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Chapter 3

Climate Change, Biotechnology,
and Mexican Neotropical Edible
Ectomycorrhizal Mushrooms

Jesis Pérez-Moreno, Magdalena Martinez-Reyes,
Faustino Hernandez-Santiago, and Ivette Ortiz-Lopez

As for the future, it is not a question of predicting it, but of
making it possible

Antoine de Saint-Exupéry, Citadelle (1948)

3.1 Rationale

Currently, we are living in a geological era called Anthropocene. This term was
proposed in 2000 in a meeting in Mexico, by the Dutch chemist Paul Crutzen, win-
ner of the Nobel Prize in Chemistry in 1995, and later on published along with the
American biologist Eugene F. Stoermer (Crutzen and Stoermer 2000). The main
reasons argued by these authors to propose this geological era were: the enormous
increase of human population since the industrial revolution; the excessive use of
fossil fuels whose production took hundreds of millions of years; the release of
nitrous oxides associated with the combustion of this non-renewable energy sources;
the excessive release of SO, to the atmosphere by coal and oil burning; the transfor-
mation of the land surface by human activities estimated by Lovelock (1992) to be
of the order of 70%; the increase of the extinction rates of the species, e.g., from
1000 to 10,000 times in tropical rain forests estimated since more than two decades
and a half ago to grow excessively (Wilson 1992); the increase of greenhouse gases
into the atmosphere including mainly CO, by more than 30% (Vitousek et al. 1997)
and CH, by even more than 100%; and the release of toxic substances such as chlo-
rofluorocarbons capable of destroying atmospheric ozone. All these changes origi-
nated by human activity and the huge population explosion that has taken place
from 790 million in 1750 to 7.7 billion people today (Population Matters 2019).
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After his proposal, the concept of Anthropocene has been analyzed on stratigraphic
grounds, showing that the earth has suffered strong changes that have leaved a
global stratigraphic signature distinct from that of Holocene or of previous
Pleistocene interglacial phases, encompassing novel biotic, sedimentary, and geo-
chemical changes (Zalasiewicz et al. 2008). Since its re-evaluation by Crutzen
(2002), the concept has gained acceptance in the recent scientific literature
(Chakraborty 2019; Svensen et al. 2019) and currently there is for example a scien-
tific journal entitled Anthropocene that started in 2013, only devoted to research
related with this topic (Anthropocene 2019).

The concept of Anthropocene is strongly linked with the biggest environmental
problem that humankind faces currently: global change. Land use change, defores-
tation, destruction of natural ecosystems, and other human activities have contrib-
uted to a thousandfold increase in global extinctions in the Anthropocene compared
to the presumed prehuman background rate, with negative profound effects on
ecosystem functioning and service (Hooper et al. 2012; Rosenberg et al. 2019).
Two iconic examples are the following: in a study over 27 years in Germany a mid-
summer decline of 82% of flying insect biomass was recorded (Hallmann et al.
2017), and it has been estimated that in the United States, the population of mon-
arch butterflies fell by 80% in the last 20 years (Vidal and Rendén-Salinas 2014).
These evidences have been the inception that the sixth Earth’s mass extinction has
already started (Barnosky et al. 2011). Despite the fact that it has been estimated
that around 30% of the world’s land area is covered by forests; they are being
destroyed at an alarming rate. According to the World Bank, in 1990, the forested
global area was 4128 million hectares and by 2015 this area had decreased to
3999 million hectares, i.e., between 1990 and 2015, the earth lost 1.3 million
square kilometres of forest, which accounted for over 3% of the total forest area
(FAO 2015; World Bank 2016). Deforestation is the major cause of loss of biodi-
versity, and therefore natural forest conservation is vital for stemming this loss
(IPCC 2019). The distribution of the forests on earth is not homogeneous, ten
countries hold around 90% of the primary forest of the world (FAO 2005). The
decisions, actions, and success related with reforestation, afforestation, or estab-
lishment of forest plantations in these ten countries will be of paramount impor-
tance in the worldwide maintenance of the forest masses in the future. An iconic
recent example of the interconnections of global change and deforestation occurs
some months ago. One of the most important forested areas, and wildlife reservoirs
worldwide is the Amazon, with an estimated 31 of primary forests of the planet
(FAO 2005). According to satellite images, Brazil’s National Institute for Space
Research counted more than 41,000 “fire spots” between 1 January and 24 August
last year (Escobar 2019) which might account for the largest deforestation in the
last decades in Brazil, with an estimated loss of 6159 km?, which is four times
greater than those registered in 2010 (Mongabay 2019). Additionally, habitat loss
are increasing the risks from zoonoses, including Ebola, Zika and COVID19
(Zohdy et al. 2019; Gropp 2020), which have had direct costs of more than US$100
billion, with that figure jumping to several trillion dollars if the outbreaks become
human pandemics (UNEP 2016), like is happening now with COVID19.
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Globally, Mexico ranks 8th in the ranking of native forests (FAO 2005). However,
historically, the deforestation rates of the country have been one of the highest in the
planet. For example, in the period from 1990 to 2005, Mexico lost an average of
318,000 hectares of forest annually. This loss represented one of the highest defor-
estation rates in the world, being exceeded from 1990 to 2010 only by Brazil,
Indonesia, Sudan, Myanmar, Nigeria, and Tanzania (GFR 2010). As a consequence,
Mexico currently presents serious environmental problems in terms of soil erosion
and greenhouse gas emissions, the country occupying the 13th place in the latter
category internationally according to Myers-Madeira (2008) and one of the first 12
Carbon dioxide emitting countries according to UNEP (2012) and Olivier et al.
(2013). Mainly during the last decades, about 2 billion hectares of land have been
degraded due to human activities. This constitutes about 15% of the total surface of
the planet, which has affected more than 1200 million people. In the particular case
of Mexico, it has been estimated that 71% of the country’s soils are degraded, that
is, 142 million of the country’s 200 million hectares have physical, chemical, or
biological degradation problems and 1.42 million hectares of soil are lost every year
(Moncada de la Fuente et al. 2013). Reforestation, which emerge a solution to alle-
viate this problem, represents a complex challenge, which includes among other
technical limitations, a low survival rate when trees are transplanted from green-
house or nurseries to field. This survival is particularly dramatic for some species of
enormous forest importance such as pines whose transplant survival rate varies
from 0% to 20% in Mexico. This is particularly alarming because the country is one
of the main centres of biodiversity of ectomycorrhizal trees with forest importance,
including, for example, 176 species of Quercus (Valencia and Flores-Franco 2006)
and 72 taxa of Pinus (Perry 1991). Additionally, the country has a large cultural
diversity which includes 68 ethnic groups, each one with its own cosmovision, natu-
ral resources management, and traditional knowledge developed during millennia.
As a consequence, the country holds one of the largest diversities of edible wild
mushrooms worldwide, with more around 450 species consumed by the different
ethnic groups and more than 5000 names used to designate them. This genetic
diversity and ethnological traditional knowledge constitute one of the most impor-
tant in the world (Pérez-Moreno et al. 2014) (Fig. 3.1). However, Mexico faces
enormous challenges which include the change of land use, a quick acculturation
process with the associated loss of traditional knowledge generated during millen-
nia, and migration of young people from small communities to big cities. One of the
reasons that explains the low rate of survival in the case of pine trees is the lack of
ectomycorrhizal symbionts in the roots of most forest species produced in the
greenhouse, whose presence is required when they grow in natural conditions.
However, inoculation with ectomycorrhizal fungi has not been traditionally included
in the production of pine trees in the country. Therefore, the biotechnological devel-
opment of inoculation with trees of forest importance with ectomycorrhizal fungi is
an urgent necessity in Mexico, in order to have successful reforestation. In this
context, a criterion that has gained enormous importance in the selection of ectomy-
corrhizal symbionts is currently its edibility, due to the enormous social, economic,
and environmental importance of ectomycorrhizal edible fungi in Mexico.



