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Abstract 14	

Terfezia claveryi Chatin was the first desert truffle species to be cultivated, the mycorrhizal 15	

plants being successfully produced by using both desert truffle spores and mycelia. However, it is more 16	

advisable to use mycelium than spores whenever possible and profitable. Given the low yields of mycelia 17	

obtained using traditional culture methods of this truffle, the medium composition was modified in an 18	

attempt to determine its nutritional requirements. For this, an assay involving response surface 19	

methodology was performed using Box-Behnken design to find the optimal parameters for the high 20	

production of mycelial biomass. The best results were obtained with glucose as carbon source, buffering 21	

the pH at 5 during culture, adding a pool of vitamins and adjusting the optimal concentrations of carbon 22	

and nitrogen sources of the MMN medium. Biomass production increased from 0.3 to 3 g L-1 dry weight 23	

and productivity increased from 10.7 to 95.8 mg L-1 d-1 dry weight. The produced mycelium was able to 24	

colonize Helianthemum roots efficiently, providing more than 50 % ectomycorrhizal colonization. 25	

 26	
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 29	

Introduction 30	

The term ‘desert truffles’ comprises species of different hypogeous Ascomycetes genera, such as 31	

Terfezia, Picoa, Tirmania, Balsamia, Delastria, Phaeangium and some Tuber species, which are typical 32	

of countries or territories with arid and semiarid conditions. Among desert truffles, several genera have an 33	

excellent record as edible fungi and, two of them are of considerable economic importance: Terfezia and 34	

Tirmania (Morte et al. 2009). Terfezia claveryi Chatin was the first desert truffle species to be cultivated 35	

and numerous desert truffle plantations have been established in Spain in the last ten years, the first 36	

ascocarps normally appearing two years after plantation (Morte et al. 2017). 37	

In natural ecosystems, T. claveryi establishes mycorrhizal symbiosis with numerous species of 38	

the genus Helianthemum. Nowadays, the increasing demand for this novel crop, not only in Spain but 39	

also in other countries, has prompted the research for new strategies to help pass from experimental scale 40	

to large-scale cultivation (Morte et al. 2012, 2017; Navarro-Ródenas et al. 2016). Mycorrhizal plants have 41	

been successfully produced by using both desert truffle spores and mycelia (Morte et al. 2008). Some 42	

advantages of using spore-based inoculations are that inoculum is easy to prepare and less time 43	

consuming, relativey cheap, and it does not require specialized equipment or training. However, the 44	

problem with using spore inoculation is that spores can carry pests, pathogens and other mycorrhizal 45	

fungi which can contaminate the mycorrhizal plants (Iotti et al. 2016). Therefore, it is more advisable to 46	

use mycelium than spores whenever possible. 47	

 T. claveryi presents very slow mycelium growth in vitro and most of the strains isolated were not 48	

able to grow after subculturing (Navarro-Ródenas et al. 2011). Soil mycelium of T. claveryi is 49	

intermediate between “contact exploration type” and “short-distance exploration type”, which is 50	

indicative of its slow growth (Honrubia et al. 2014). Although, it has been reported that the mycelium of 51	

T. claveryi grows better under a moderate water stress (Navarro-Ródenas et al. 2011) and in the presence 52	

of β-cyclodextrin in the culture medium (López-Nicolás et al. 2013), these improvements are not 53	

sufficient to obtain enough mycelial biomass for use as inoculum in plant nursery production on a semi-54	

industrial scale. The slow or erratic growth of fungi could be improved by optimizing the conditions 55	

and/or composition of the culture medium in bioreactors, as has been observed in other ectomycorrhizal 56	

(ECM) fungi such us Pisolithus tinctorius (Pradella et al. 1991), Pisolithus microcarpus (Rossi et al. 57	
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2002), Rhizopogon nigrescens (Liu et al. 2008), Tuber melanosporum (Liu et al. 2009), Coriolus 58	

versicolor (Wang et al. 2012) and Lactarius deliciosus and Suillus mediterraneensis (Carrillo et al. 2004), 59	

among others. 60	

Most ECM fungi, known as pioneer fungi, can be grown in Modified Melin Norkans (MMN, 61	

Marx 1969) medium, but some genera require a richer medium for optimal growth. This is the case for 62	

some species of Amanita, Lactarius and Russula, which grow better when Biotin-Aneurin-Folic Acid 63	

(BAF) (Moser 1960) is used as culture medium. The MMN medium contains 3 g L-1 of malt extract but 64	

was eliminated in the case of T. claveryi culture because it did not improve growth (Morte and Honrubia 65	

1994). 66	

 A previous study of mycelial inoculum production of the desert truffle Terfezia olbiensis (Morte 67	

et al. 2004) in bioreactor pointed to a lag phase of 15 days and 1.16 g L-1 in dry weight of biomass after 68	

29 days of fermentation in MMN medium. Although there are numerous studies on the aerobic liquid 69	

culture of ECM fungi in fermentation tanks, information on the optimal methodology and yield is scarce. 70	

Box-Behnken experimental design, through response surface methodology (RSM), has been increasingly 71	

used to optimize microorganism fermentation processes (Mao et al. 2005; Liu and Wang 2007; Wei et al. 72	

2014; Kumar and Mishra 2017).  This methodology allows multiple variables and the interactions among 73	

them to be tested with the added advantage of reducing the experimental trials (Ferreira et al. 2007). 74	

The objective of this work was to design a culture medium where T. claveryi can grow quickly 75	

and efficiently, testing the effect of macronutrients, micronutrients and vitamins on the mycelial growth 76	

in vitro. After that, carbon and nitrogen concentrations and pH were optimized for the efficient production 77	

of biomass and the culture medium was readjusted to enhance this growth. Finally, the ability of the 78	

obtained mycelium to form mycorrhizas in Helianthemum almeriense plants was tested. 79	

