liu H, Xu J, Li X, Zhang Y, Yin A, Wang J, Long Z. Effects of microelemental fertilizers on yields, mineral element levels and 
nutritional compositions of the artificially cultivated Morchella conica. Sci Hortic Amsterdam. 2015;189:86–93.

28.	 Liu Q, Liu H, Chen C, Wang J, Han Y, Long Z. Effects of element complexes containing Fe, Zn and Mn on artificial morel’s 
biological characteristics and soil bacterial community structures. PLoS One. 2017;12: e0174618.

29.	 Sharon A, Finkelstein A, Shlezinger N, Hatam I. Fungal apoptosis: function, genes and gene function. FEMS Microbiol Rev. 
2009;33:833–54.

30.	 Shah FA, Butt TM. Influence of nutrition on the production and physiology of sectors produced by the insect pathogenic 
fungus Metarhizium anisopliae. FEMS Microbiol Lett. 2005;250:201–7.

31.	 Safavi SA. Successive subculturing alters spore-bound Pr1 activity, germination and virulence of the entomopathogenic fun-
gus, Beauveria bassiana. Biocontrol Sci Techn. 2011;21:883–90.

32.	 He P, Cai Y, Liu S, Han L, Huang L, Liu W. Morphological and ultrastructural examination of senescence in Morchella elata. 
Micron. 2015;78:79–84.

33.	 Ma X, Cai Y, Liu W, He P. A method for detecting the ageing of Morchella fungi. China Patent CN107164452A; 2017.
34.	 Georgiou CD, Petropoulou PK. Effect of the antioxidant ascorbic acid on sclerotial differentiation in Rhizoctonia solani. Plant 

Pathol. 2001;50:594–600.
35.	 Patsoukis N, Georgiou CD. Determination of the thiol redox state of organisms: new oxidative stress indicators. Anal Bioanal 

Chem. 2004;378:1783–92.
36.	 Yazdanpanah M, Luo X, Lau R, Greenberg M, Fisher JL, Lehotay CD. Cytotoxic aldehydes as possible markers for childhood 

cancer. Free Radical Biol Med. 1997;23:870–8.
37.	 Rizet G. Sur la longévité des souches de Podospora anserina. Comptes Rendus Académie des Sciences. 1953;237:1106–9.
38.	 Cristofalo VJ, Lorenzini A, Allen RG, Torres C, Tresini M. Replicative senescence: a critical review. Mech Ageing Dev. 

2004;125:827–48.

  1
  2
  3
  4
  5
  6
  7
  8
  9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

IJM-32891.indd                       1098                                                               Manila Typesetting Company                                                               12/10/2019                      05:31PM

International Journal of Medicinal Mushrooms