Fig. 3.1 Mexico is one the largest genetic and cultural reservoirs of edible ectomycorrhizal mush-
rooms. (a) Pinus hartwegii forest at 3800 masl; (b) Turbinellus floccosus a popular edible Fig. 3.1
(continued) mushroom in Abies religiosa forest; (¢) “Hongueras” or mushrooms gatherers ready to
start the recollection of wild edible mushrooms; (d) Boletus edulis s.1. one of the most appreciated
mushrooms worldwide; (e) Amanita basii, one of the species belonging to the Caesar’s mushroom
complex in central Mexico
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The mycorrhiza is a symbiosis that has played a key role in the structure and
functioning of the land ecosystems. Actually, the colonization of the land was only
possible with the combination of plants and its associated mycorrhizal fungi,
according to fossil evidence from the Ordovicic and Devonic periods, around
460 million years ago (Remy et al. 1994; Redecker et al. 2000). Currently, one type
of mycorrhiza called ectomycorrhiza plays a key role in the maintenance of the for-
est masses mainly in the low latitudes, high altitudes, and areas with low mineraliza-
tion rates according to the recently coined “Read’s rule” (Steidinger et al. 2019).
These authors estimated that around 60% of tree stems on earth have their roots
colonized by ectomycorrhizal fungi. The ectomycorrhiza is a widely distributed
symbiosis around the planet mainly in boreal and temperate forests in the northern
Hemisphere and also in some subtropical and tropical areas in South America,
Africa, and Eastern Asia (Read and Perez-Moreno 2003). This symbiosis is estab-
lished between around 8500 plants (Brundrett and Tedersoo 2018) and more than
20,000 fungal species (Comandini et al. 2012). Through this symbiosis, the forest
trees are able to have access to mineral and organic nutrients, and water; and in
exchange, they provide carbon compounds to their associated mutualistic mycor-
rhizal fungi (Smith and Read 2008). Recently, Chen et al. (2019) demonstrated for
the first time that ectomycorrhizal symbiosis also play a key role in the control of
root pathogens under field conditions, and therefore strongly influence the forest
structure of subtropical forests in China, by suppressing the attack of pathogens,
increasing the seedling survival rates, and therefore driving the species composition
of forests ecosystems. Additionally, ectomycorrhizal symbionts increase the toler-
ance of host trees to drought, through the involvement of leaf membrane lipid
metabolism and increased ability to maintain a stable chloroplast membrane func-
tional integrity under water stress (Sebastiana et al. 2019). It has been demonstrated
that ectomycorrhizal fungi also provide protection to their host to potentially toxic
elements through a number of mechanisms including extracellular chelation by
excreting di- and tricarboxylic acids or oxalic acids, cell wall binding mainly in the
Hartig net and external mycelium, reduced uptake, and increased efflux of heavy
metals and production of intracellular thiol-rich chelators, such as methallothio-
neins, glutathionines, phytochelatins, and compartmentation within vacuoles
(Khullar and Reddy 2016, 2019; Kalsotra et al. 2018). Due to all of these advan-
tages, countries with a forest tradition have usually incorporated mycorrhizal tech-
nologies into their production programs of forest trees. The main sources for
ectomycorrhization have been either the use of mycelium or spores. In the case of
spores, usually Gasteromycetes have been used, mainly included in the genera
Pisolithus, Rhizopogon, and Scleroderma due to the huge amounts of spores that
they produce (Charya and Garg 2019). However, the use of pilea of Agaricales and
hymenium (which constitute the fertile part of the sporomes, containing the spores)
of Boletales has received little attention worldwide. In this scenario, two decades
ago, we decided to start a research line in order to produce controlled ectomycor-
rhized plants inoculated with native edible ectomycorrhizal fungi. The challenge
was to generate a biotechnological innovation simple, efficient, and cheap. In this
work, we present a synthesis of the advances of this biotechnology that has been
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developed during the last 20 years, describing the beneficial effects assessed in
more than 100 combinations of ectomycorrhizal phytobionts and mycobionts and
the future challenges in order to scale this biotechnology and produce controlled
mycorrhized plants with reforestation, afforestation, forest plantations, and restau-
ration of degraded areas in the country.