Materials and methods 80	

An outline of the different experiments detailed below is shown in Fig. S1. 81	

Fungal material and preculture 82	

 T. claveryi mycelium, strain T7, isolated from ascocarps collected in Zarzadilla de Totana 83	

(Lorca, Murcia, Spain, N 37º 52’ 14.308’’, O 1º 42’ 6.71’’), with alkaline soil (pH 8.0), under plants of 84	

Helianthemum almeriense Pau (Fig. 1a), was maintained in solid Petri dishes (Fig. 1b) in MMN medium 85	
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without malt extract, pH 7.0, 24ºC and in darkness (stock cultures). To prepare the culture media, all 86	

carbon sources and vitamins were sterilized by filtering using 0.22 µm Millipore filters and added to the 87	

previously autoclaved medium once cooled. Plugs of mycelium-agar were used to inoculate the liquid 88	

medium cultures to generate precultures. Previous to the assays in the different liquid media, precultures 89	

in 200 mL flasks were performed to activate mycelium growth and obtain enough mycelium biomass to 90	

carry out the different assays (Fig. 1c).  91	

Determination of dry weight of the mycelial biomass produced, its residual volume and residual 92	

glucose and ammonium (NH4
+) 93	

 Both initial and final biomass in 200 mL flasks was quantified as mycelial dry weight. The 94	

mycelium was filtered, washed with distilled water and dried in an oven at 60ºC for 72 hours until the 95	

weight was constant. In order to calculate the biomass produced, the following equation was used: 96	

𝐵 =
(!!! !!)

!"
       (1), 97	

where, B corresponds to the total biomass concentration (g L-1), Bf is the final biomass (g), Bi is the initial 98	

biomass (g) and Vr is the residual volume of the culture medium (L). 99	

Residual glucose was measured by spectrophotometry using the glucose oxidase method 100	

(Trinder 1969; Lott and Turner 1975), with the QCA® kit. The reaction product was measured at 505 nm 101	

and the resulting data were compared with those of the glucose standard. Residual ammonium (NH4
+) was 102	

determined by a colorimetric kit (JBL®NH4 TEST). The data were measured at 690 nm and the 103	

concentrations were calculated from a standard curve previously obtained using (NH4)2HPO4 from 0.1 to 104	

5.0 mg L-1. 105	

Bioassay 1: Macronutrients and carbon source screening 106	

Strain T7 was grown in glucose, sucrose and mannitol as carbon source. For this screening, a 107	

factorial test of two factors, carbon source and percentage (5% and 10%) of initial inoculum size (v/v), 108	

with five replicates per treatment in MMN medium (Table 1), at pH 7.0, was designed. Flasks containing 109	

5 and 10 mL of mycelial preculture (5 and 10% of initial inoculum size, respectively) in 100 mL of 110	

culture medium were incubated for 30 days at 24ºC, with stirring of 100 rpm, in darkness.  111	
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 Another treatment consisting of 3-fold increasing concentrations of the MMN macronutrients 112	

(Table 1), called MMN 3x Macronutrients, under the same culture conditions, was studied. 113	

Bioassay 2: Micronutrients and vitamins screening 114	

A pool of selected micronutrients and vitamins from other common culture media ‒minimal 115	

medium, M (Bécard and Fortin 1988) and BAF medium‒ were added to the MMN medium. Three 116	

different treatments, with twenty replicates of each, were designed: MMN as a control group, MMN plus 117	

micronutrients and MMN plus vitamins and glycine (Table 1). Plugs of 5 mm were taken from the colony 118	

edge of T. claveryi stock plates showing active growth and grown on cellophane agar plates at 24ºC in 119	

darkness for 45 days. The obtained mycelial biomass was measured by weighting the colonies growing 120	

over cellophane sheets, after they were dried in an oven at 60ºC for 72 hours until the weight was 121	

constant. 122	

The study of the growth kinetic in liquid culture was carried out in two mycelium cultures 123	

involving MMN and MMN plus vitamins (a total of 40 flasks each containing 50 mL) and incubated at 124	

24ºC in darkness, at pH 7.0, during six weeks. Using the 10% (v/v) initial inoculum (from a 7-day-125	

preculture), 6 random flasks were harvested each week and the mycelial biomass was measured and 126	

calculated by Eq. 1. Then, a growth profile of T7 strain was made comparing both culture media. 127	

Bioassay 3: Optimization by means of the Box-Behnken experimental design 128	

In an attempt to improve the process, the pH, nitrogen source and carbon source concentrations 129	

were selected for further optimization studies using a Box-Behnken design (Box and Behnken 1960). This 130	

method is an independent quadratic model where the combinations of treatments are at the midpoints of 131	

edges of the process space and at the centre point (Natrella 2010). The lowest and the highest levels of the 132	

variables were: pH (x1), 5 and 7; (NH4)2HPO4 (x2), 0.25 and 0.75 g L-1; and glucose (x3), 5 and 15 g L-1 133	

(Table S1).  134	

The experiment consisted of 15 trials with 5 replicates and 3 levels for each factor (three in this 135	

case), in which combinations of independent variables were studied to estimate the error. Flasks 136	

containing 100 mL of MMN-Vitamins medium with the above-mentioned changes were incubated at 137	

24ºC in darknes on a rotatory shaker at 100 rpm. To keep the pH buffered for each treatment (5, 6 and 7), 138	
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MES hydrate (2-(N-Morpholino) ethanesulfonic acid hydrate) was added at 10 g L-1 (0.05M). After 32 139	

days, flasks were harvested and the biomass produced (Eq. 1), glucose and residual NH4
+ were measured.  140	

 The optimal conditions thus obtained were tested in a 5 L stirred tank bioreactor 141	

(Applikon®Biotechnology) culture to verify the model (Fig. 1d). The initial inoculum was cultivated for 142	

15 days before the mycelium was transferred to the bioreactor. MMN-Optimized medium was used 143	

(Table 1) and the following parameters were monitored: temperature 24ºC, pH 5.2 (adding 0.5 N NaOH if 144	

there is acidification of the medium due to fungal growth), constant stirring at 100 rpm, air-flow 0.5 145	

L/min and dissolved oxygen (% DO) in excess of 60 % (Morte et al. 2004). The final cultivation volume 146	

was 3.5 L and the starting inoculum consisted of 10 % mycelium [v/v] precultured (3.15 L plus 350 mL 147	

of initial inoculum). Finally, total produced mycelial biomasses were calculated according to Eq. 1. 148	

Mycorrhizal symbiosis ability in Helianthemum almeriense 149	

The mycelium produced in the fermentation assay was tested to confirm its ability for producing 150	

mycorrhizal plants. After harvesting the mycelium from the bioreactor, it was filtered, washed and 151	

homogeneized, with a sterile blender, in the same volume of sterile water before inoculation. Then, for in 152	

vitro checking, a total of 24 vermiculite tubes with H. almeriense plantlets watered with MH medium 153	

(Morte and Honrubia 1994) were inoculated with 2 mL per tube of that mycelial suspension. In addition, 154	

another 24 vermiculite tubes were prepared without mycelial inoculum as control samples. The culture 155	

conditions were those proposed by Morte and Honrubia (1994, 1997). For non-aseptic tests conditions, 156	

ten-week-old seedlings were transplanted and inoculated with approximately 3 mL of mycelial 157	

suspension in each pot (140 pots) containing soil/black peat/perlite [1:1:1 (v/v)] and grown in greenhouse 158	

as detailed in Navarro-Ródenas et al. (2016). 159	

Two-month-old plants were analysed to measure the mycorrhizal colonization on stained root 160	

samples as previously described (Gutiérrez et al. 2003) and the percentage of mycorrhization was visually 161	

estimated  (Giovannetti and Mosse 1980) under an optical microscope. 162	

Growth test of T. claveryi strains on MMN-Optimized medium 163	

MMN-Optimized medium was tested with another four T. claveryi strains (T1, T2, T5 and T9) 164	

with the MMN medium as a control. Plugs of 5 mm were taken from the colony edge of T. claveryi stock 165	

plates and eight replicates of each strain were grown on cellophane agar plates at 24ºC in darkness for 8 166	
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weeks. After this period, colony areas were measured with ImageJ program (Scheiner et al. 2012) and the 167	

mycelial biomass was measured by weighting the colonies growing over cellophane sheets, after they 168	

were dried in an oven at 60ºC for 72 hours until the weight was constant. 169	

Genetic analysis by polymerase chain reaction  170	

 A DNA analysis was carried out by PCR (polymerase chain reaction) to confirm and check that 171	

the fungal biomass belonged to T. claveryi, and was free of contaminants. The DNA was extracted by the 172	

C-TAB method (Chang et al. 1993) and amplified using fungal specific primers ITS1F and ITS4 173	

according to Bordallo et al. (2013). The amplified fragments were sequenced and compared in the 174	

Genbank database (NCBI). The results confirmed that the mycelium was Terfezia claveryi and was free 175	

of contaminants throughout the experiment. 176	

Statistical analysis 177	

The assumptions of normality and homocedasticity (homogeneity of variance) were 178	

corroborated. Data were subjected to ANOVA I and ANOVA II in a factorial design, according to 179	

Tukey's test or Dunnett’s test. Statistical analysis was carried out using the software package SPSS 180	

(version 15).  Additionally, for the BBD assay, a mathematical model to describe the effects between the 181	

independent variables was developed using the following second-order equation: 182	

𝑦 = 𝛽! + 𝛽!𝑥!!
!!! + 𝛽!!𝑥!!!

!!! + 𝛽!"𝑥!𝑥!!
!!!!! +  𝜉     (𝑖 = 1,3; 𝑗 = 1,3, 𝑖 ≠ 𝑗)    (2), 183	

where y is the predicted response variable; β0, βi, βii, and βij are constant regression coeficients of the 184	

model; xi, and xj represent the independent variables in the form of coded values, and ξ is the random 185	

error (effects not explained by the model). Then, an ANOVA test was performed on the results to 186	

evaluate the statistical significance of the model and using Modde 5.0 Umetrics AB statistical package 187	

and software for multiple lineal regression analysis and the graphical optimization (response surface 188	

methodology, RSM). 189	

Results and discussion 190	

Screening of different nutrients and the size of initial inoculum 191	

The effect of increased nutrients that were thought to either improve or decrease mycelial growth 192	

was checked. Firstly, the highest biomass production was obtained using both glucose as carbon source 193	
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and 10 % of the initial inoculum size (Fig. 2a, Table S2). This treatment provided significantly better 194	

results than the other treatments. However, there were no differences between the carbon sources when 5 195	

% of initial inoculum size was applied (Table S2). This means that sucrose and mannitol but not glucose 196	

could be growth limiting as carbon sources, when working with volumes above 10% [v/v] of starting 197	

inoculum. Taking into account the type of nutrition and growth of fungi, it is important to know the ratio 198	

between inoculum size and volume of the medium (Cochrane 1958; Jennings 1995). Concentrations of 199	

different metabolites might play an important role in the growth of these symbiotic fungi, whose growth 200	

in vitro is slow and difficult in pure culture. Moreover, the maintenance of a successful long-term 201	

relationship seems strongly regulated by resource allocation between symbiotic partners, suggesting that 202	

nutrients themselves may serve as signals (Garcia et al. 2015). Wang et al. (2012) obtained the highest 203	

mycelial production for Coriolus versicolor with malt extract as a source of carbon and 8% of initial 204	

inoculum size, which normally range between 3% and 10% of the culture (Stanbury et al. 2013). Our 205	

results showed that the T7 strain grew better with higher initial inoculum (Fig. 2a), and that the biomass 206	

produced was double (0.61 g L-1) than that produced with half the inoculum (0.33 g L-1) when glucose is 207	

used as carbon source (Table S2).  208	

The results showed that the size of initial inoculum (Fig. 2a), but not the addition of 209	

macronutrients to the culture medium affected the mycelial biomass production rate (Fig. 2b). About 0.3 210	

g L-1 and 0.6 g L-1 were obtained in both media, using 5% and 10 % of the initial inocula, respectively 211	