3.2 Summarized Analysis

More than two decades ago, we started in Colegio de Postgraduados some researches
related to the controlled mycorrhization of trees native to Mexico by using myce-
lium of ectomycorrhizal fungi as a source of inoculum (Pérez-Moreno 1992).
However, this biotechnology of inoculum production has the disadvantages of being
expensive, requiring complex infrastructure, having a short shelf life and reduced
genetic diversity, given that from the more than 20,000 species of known ectomy-
corrhizal fungi, only a small number has possibilities to be isolated in culture media.
For these reasons, the possibility of generating a different alternative began to be a
goal. Knowing that there was a whole body of knowledge related to the use of fun-
gal spores of ectomycorrhizal Gasteromycetes mainly from species belonging to the
genera Pisolithus, Scleroderma, and Rhizopogon as a source of inoculum (Lakshangy
and Sandeep 2019; Repéc 2011; Martin et al. 2003; Turjaman et al. 2005; Garcfia-
Rodriguez et al. 2006; Castellano et al. 1985; Bruns et al. 2009), an alternative
source of spores was searched. Studies were then started during the following years,
first obtaining spore prints of Agaricales and Boletales, on sterilized paper, and then
preparing solutions by adding sterile distilled water to inoculate trees with 10° to 103
spores per plant. Species of the genera Amanita, Boletus, Cantharellus, Hebeloma,
Helvella, Laccaria, Ramaria, Russula, Suillus, and Turbinellus were mainly tested.
In all cases, low or no ectomycorrhizal colonization were observed, independently
of the evaluated host trees. From the beginning, the idea of generating a biotechnol-
ogy fulfilling three criteria was raised: methodological simplicity, low cost, and
high mycorrhization efficiency. This with the purpose of generating a useful tech-
nology for the mosaic of social, financial, and cultural conditions of nurseries in
Mexico, where around 80% have only very basic infrastructure. Then we began to
evaluate as a source of inoculum pilea of Agaricales and hymenia of Boletales,
included in more than 20 genera. One of the criteria for selecting mycobionts was
their edibility, due to the fact that Mexico constitutes one of the most important
reservoirs of wild edible fungi worldwide, with more than 450 wild species of edi-
ble fungi (Fig. 3.1). Additionally, we used as selection criteria: pioneer species of
ectomycorrhizal mushrooms, which grew in conditions of low fertility and which
were abundant in inoculum banks in Mexican natural ecosystems (Obase et al.
2009; Ishida et al. 2008; Nara 2006; Garibay-Orijel et al. 2013). Since then, we have
studied mainly 18 species of edible ectomycorrhizal mushrooms included in the
genera Hebeloma, Helvella, Laccaria, and Suillus (Table 3.1). In the case of tree
species, the investigations have been mainly focused in pine species native to



67

3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal...

(panunuoo)

(#007) eI01IR)) +++ | ++ + ++ ['1ng synpa g =] sadian]o smpajog nssaus g | 1
(8102)
‘Te 19 zougq[-zn1) | | | *SIdJ SU2ISaGNL DIIUDILY ‘wPsuy 18848 | ¢J
(L10D)
‘Te 19 ZYOUuRS-So[esoy ++| ++ PN| PN vunxoad ] sisuaduvanp g | |
(6100
‘[e 19 Zaupq[-zn1) ++ | | ++ vuirxoad ] sisuaduvanp g | 11
(98107) ‘Te 19 oueron| +++| +++| PN| PN oo) (*dodg) vwaovy 1 WYY sisuaduvanp g | (]
(8107) ©3unz | | | ("ds mpjauyo) +) vurxoad -7 sapro4quiad J | 6
(8107) ©3unz - + + + vuiixoad *0N7Z SaP10.4quIdd f | 8
(8102
‘Te 30 uga-e3edIy
{($107) uoo1-e3eAIYy - | ++ ++ *[Z}V vsounav] 3 vjjaAJIH anynndn g | |
(8100)
[e 30 U T-eSEAY TPHYPS
{($107) uooT-eSealry —| +| ++ ++ ‘PN (‘s1_) wnavydosaw vuio]aqaf] X *qUAIYY amynIndn | 9
(6100
‘[e 39 Zaupq[-zn1) ++ +| ++ ++ vunxoad ] pomoZLD | G
(6107) s9110D) | | | vunxoad ] ‘WRSUY PIUOZLID Snulf |+
(0102) Teaopues ++ + + ++ Azyuny] (09d) sadiaaiq snjjng pso131]2.4 'y ¢
(8107) zormurery | A | e (‘pnog) vuixoad vLpIIDT vsoi1dnaL 'y | T
‘weys 9 [PIYSS
(0102) TeAOpPURS ++ | 4+ +| +++ *WIAH Y Suapuajds agLoouf (puny]) vsordiaL s21qy 1
QOUAIRJY | JIojowreIp | [BIO], | 10Oy | J00US sa102ds JuoI1qOIATA juerd 3soy | u)
(BN
$199JJ2 YIMOID)