(Fig. 2b). Therefore, macronutrients of the MMN medium were not limiting the growth for the T7 strain. 212	

Then, the MMN medium was used for the following experiments in a further attempt to identify the 213	

nutritional requirements. 214	

In the second bioassay, the effects of a pool of micronutrients and vitamins added to MMN 215	

culture medium were analyzed. The only significant differences observed were in MMN medium with 216	

added vitamins (Fig. 3), according to Dunnett’s test (p<0.01). The micronutrients did not increase the 217	

mycelial biomass significantly. It is known that fungi require several vitamins and growth factors to grow 218	

and spread (Cochrane 1958; Jennings 1995). These requirements may depend on the fungal strain or 219	

species and sometimes on the culture conditions.  220	

When the T. claveryi strain T7 growth profile was characterized, different growth phases were 221	

obtained (Fig. 4). The exponential phase of the fungus grown in MMN plus vitamins was seven days 222	
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shorter than that in the control medium without vitamins, and the biomass obtained was higher (3 g L-1 vs. 223	

1.3 g L-1) (Fig. 4).  Also, we could observe that a faster growth rate (slope of curve in exponential phase) 224	

was obtained when MMN plus vitamins was used. 225	

The residual glucose was lower in the medium with added vitamins (3 g L-1) than the MMN 226	

without vitamins (5 g L-1), whereas the ammonium was almost totally consumed in both media (data not 227	

shown). Since ECM fungi need more carbon source to efficiently assimilate nitrogen, some authors have 228	

reported a reduced ECM mycelium growth with high concentrations of nitrogen source under a limiting 229	

carbon source (Garcia et al. 2015). In T. claveryi, the nitrogen source could be limiting growth because it 230	

was completely consumed, despite the excess glucose remaining in the medium at the end of the culture 231	

when the initial concentration of nitrogen source was 0.25 g L-1. 232	

Furthermore, a drop in the pH was observed after a few days of growth (from pH 7.0 to 5.5-6.0), 233	

and was even more pronounced after one month of growth (less than 4) (data not shown). Usually, T. 234	

claveryi has been cultivated in vitro at pH 7, simulating its development under natural field conditions 235	

(alkaline soil) (Honrubia et al., 2014). To date, no substances have been added that buffered the pH 236	

during its cultivation but, according to our results, such a step is necessary since the fungal metabolism 237	

may produce organic acids from carbohydrates which are released into the medium promoting pH 238	

changes as reported by Rossi et al. (2007). The decrease in pH can also be explained considering that 239	

ammonium is transported into the fungus as ammonia, leaving the hydrogen ion behind (Griffin 1996). A 240	

slightly acidic pH is probably not unusual for a fungus that prefers neutral-basic soils, since T. claveryi 241	

hyphae have also to maintain a membrane potential by extruding H+ ions around the plasma membrane in 242	

these soils. 243	

Synergic effects of pH, carbon and nitrogen sources seen by response surface methodology  244	

The experimental data obtained and those predicted by the model are compared in Table S1. The 245	

maximum mycelial biomass production was 4.65 g L-1, which was observed with 15 g L-1 glucose, 0.5 g 246	

L-1 (NH4)2HPO4 at pH 5, while the minimum level was 0.81 g L-1 with 10 g L-1 glucose, 0.75 g L-1 247	

(NH4)2HPO4 at pH 7. The residual ammonium was low in almost all treatments, indicating that this 248	

nutrient was consumed almost completely. The residual glucose was non-limiting, and part of it remained 249	

in the medium without being consumed (Table S1). 250	
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The analysis of variance (ANOVA) of the regression model was evaluated for biomass 251	

production (Table S3). The model was highly significant. Non-significant lack of fit (p-value > 0.05) is 252	

good for the model to fit. In this case, the p-value = 0.146 demonstrated that the quadratic model was 253	

highly significant. The R2 value of the model was 0.42, indicating that 42% of the variance in the 254	

response could be explained by the model. The model also was significant for both residual glucose and 255	

NH4
+ values and the non-significant values of lack of fit validated the models (Table S3). 256	

The results of the regression analysis are shown in Table S4. The maximum biomass production 257	

was determined with optimal levels of pH (x1), (NH4)2HPO4 (x2) and glucose (x3) with multiple regression 258	

analysis to obtain a second-order polynomial equation expressed by Eq. 2, mainly considering the 259	

significant terms: 260	

𝒚𝒃𝒊𝒐𝒎𝒂𝒔𝒔 = 2.825 − 0.795𝑥! + 0.541𝑥! − 0.656𝑥!! − 0.756𝑥!𝑥! 

where ybiomass is the biomass production, x1 is the pH level, x2 is the (NH4)2HPO4 concentration and x3 is 261	

the glucose concentration. The model reveals that only x3 had positive effects on ybiomass, while pH, 262	

quadratic term x2x2 and interaction term x1x3 had negative effects (Table S4). 263	

The 3-D response surface and contour plots of the combinated effects of glucose and 264	

(NH4)2HPO4 levels on the biomass production at different pH levels were evaluated (Fig. 5). The model 265	

predicted 4.12 g L-1 of biomass production with 15 g L-1 glucose, 0.6 g L-1 (NH4)2HPO4 and pH 5. 266	

Therefore, an increase in biomass production yield could be achieved by increasing the glucose 267	

concentration and lowering the pH. The (NH4)2HPO4 behaviour was different, since it maintained its 268	

optimal value of 0.6 g L-1 (Fig. 5). The pH was efficiently buffered since it only decreased by 269	

approximately 0.2 units from the initial pH values. In fact, the buffer used was sufficient to maintain the 270	

pH values constant in the cultures. In vitro, several ECM fungi have shown a wide range of pH (between 271	

3.5 and 8.5) to grow and to colonize plant roots properly (Sánchez et al. 2001). In T. claveryi, the strain 272	

T7 preferred a slightly acidic pH rather than a neutral one, under the conditions tested.  273	

The carbon-nitrogen ratio (C/N) is an important factor affecting the mycelial development and 274	

fruiting body of medicinal mushrooms (López et al. 2011). Adjusting the optimal values for greater 275	

biomass, the C/N ratio was 25 (15/0.6) at pH 5, so that values above and below 30 were not optimal for 276	

mycelial growth. At pH 6, the mycelial growth was more stable with fewer variations regardless of the 277	

C/N ratio. Moreover, the best C/N for biomass production at pH 7 was 40, which it is similar to the ratio 278	
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found in the traditional MMN medium (10/0.25). The C/N relationships were conditioned by the pH of 279	

the culture, where pH 5 favored biomass production compared with pH 7 (Fig. 5).  280	

After 30 days, the bioreactor culture, in the optimized conditions, was harvested and a biomass 281	

production of 3.1 g L-1 (Eq. 1) in dry weight was obtained. The linear consumption of 0.5 N NaOH 282	

observed (Fig. S2) was probably necessary to compensate for the secretion of organic acids, products of 283	

the metabolism associated with growth. The lag phase lasted 7 days, after which the mycelium began to 284	

grow, the exponential phase lasting longer than in the flask culture. The biomass obtained was close to the 285	

BBD predicted value, with a degree of accuracy of 75% of the model. Therefore, liquid fermentation in 286	

bioreactors can be considered a suitable method for producing inoculum of T. claveryi, as long as the 287	

need to optimize the conditions for each fungal strain has to be considered. Compared with other ECM 288	

fungi, production of mycelium biomass of T. claveryi is much lower. In optimized culture conditions, 289	

Lactarius quieticolor produced 3.25 g L-1 of biomass (0.11 g L-1 d-1) and Rhizopogon roseolus produced 290	

8.6 g L-1 (0.283 g L-1d-1) (Chávez et al. 2014). Rossi et al. (2011) obtained a productivity of 0.48 g L-1d-1 291	

for the culture of Pisolithus microcarpus. In T. melanosporum fermentation, higher productivity was 292	

achieved, reaching 1 g L-1d-1 (Liu et al. 2009). Whatever the case, T. claveryi production was 0.1 g L-1d-1 293	

in the new growth conditions. 294	

Mycelial mycorrhization analysis 295	

The mycelium produced with the bioreactor was used for the production of desert truffle 296	

mycorrhizal plants in the nursery, where the use of pure vegetative mycelial culture of ECM fungi is 297	

probably the best method to inoculate plants (Morte and Honrubia 2009; Iotti et al. 2016). In addition, the 298	

use of bioreactors for this purpose allows high-quality inoculum to be produced under controlled 299	

conditions.  300	

Although in natural field conditions T. claveryi with H. almeriense forms an endomycorrhiza, in 301	

pot culture conditions it changes to an ectendomycorrhiza, and to an ectomycorrhiza with a typical sheath 302	

and Hartig net under in vitro conditions (Gutiérrez et al. 2003), this type of mycorrhiza was redefined to 303	

an ectendomycorrhiza continuum by Navarro-Ródenas et al. (2012). 304	

Two-month-old micropropagated plants inoculated in vitro with T. claveryi mycelium were 305	

analyzed and the results showed a good percentage of mycorrhization, (over 50% of the root system). A 306	

high density of mycelium attached to roots, vermiculite and glass tube walls was observed under in vitro 307	
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conditions (Fig. 1e). Mainly, ectomycorrhizal colonization was observed, with roots surrounded by a 308	

typical sheath and intercellular hyphae (Hartig net) (Figs. 1f, g). 309	

Mycelial growth of T. claveryi strains 310	

Three of four additional strains tested did not grow, only strain T1 produced some extra biomass. 311	

It showed a significantly higher colony area and biomass in MMN-Optimized medium (4.51±0.15 cm2 312	

and 29.2±1.0 mg, respectively) than in MMN medium (2.97±0.20 cm2 and 13.8±0.4 mg, respectively), 313	

according to Tukey’s test (p<0.05). T. claveryi shows a very erratic growth over time as well as among 314	

subcultures, which makes it very difficult to draw general conclusions on the behavior of different strains. 315	

In addition, the sexual reproductive mode of fungi should be taken into account for mycelial 316	

inoculations since, in heterothallic ascomycetes, the two MAT (mating type) genes occur in different 317	

strains, thus heterothallic ascomycetes are self-sterile, and the crossing between strains of opposite mating 318	

type is required for sporocarp production as demonstrated for T. melanosporum (Rubini et al. 2011). Up 319	

to now, it is unknown whether T. claveryi is heterothallic. 320	

Conclusions 321	

The macronutrients present in the MMN medium were not growth limiting and glucose was the 322	

best carbon source tested when combined with an appropiate initial amount of inoculum. A pool of added 323	

vitamins increased the mycelial biomass and the growth rate of T. claveryi. Carbon and nitrogen 324	

concentrations in the medium were adjusted to 15 and 0.6 g L-1, respectively, and the pH set at 5 (MMN-325	