SUONIPUOD ASNOYUAIT ISPUN SSBUWIOI] [BI0) PUE JOOI
J00S JO SULId) UT JOIJJ [IMOIS Iy} pue SWOOIYSNU [BZIYLIOIAWO0)0 J[QIPS YIIM PAJR[NI0UT $01) [eIdOI)0N UBDIIXJAl JO SUOTIBUIQUIOD PAIpMS '€ d[qBL



J. Pérez-Moreno et al.

68

(6107) S9110D ++ | | | Jpuirxoad 7 nssaid g| 67

(6107) s910D ++ | | | punnxoad 7 nsdaus g | QT

($107) odserre) +++ | +++| PN PN vuiixoad nsdaus g L7
(1100

‘T8 12 LION-ZPURIN + + +| +++ *I'S v2ow] nssaid g| og
(L100)

T8 12 ZOABYD-BLIAIUY ++ | | | vIIIV] T n3sa13 g | Gt

($007) e1RLIRD +++ | 4+ + ++ 2oV I n3saus | g
(L100)

‘T8 19 ZOABYD)-BLIQIUY ++ | | | 4070019 T nssaud g| ¢
(6000)

‘[© 19 OUQIOIN-Z319d PN| ++ + ++ u031Q ‘A’ d (IeN) 1070219 nd3a18 g ¢

(1102) sad1aa.1qopnasd

‘T8 12 LION-ZPURIN + +| | *JO °S + 'S »oIv] T + °|'S wnavydosaw [y ndda18 g ¢
(1100

“Te 39 LION-ZOPUIIN + +| | *I's wnavydosawt "fj n8dais g o
(6000)

‘Te 19 OUQIOIN-ZI9] PN| ++| ++ ++ sad1aa.4qopnasd S + 10]021q T + wnavydosaut “fy 183248 g | 61
(6000)

‘T8 12 OUQIOIN-Z31] PN| ++| ++ ++ wnavydosaut “ff nssaus g | g1
(2100)

T8 12 SQAY-ZaunIeN -+ | | | wmavydosaw [y nssaud g /1

($107) odserre) +++ | +++| PN PN wnavydosawut “fj nssaus g 9|
(£100)

“[B 19 ZOABYD-BLIIUIY | | | u01Q ‘(' d xvsoona] ‘g n83243 g | ¢

Q0UAIRJY |  JIdJoWRIp | [BIOL, | J0OY | 100YS sa102ds JuoI1qoIATA juerd 1soH | u)

wa)g
$109JJ° YIMOID)

(panunuod) [°g AqeL



69

3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal...

(panunuoo)

(8100)

‘Te 12 OUBJUOIN-0ZE| +++| +++| PN| PN vInIIV] T nampy J | 05
(8100)

‘Te 12 OUBJUOIN-0ZE| +++| +++| PN| PN 1010219 T nSampmy | 6

(0T07) TeAopues ++ + + ++ swSsuapua)ds | nSomuvy J | {p

(€£T07) ZounN + - + - wsuapuUdlds | n8omuvy | Lt
(60020)

‘Te 12 Bpensg-BaIod +| o+ ++ ~ds nwojaqapy n3ampmy | ot
(60020)

‘Te 12 Bpensg-BaIod ++ |+ ++ J0IYIS ° (‘[Ing) va4au1d “§ vuyNaAV]) ‘pury ndampmy | G
(8102)

‘I8 39 zadoT-zn1Q +++| +++ PN PN suadund -§ 133243 g | v
(6107) zodo1-z110 | | | Suadund -g n88as g ¢y
(6107) zodoT-zn10 | | | pSuasund - 188248 g | v

(9Q8107) 'Te 12 oueroN| +++ | +++ PN PN ‘WS "H'V pue sy [, suadund g n3sai3 g | 1
(60020)

‘T& 12 OURIOIN-Z12d PN ++ + ++ sadiaa.1qopnasd g 138243 g | o
(1102)

‘Te 19 LION-ZOPUSIN + +| | sadiaaaqopnasd °§ S 133243 g | 6¢

(L107) Sewry-Sa1o ++ + - + sadiaa.1qopnasd -§ 135243 g | /¢

($007) BI2LIRD 4+ |+ ++ SIdY ], pue ‘WS ‘H'V sadiaa.qopnasd °§ n38a48 g | /¢

($107) 0ose1re) +++ | +++ PN PN wmavydosaw f + vunxoad 7T + sadiaa.q g 133243 g | 9¢