Optimized) to improve the biomass production. Finally, 3.1 g L-1 of mycelial biomass was produced in 326	

the bioreactor by strain T7, thus providing a suitable amount of mycelium for large-scale mycorrhizal 327	

inoculation. These results constitute a valuable biotechnological advance for the continuous and efficient 328	

production of high quality desert truffle mycorrhizal plants. This work opens up the possibilities for 329	

providing enough amounts of mycelial inoculum of Terfezia strains for further studies on mycorrhizal 330	

efficiency and sporocarp production. 331	

Acknowledgements 332	

This work was supported by projects 19484/PI/14 (Fundación Séneca of Region of Murcia, 333	

FEDER, Spain) and CGL2016-78946-R (AEI-FEDER, UE). F. Arenas thanks the Ministerio de 334	

Economía y Competitividad (MINECO) for financial resources from the Youth Employment Initiative 335	



	
	

13	
	

(IEJ) and the European Social Fund (FSE) (PEJ-2014-A-83659). D. Chávez would like to thank the 336	

Chilean National Council for Science and Technology CONICYT 21110038 for the assigned 337	

postgraduate grant. A.  Navarro-Ródenas  is  grateful  to  the  University  of  Murcia  for  a  postdoctoral  338	

contract. 339	

References 340	

Bécard G, Fortin J (1988) Early events of vesicular–arbuscular mycorrhiza formation on Ri T-DNA 341	

transformed roots. New Phytol 108:211-218. doi:10.1111/j.1469-8137.1988.tb03698.x 342	

Bordallo JJ, Rodríguez A, Muñoz-Mohedano JM, Suz LM, Honrubia M, Morte A (2013) Five new 343	

Terfezia species from the Iberian Peninsula. Mycotaxon 124:189-208. 344	

https://doi.org/10.5248/124.189 345	

Box GE, Behnken DW (1960) Some new three level designs for the study of quantitative variables. 346	

Technometrics 2:455-475.  347	

Carrillo C, Díaz G, Honrubia M (2004) Improving the production of ectomycorrhizal fungus mycelium in 348	

a bioreactor by measuring the ergosterol content. Eng Life Sci 4:43-45. 349	

doi:10.1002/elsc.200420003 350	

Chang S, Puryear J, Cairney J (1993) A simple and efficient method for isolating RNA from pine trees. 351	

Plant Mol Biol Rep 11:113-116. https://doi.org/10.1007/BF02670468 352	

Chávez  D, Machuca Á, Aguirre C, Palfner G (2014) Optimización del crecimiento miceliar de los 353	

hongos ectomicorrízicos Lactarius quieticolor y Rhizopogon roseolus utilizando metodología de 354	

superficie de respuesta. XXII Congreso Latinoamericano de Microbiología-ALAM, Cartagena 355	

de Indias, Colombia, 4-8 noviembre 2014 356	

Cochrane VW (1958) Physiology of fungi. John Wiley and Sons, London. 357	

Ferreira SLC, Bruns RE, Ferreira HS, Matos GD, David JM, Brandao GC, da Silva EGP, Protugal LA, 358	

dos Reis PS, Souza AS, dos Santos WNL (2007) Box-Behnken design: an alternative for the 359	

optimization of analytical methods. Anal Chim Acta 597:179-186.	 doi: 360	

10.1016/j.aca.2007.07.011 361	



	
	

14	
	

Garcia K, Delaux PM, Cope KR, Ané JM (2015) Molecular signals required for the establishment and 362	

maintenance of ectomycorrhizal symbioses. New Phytol 208:79-87. doi:10.1111/nph.13423 363	

Giovannetti M, Mosse B (1980) An evaluation of techniques for measuring vesicular arbuscular 364	

mycorrhizal infection in roots. New phytol 84:489-500. doi:10.1111/j.1469-8137.1980.tb04556.x 365	

Griffin DH (1996) Fungal physiology. John Wiley and Sons, London. 366	

Gutiérrez A, Morte A, Honrubia M (2003) Morphological characterization of the mycorrhiza formed by 367	

Helianthemum almeriense Pau with Terfezia claveryi Chatin and Picoa lefebvrei (Pat.) Maire. 368	

Mycorrhiza 13:299-307. https://doi.org/10.1007/s00572-003-0236-7 369	

Honrubia M, Andrino A, Morte A (2014) Domestication: Preparation and maintenance of plots. In: 370	

Kagan-Zur V, Roth-Bejerano N, Sitrit Y, Morte A (eds) Desert Truffles – Phylogeny, 371	

Physiology, Distribution and Domestication. Soil Biology, vol 38. Springer, Berlin, pp 367-387. 372	

doi:10.1007/978-3-642-40096-4_22 373	

Iotti M, Piattoni F, Leonardi P, Hall IR, Zambonelli A (2016) First evidence for truffle production from 374	

plants inoculated with mycelial pure cultures. Mycorrhiza 26:793-798. 375	

https://doi.org/10.1007/s00572-016-0703-6 376	

Jennings DH (1995) The physiology of fungal nutrition. Cambridge University Press. 377	

Kumar S, Mishra A (2017) Optimization of laccase production from WRF-1 on groundnut shell and 378	

cyanobacterial biomass: By application of Box-Behnken experimental design. J Microbiol 379	

Biotechnol Res 1:33-53.  380	

Liu G-Q, Wang X-L (2007) Optimization of critical medium components using response surface 381	

methodology for biomass and extracellular polysaccharide production by Agaricus blazei. Appl 382	

Microbiol Biotechnol 74:78-83. https://doi.org/10.1007/s00253-006-0661-6 383	

Liu Q-N, Liu R-S, Wang Y-H, Mi Z-Y, Li D-S, Zhong J-J, Tang Y-J (2009) Fed-batch fermentation of 384	