(¥107) o9seire) +++| +++| PN| PN sadiaa.q g 135243 g | c¢
(8100)

‘[e 32 Zaurq[-Zni) o+ | | | -ds vppayo10p 135243 g | ¢
(L107) BIQATY-SO[RIOIA — - - - Soutixodd 138248 g | ¢¢
(L107) BIOALY-SO[BIOIN +| | ++ - Jpurxoad 133243 g | 7€
(LT0T) BIRATY-SQ[RIOIA! + - + - puiixoad 7 135243 g | 1¢

(6107) S9110D ++ | | | Souiixodd 138243 g | 0O¢




J. Pérez-Moreno et al.

70

(1102) ‘1B 10

S100JJ9 YIMOID)

ZOPUBUIOH-00SBLIR)) | | | 19PNy (IARY °[) wnurdiy vwojaqafy vpmod g | 89
(6002)

‘Te 19 epeNSH-BAIo] + - + - D2.12U1D °§ °) vpmod g | 19
($007) e1o1IR) Ft | | | [synpa -g =] sadavpo g vpmod g | 99
($007) e1o1IRD) ++ | ++ + ++ [synpa g =] sadiavpo g vpmnd g | 69
(£007) e1o11R) ++ + + + G vajnf -y vpmod g | 9
($007) e1o1IR) + + + + *s13d (*dodS) va.uvsand vpuvury wey) P Ps vymnd | €9

(9107) zopupuroyq +t+ | At | IPNIA "IN pLoydowriapoyary 71 AOIIJA] DUDIDXDO | 79
(8100

‘[© 19 ourLIOS-URSeLIRYg Ft | | | wnovydosawt *fy ‘quIR avwn2ayuom | 19
(L10D)

ugzIeD) pue sAUINJ + + + + JII3UIS SnSOJUIULO] *§ maunaunxout g | (09
(6107) zerew]y + +| ++ + (asuapsvaq y +) vuxoad 7] nzoununxvul o | 65

(L10D)

UQZIBD) pue sAuaNJ + + + + vuiixoad maunaunxoul g | G
(6107) zerew ]y +| |+t ++ vunxoad 7] mauyauxou g | /G
(6107) zerew |y + + + + (asuapisv.aq wnjpradso2y +) nsounov) “ff mauyaunxoul g | 9g
(6107) zerew]y + +| ++ + ‘[PZYY DSOUNIV] VJJaAJIE] | DISMOPIZY M2UNIDWIXDUL | GG

(6100
‘[& 12 OURJUOIN-OZE] ++| +++| PN PN suadund -g n3ampany | +S
(0107) TeAopues ++| |+t ++ sad1aa.1q g n3ampvy g | ¢S
(€107) zoUnN + - + - sadinaiq °§ nsomvy o | ¢§
(6002)
‘Te 19 epenSH-BaIo] ++ | A+ | ++ *ds vrmoovy n3ampwy | 1S
QOUAIRJRY |  IdjoweRIp | [IQL, | 100Y | 100US sa103ds Ju0I1qOIAN jued 1soH | u)
wag

(panunuod) [°g AqeL



71

3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal...

(ponunuod)

(1100 1810

ZOPURUIOH-00SRLIR) ++ | | | XADS0INa| ‘[ snqoqgsopnasd J | 13
(1100 T8 10

ZIPUBUIOH-09SBLIR)) ++ | | | wmnd [y ‘[pury snqo.psopnasd g | ¢§
(8102

‘Te 30 zaxrpnnn-zado| ++ | | | vroydowriapoyory 1213und g | 78
(8100

‘T8 19 za1pnnn-zodo| | | | wnud [ meys 1275urd g | 18

($007) BI1IBD | | | sad1aa.1qopnasd g vymnd g | (8

($007) vI21IRD) + + + + [Pssnoy (1) smpnuv.Ls g vpmod g | 6L
(6002)

‘[© 19 BpRNSH-BaIod +| | | *ds vrmwoovy vpmod g | 8/
(1100) B R

ZOPUBUIOH-0JSBLIR)) ++ | A | | vunxoad ] vpmod g | 1/

(1102) T8 1 x1ns0ona] “H + wnuidpy ‘g + wnanydosaw

ZOPUBUIOH-0JSBLIR)) | | | ‘H + ‘vunxo.ad T + 1010919 7T + 0ipIov] 7T vpmod g | 9/
(1100) e %0

ZOPURUIOH-0JSBLIR)) | | | vunxoad ] + 1010919 7T + DIPIIV] 7] vpmod g | G/
(1100) e 1

ZOPUBUIOH-00SBLIR)) | | | vIwIIV] vpmod | 7/,
(1100) e 1

ZOPUBUIOH-00SBLIR)) | | | d0j00q vpmod g | ¢/
(6002)

‘[B 12 epensg-eaIod +| | ++ +ds mwojaqapy vmnd g | 7/
(1100 1810

ZOPURUIOH-00SRLIR) ++ | | | XAps0ona] "[f + wnuidp [ + wnavydosau [y vmnd g | 1/
(1100 181