Tuber melanosporum for the hyperproduction of mycelia and bioactive Tuber polysaccharides. 385	

Bioresour Technol 100:3644-3649. https://doi.org/10.1016/j.biortech.2009.02.037 386	

Liu R-S, Li D-S, Li H-M, Tang Y-J (2008) Response surface modeling the significance of nitrogen source 387	

on the cell growth and Tuber polysaccharides production by submerged cultivation of Chinese 388	



	
	

15	
	

truffle Tuber sinense. Process Biochem 43:868-876. 389	

https://doi.org/10.1016/j.procbio.2008.04.009 390	

López AMT, Díaz JCQ, Garcés LA (2011) Efecto de nutrientes sobre la producción de biomasa del 391	

hongo medicinal Ganoderma lucidum. Rev Colomb Biotecnol 13:103-109.  392	

López-Nicolás JM, Pérez-Gilabert M, García-Carmona F, Lozano-Carrillo MC, Morte A (2013) 393	

Mycelium growth stimulation of the desert truffle Terfezia claveryi chatin by β-cyclodextrin. 394	

Biotechnol Prog 29:1558-1564. doi:10.1002/btpr.1791 395	

Lott JA, Turner K (1975) Evaluation of Trinder's glucose oxidase method for measuring glucose in serum 396	

and urine. Clin Chem 21:1754-1760. 397	

Mao X-B, Eksriwong T, Chauvatcharin S, Zhong J-J (2005) Optimization of carbon source and 398	

carbon/nitrogen ratio for cordycepin production by submerged cultivation of medicinal 399	

mushroom Cordyceps militaris. Process Biochem 40:1667-1672. 400	

https://doi.org/10.1016/j.procbio.2004.06.046 401	

Marx D (1969) The influence of ectotrophic mycorrhizal fungi on the resistance of pine roots to 402	

pathogenic infections. I. Antagonism of mycorrhizal fungi to root pathogenic fungi and soil 403	

bacteria. Phytopathology 59:153-163.  404	

Morte A, Andrino A, Honrubia M, Navarro-Ródenas A (2012) Terfezia cultivation in arid and semiarid 405	

soils. In: Zambonelli A, Bonito G (eds) Edible Ectomycorrhizal Mushrooms. Soil biology, vol 406	

34. Springer, Berlin, pp 241-263. https://doi.org/10.1007/978-3-642-33823-6_14 407	

Morte A, Dieste C, Díaz G, Gutiérrez A, Navarro A, Honrubia M (2004) Production of Terfezia olbiensis 408	

mycelial inoculum in a bioreactor. Act 1er Symp Champignons Hypoges du Basin 409	

Mediterraneen, Rabat, Morocco, pp 146-149. 410	

Morte A, Honrubia M (1994) Método para la micorrización in vitro de plantas micropropagadas de 411	

Helianthemum con Terfezia claveryi. Patent 9402430, University of Murcia, Spain. 412	

Morte A, Honrubia M (1997) Micropropagation of Helianthemum almeriense. In: Bajaj YPS (eds) High-413	

Tech and Micropropagation VI, vol 40. Springer, Berlin, pp 163-177. 414	

https://doi.org/10.1007/978-3-662-03354-8_12 415	



	
	

16	
	

Morte A, Honrubia M (2009) Biotecnology for the industrial production of ectomycorrhizal inoculum and 416	

mycorrhizal plants. In: Ashok KC, Varma A (eds) A Textbook of Molecular Biotechnology. pp 417	

691-704.  418	

Morte A, Honrubia M, Gutiérrez A (2008) Biotechnology and cultivation of desert truffles. In: Varma A 419	

(ed) Mycorrhiza: State of the Art Genetics and Molecular Biology, Eco-Function, 420	

Biotechnology, Eco-Physiology, Structure and Systematics. Springer, Berlin, pp 467-483. 421	

Morte A, Pérez-Gilabert M, Gutiérrez A, Arenas F, Marqués-Gálvez JE, Bordallo JJ, Rodríguez A, Berná 422	

LM, Lozano-Carrillo C, Navarro-Ródenas A (2017) Basic and Applied Research for Desert 423	

Truffle Cultivation. In: Varma A, Prasad R, Tuteja N (eds) Mycorrhiza - Eco-Physiology, 424	

Secondary Metabolites, Nanomaterials. Springer, Berlin, pp 23-42.	https://doi.org/10.1007/978-425	

3-319-57849-1_2 426	

Morte A, Zamora M, Gutiérrez A, Honrubia M (2009) Desert truffle cultivation in semiarid 427	

Mediterranean areas. In: Azcón-Aguilar C, Barea JM, Gianinazzi S, Gianinazzi-Pearson V (eds) 428	

Mycorrhizas-Functional Processes and Ecological Impact. Springer, Berlin, Heidelberg, pp 221-429	

233. 430	

Moser M (1960) Die Gattung Phlegmacium, S. 59, J Klinkhardt, Bad Heilbrunn 431	

Natrella M (2010) NIST/SEMATECH e-handbook of statistical methods. In: Croarkin C, Tobias P, 432	

Filliben JJ, Hembree B, Guthrie W, Trutna L, Prins J (eds) Engineering Statistics Handbook. 433	

http://www.itl.nist.gov/div898/handbook/ 434	

Navarro-Ródenas A, Berná LM, Lozano-Carrillo C, Andrino A, Morte A (2016) Beneficial native 435	

bacteria improve survival and mycorrhization of desert truffle mycorrhizal plants in nursery 436	

conditions. Mycorrhiza 26:769-779. https://doi.org/10.1007/s00572-016-0711-6 437	

Navarro-Ródenas A, Lozano-Carrillo MC, Pérez-Gilabert M, Morte A (2011) Effect of water stress on in 438	

vitro mycelium cultures of two mycorrhizal desert truffles. Mycorrhiza 21:247-253. 439	

doi:10.1007/s00572-010-0329-z 440	

Navarro-Ródenas A, Pérez-Gilabert M, Torrente P, Morte A (2012) The role of phosphorus in the 441	

ectendomycorrhiza continuum of desert truffle mycorrhizal plants. Mycorrhiza 22:565-575. 442	

https://doi.org/10.1007/s00572-012-0434-2 443	



	
	