ZIPURUIOH-09SBIIR)) ++ | | | wnavydosaw [y vymnd g | (L
(1100 T8 10

ZIPURUIOH-00SRLIR)) ++ | | | XADS0Ina| ‘[ vymnd g | 69




J. Pérez-Moreno et al.

72

(1102) zoupuif | | | punxoad 7] snqo.ysopnasd g | 86
(1100) T2 %

ZOPURUIOH-0JSBLIE)) | | | punxoad 7] snqo.psopnasd | 16

(LO0T) ZopusIN + + - + °I's vw2ov) T snqoysopnasd | 96

(1102) Te 10 XAp$09n3] ‘[ + wnudp *fy + wnavydosawt

ZOPURUIOH-09SBLIRD) e T ‘H + vuirxoad 7T + 1010919 T + 0paon] T snqo.gsopnasd | S
(1100) B R

ZOPURUIOH-09SBLIRD) B punxo.d T + 4010219 7T + vIPIIV] snqo.psopnasd | 6
(1100) B R

ZOPURUIOH-0JSBLIRD) | | | IIIY] snqo.qysopnasd g | ¢6
(6000)

‘[& 12 OUIOIN-ZId PN + + + 1010219 snqoqysopnasd g | 76
(1100) e 19

ZOPURUIOH-0JSBLIE)) | | | 1010219 snqo.ysopnasd g | 16

sadiaa.1qopnasd

(LO0T) ZopusIN - - + ++ JO °S + 'S p2ow] T + 'S wnanydosaw [y sngo.psopnasd | (06

(L00T) ZopusA | | | °I's wnanydosaw “fy snqo.gsopnasd | 68
(6002)

‘[& 19 OURIOIN-ZId PN| ++| ++ ++ sadiaa.1qopnasd *§ + 1070219 T + wnanydosaw “fy snqoaysopnasd g | 88
(1100) B R

ZOPURUIOH-09SBLIRD) B T Xs0on3] " + wnudyy [y + wnovydosaut *fy snqo.gsopnasd | /8
(6002)

‘[& 12 OURIOIN-ZId PN| ++| ++ ++ wnovydosawut “fy snqoaysopnasd g | 98
(1100) B R

ZOPURUIOH-0JSBLIR)) | | | wnovydosaut “fy snqo.ysopnasd g | G§

Q0UAIQJRY | IojoweIp | [B10], | 100y | Jo0oyS sa10ads JUOIQOIAIA juerd 3soy | ud

wls

S100JJ9 YIMOID)

(panunuod) [°g AqeL



73

3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal...

‘payordwod Sureq jo
sso001d o) ur o1e suoneorqnd [BULIO] JI9Y) PUe “‘SISSY T, JO ULIOJ Y} UT APUALIND dIe SIOYI0 pue paysiqnd uedq 9ARY SUONNGLIIUOD 989y} JO suwog Iaydeyd smy Jo
sIoy)ne 3y} Jo uorsazadns oy} Jopun sopenpeidisoq op 0139[0)) UI JNO ParLed sjuawLadxa 03 puodsariod od4) pjoq ur saweu doynualds (6102) dseqeiep vAsn
ur sorads 1sa107 10J pue (6T(Q) WnIoSund XapuJ U0 paseq ST ISunj J0J SAWEU OYNUAIDS JO AINJB[OUAWOU ], "BJLWOIPISEq ,SUNoA pue ,0Injew Jo eIuawAy
M uonenoou] ‘3 ¢, pue ‘g, ‘I, JO 9S0p uone[noou ‘ejep oN = pN “siue[d paje[noour-uou yim poredwiod SOSEAIOUL AU} JO [[B 195()9< ISBAIUL = +++ 959 0)

9% 1 € WOIJ ISBAIIUL = ++ (9()¢ 0] 9% () WO} ISBAIOUL = + dSBAIOUI OU = — {(G[ ()¢ WERINBD) PUL BULIBYS) BIPU] UI A[QIPS SB PIPIOIAY: 19qUINU UONBUIQUIOD = UD)
N PaUDISDI
(9107) zopuruloyq | | | vaoydowriapoyary 71 snaang | 01
(q8107) 'Te 10 oueron| +++ | +++| PN PN vuiixoad 2102031 J | €01
(Q8107) 'Te 19 oueoNg +++ | +++ PN PN Do) T | “IPIUDS X9 3P3NYDS 2702091 | CO1
(6002)
‘[B 19 OUAIOIN-ZAI9] PN| ++| ++ + sadiaa.aqopnasd -§ snqo.gsopnasd | 10]
(L107) Sewry-sa1o]| + + + ++ sadiaa.1qopnasd g snqo.gsopnasd | 001
(LO0T) ZopusIN + +| ++ ++ sadiaaaqopnasd > S snqo.qgsopnasd | 66




74 J. Pérez-Moreno et al.

Mexico useful for reforestation, plantation establishment, and restoration of
degraded areas. To date, 19 tree species have been evaluated: 16 from Pinus, 1 from
Abies, and 2 from Quercus distributed along the north, centre, and southeast of the
country. Research has also been conducted on species that are threatened according
to the International Union for Conservation of Nature (IUCN) such as Pinus
maximartinenzii and P. chiapensis. Special attention has been focused on Pinus
greggii which is a fast-growing tree species, adapted to drought, and one of the
Mexican pine species with the greatest potential in reforestation programs (e.g.,
Martinez-Reyes et al. 2012; Méndez-Neri et al. 2011; Ramirez-Herrera et al. 2005).
Interestingly, this species is also found in the red list of the [IUCN which is consid-
ered as vulnerable (Farjon 2013).

After more than two decades of research, a technological package has been gener-
ated that meets the requirements set out from the beginning. Ground pilea have been
used, as a source of inoculum, or hymenia of mushrooms with short shelf life as
Suillus species (e.g., Flores-Armas 2017). Subsequently, these pilea are dried and
ground before being used. Despite the fact that storage at 4 °C maintain a certain
viability for up to 1 or 2 years, the optimal condition is their use as soon as possible,
not more than 6-9 months after their preparation. Additionally, slurries have been
used successfully, in which case, it is required to have the plants ready to inoculate.
For the elaboration of this latter type of inoculum, fresh pilea are cut from their stipes
or hymenia are separated from their contexts in the case of fungi with short shelf lives,
and subsequently they are ground along with distilled sterile water (Figs. 3.2 and 3.3).
The shelf life of these solutions is variable, but in general terms, it is very short, vary-
ing from 1 week to 2 months depending on the species involved. The advantages of
these techniques in relation to the use of mycelial inoculation are the following: (1)
inoculum preparation is cheap and efficient; (2) the genetic diversity involved is large;
(3) inoculums prepared with these techniques include microbiomes that are naturally
associated with sporomes; and (4) the methodological simplicity for the elaboration of
these inoculums allows a wide use in a range of rustic nursery conditions.

In general terms, there has been a beneficial effect both in terms of growth of the
shoots, roots, total biomass, and stem diameter in the inoculated plants (Fig. 3.4).
Table 3.1 summarizes the results obtained in terms of growth as a result of ectomy-
corrhizal inoculation using inoculum sources prepared with the described method-
ologies. In most cases, there have been beneficial effects on inoculated plants, over
60% in growth variables compared to non-inoculated plants, mainly in Pinus arizo-
nica, P. cembroides, P. greggii, P. montezumae, P. oaxacana, P. patula, P. pringlei,
and P. pseudostrobus. In other cases, there have been modest increases in growth,
from 30% to 60%, and in very few cases, there has been low or no beneficial effect,
e.g. in Pinus hartwegii, P. leiophylla, P. montezumae, P. pseudostrobus, P. rudis, and
P. teocote inoculated with some mycobionts. However, even these tree species have
shown beneficial effects when they are inoculated with the proper mycobionts,
which demonstrate variations in terms of genetic compatibility depending on the
different phytobiont—-mycobiont combinations. Our research has also included the
study of increases in nutritional terms to the shoot, root, and total plants as a result
of inoculation (Table 3.2). Differential increases have been demonstrated depending
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Fig. 3.2 General protocol used to produce ectomycorrhizal inoculum by using fresh or dried pilea
or hymenium of edible Agaricales and Boletales

on the combinations for both macronutrients (N, P, K, Ca, and Mg) and micronutri-
ents (Mn, Fe, Zn, Cu, B, and Na). In some cases, these increases have reached val-
ues greater than 60% compared to non-inoculated plants, for example, in the case of
Pinus pringlei with Hebeloma alpinum, these increases were recorded in 9 of 10
nutrients evaluated, demonstrating enormous efficiency in terms of nutritional
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Fig. 3.3 Production of ectomycorrhizal inoculum. (a) Pilea of Laccaria spp.; (b) Dried and
ground pilea of Laccaria spp. ready to be used as inoculum; (¢) Slurries of Laccaria proxima (left)
and Suillus pseudobrevipes (right) ready to be used as inoculum; (d) General view of experiments
in greenhouse using different combinations of pine and ectomycorrhizal mushroom species



3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal... 77

il

T b

Fig. 3.4 Beneficial effect of inoculation with ectomycorrhizal inoculum. (a) Pinus greggii inocu-
lated with Hebeloma mesophaeum and Laccaria laccata compared with non-inoculated plants. (b)
Quercus castanea with (left) or without (right) Hebeloma mesophaeum; (¢) Pinus greggii with
(left) or without (right) Amanita rubescens; (d) Pinus hartwegii with (left) or without (right)
Suillus pungens; (e) Bioassays with 15 pine species inoculated with different Agaricales and
Boletales

transfer in this specific combination (Lépez-Gutiérrez et al. 2018). In general terms
worldwide, there is a shortage of studies related to micronutrient transfer as a result
of ectomycorrhizal inoculation and this should be a research area that deserved
more attention, due to the enormous importance of micronutrients in the physiology
and metabolism of trees of forest importance.