17	
	

Pradella J, Zuccolo M, Reis Lopes S, Simoes Oliveira M (1991) Pisolithus tinctorius vegetative mycelia 444	

production: Effects of nitrogen sources and cultivation in stirred tank fermenter. Rev Microbiol 445	

22:7-11. 446	

Rossi M, Souza J, Oliveira V (2002) Inoculum production of the ectomycorrhizal fungus Pisolithus 447	

microcarpus in an airlift bioreactor. Appl Microbiol Biotechnol 59:175-181. 448	

https://doi.org/10.1007/s00253-002-0999-3 449	

Rossi MJ, Furigo A, Oliveira VL (2007) Inoculant production of ectomycorrhizal fungi by solid and 450	

submerged fermentations. Food Technol Biotechnol 45:277. 451	

Rossi MJ, Oliveira VL (2011) Growth of the ectomycorrhizal fungus Pisolithus microcarpus in different 452	

nutritional conditions. Braz J Microbiol 42:624-632. http://dx.doi.org/10.1590/S1517-453	

83822011000200027 454	

Rubini A, Belfiori B, Riccioni C, Tisserant E, Arcioni S, Martin F, Paolocci F (2011) Isolation and 455	

characterization of MAT genes in the symbiotic ascomycete Tuber melanosporum. New Phytol 456	

189:710-722. https://doi.org/10.1111/j.1469-8137.2010.03492.x 457	

Sánchez F, Honrubia M, Torres P (2001) Effects of pH, water stress and temperature on in vitro cultures 458	

of ectomycorrhizal fungi from Mediterranean forests. Cryptogam Mycol 22:243-258. 459	

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. Nat 460	

methods 9:671. 461	

Stanbury PF, Whitaker A, Hall SJ (2013) Culture presevation and inoculum development. In:  Principles 462	

of Fermentation Technology. Elsevier, pp 335-399. 463	

Trinder P (1969) Determination of glucose concentration in the blood. Ann Clin Biochem 6:24. 464	

Wang F, Zhang J, Hao L, Jia S, Ba J, Niu S (2012) Optimization of submerged culture conditions for 465	

mycelial growth and extracellular polysaccharide production by Coriolus versiolor. J Bioprocess 466	

Biotech 2:124-129.  467	

Wei Z-H, Duan Y-Y, Qian Y-Q, Guo X-F, Li Y-J, Jin S-H, Zhou Z-X, Shan S-Y, Wang C-R, Chen X-J, 468	

Zheng Y, Zhong J-J (2014) Screening of Ganoderma strains with high polysaccharides and 469	



	
	

18	
	

ganoderic acid contents and optimization of the fermentation medium by statistical methods. 470	

Bioprocess Biosyst Eng 37:1789-1797. https://doi.org/10.1007/s00449-014-1152-2 471	

 472	

 473	

 474	

 475	

 476	

 477	

 478	

 479	

 480	

 481	

 482	

 483	

 484	

 485	



	
	

19	
	

 486	

Fig. 1 Ascocarp of Terfezia claveryi (a), isolated mycelium of T. claveryi in MMN medium (b), 487	

mycelium preculture in liquid medium (c), fermentation process in a 5-L stirred tank bioreactor (d), 488	

mycorrhizal H. almeriense plants with T. claveryi liquid mycelium two months after in vitro inoculation 489	

(e), mycorrhizal colonization and Hartig net in stained roots under microscope are marked with black 490	

arrows (f, g). 491	

 492	

 493	

 494	
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 495	

Fig. 2 Effect of different carbon sources (a) and effect of 3x [macronutrients] (b) on mycelial biomass of 496	

T. claveryi in liquid cultures with 5% and 10% of initial mycelial inoculum. Bars show the dry weight (g 497	

L-1) means ± standard error (n = 5). Means followed by the same letter are not significantly different 498	

(p<0.05) according to Tukey’s test. 499	

 500	

 501	
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 504	

 505	
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 508	

Fig. 3 Effect of vitamins and micronutrients on mycelial biomass of T. claveryi on solid culture. Bars 509	

show the dry weight (mg) means ± standard error (n = 15). The mean difference is significant at the 510	

P<0.01 level according to Dunnett's test (*). 511	

 512	

 513	

 514	

 515	

Fig. 4 Mycelial growth (g L-1) of Terfezia claveryi (strain T7) in MMN medium (black circles) and MMN 516	

plus vitamins medium (white circles) in liquid culture. Values are the mean of (n=6). Bars indicate 517	

standard error. 518	

 519	
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 520	

Fig. 5 Response surface modeling for the synergic effects of different glucose and (NH4)2HPO4 521	

concentrations (g L-1) on the mycelial biomass production (g L-1) during liquid culture of T.claveryi. On 522	

the right, 3-D contour plot and on the left, 3-D response surface plot. Top pH 5, middle pH 6 and bottom 523	

pH 7. 524	
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 525	

Fig. S1 Summary of the different experiments performed. 526	

 527	

 528	

 529	

 530	

 531	

Fig. S2 Parameter profile during mycelial growth of Terfezia claveryi in bioreactor. Symbols for the 532	

parameters used: pH (short dash), mL of NaOH added (dotted) and dissolved oxygen (%DO) (solid). 533	