= (6007) 'Te 10
m OUAIOIN-Z319d | PN | PN| PN| PN PN| PN|! PN| PN| PN + | +++ sadiaa.aqopnasd snjng 183248 g | 9]
m (6100) 590D | PN| PN| PN| PN| PN| PN| PN| PN | +++ +++ | +++ putixord 1 35043 f | G1
m (6107) 910D | PN| PN| PN| PN| PN| PN| PN| PN |+t++ | +++ | +++ qouttxosd 7T 35043 | 11
S (6107) $910D | PN | PN| PN| PN| PN| PN| PN| PN | +++|+++ +++ woutixoud 1 83043 | ¢1
5 (L10D) Te 10
= ZOARYD-BLIIUAY | +++ | +++ | +++ | +4++ | +++ | — |+ |+ | | | 00D (*dods) vwaovy 7 135243 g | 71
(L107) Te ¥
ZOARUD-BLIQMUY | ++ | +++ | +++ | +++ | +++ — |+ | | | | 1070019 T 133243 g | 11
(6007) Te 30
OURIOIN-Z3I9d | PN | PN| PN | PN| PN| PN| PN| PN| PN| ++| ++ uoy1Q ‘a'd (IreIN) £0]021q T 138243 | 01
(6007) ‘B39 SIdIY I, pue "wi§ "H 'V sadiaa.1qopnasd
OUWAIOIN-Z3I3d | PN | PN| PN| PN| PN| PN| PN| PN| PN | ++ +++ °S + 010919 T + wnavydosaut "ff nssas g ¢
(6002) 'Te 1
OUAIOIN-Z319d | PN | PN| PN PN/ PN| PN| PN| PN| PN | +++|+++ wnavydosaw [y nsdaus g §
(T107) T8 10
sokoy-zounre]N | PN| PN| PN| PN | PN | PN | +++ | +++ | +++ | +++ | +++ wmavydosaw 'y nsdaus g, |
(L10T) T 10
ZIARYD-RLIUIY | +++ | +++ | +++ | +++ | +++ S | | | | u0yI)) ‘(q'd X4vsoonaj ‘[ ‘wippduy n3saus g| 9
(8107) €3unzZ | PN | PN +| ++ | ++ + + +| 4+ | punxo.d ] N7 Sap1o4quiad g | ¢
(8100) "B 10
uoo1-e3ealty | PN| PN| PN| PN| ++ + + + + | | 4+ *PZIV vsounavy “§d vjjaajaH annyvovdn | ¥
(8107) 'Te 10 ‘TPHYS
uooT-e3eay | PN| PN| PN| PN - +| ++| ++ +| ++| ++ | ‘PN (‘s13q) wnavydosawr vuIo]aGaF] | Xd ‘QUAIYF NyYvIVAD J | ¢
(6102)s910D | PN| PN| PN| PN| PN| PN| PN| PN | +++ | +++ +++ puirxoad T | “WIPSUY DIUOZLD SnUld | T
‘wey) 19 “[PIYIS
(8107) zomrwey | +++ | PN | +++ | +++ | ++ | ++ | +++ | +++ | +++ |+ Jed (‘pnog) vunxotd vrmwrdvy | (Pu]) vso1snya saqy | |
eN| g nD| uz| o ulN| S| ®D| d N JUOTQOIATA juerd JsOH | ON
QOURIJOY SIUSLINUOIITIA SIUSLINUOIORIAL
o0

X SWOOIYSNUW P[IM [QIPI WN[NOOUT JO IINOS B SB JUIpN[our ‘saa1 [edrdoNn0aN UBITXIJA] JO SUONBUIGUIOD [EZIYTLIOIATI0)I JO SHUAUOD JUILINU U0 10T '€ AqEL



79

3 Climate Change, Biotechnology, and Mexican Neotropical Edible Ectomycorrhizal...

"paerduwod Suraq Jo sseooxd oy ur are suoneorqnd [EWIO] JIBY) PUE ‘SISAY) JO WLIOF oY) UT A[JUALIND dIe
s1a)0 pue paysiqnd ueaq 9ALY SUOTINQLIUOD 3SAY) JO dwoS 1)deyd SIy) JO sIoyne ay) jo uoisiazadns ay) Jopun sopenpeIsisoq ap 0139[0)) UI JNO PALLIED IIM
suoneuIquIod [¢ Jo syuawadxy "(6107) @Seqeiep YS Ul sa1oads 1sa10j 10§ pue (6]07) WnioSun, Xopu[ Uuo paseq sem 13uny J0J SOWEU OYNUAIdS JO AINJL[d
-UQWIOU AT, "BJRWOIPISE] , SUNOA pue ;0Injew Jo BIUaWAY (Im uone[noou] S ¢, pue ‘g, ‘T. JO 9sop uone[noou] “ejep oN = pN ‘siuefd pajernoour-uou yjim pared

-WO0D SISBAIOUL Y] JO [[B 195()9< SISBAIOUL = +++ 19,()9 0 9, | ¢ WOIJ ISLAIOUL = 4+ (9,()¢ O 9() WOIJ 9SBAIOUL = + :9SBIAIOUI OU = — ‘I9qUINU UOIIRUIqUIO)) = ON
(9107) ZopUBUIoH | PN | +++ | +++ | +++ | +++ | +++ | -+ | | | | vaoydowrsapoyory 77| N PauUvISNI SNIIING | 1€
(6007) Te 10
OURIOIN-Z319d | PN/ PN| PN| PN| PN| PN| PN| PN| PN| ++| ++ sadiaa.aqopnasd - snqo.ysopnasd | (¢
(6007) Te 10
OURION-Za19d | PN | PN| PN| PN| PN| PN| PN| PN| PN | ++| ++ 4010019 snqoysopnasd f | 67
(6002) 'TB 1 sadaa.aqopnasd
OURIOIN-Z319d | PN| PN| PN| PN| PN/ PN| PN| PN| PN | +++| ++ °S + 1070919 T + wnavydosaw "[| snqo.ysopnasd | QT
(6000) Te 10
OURIOIN-Za19d | PN | PN| PN| PN| PN| PN| PN| PN| PN | ++| ++ wnavydosowt [y | “[pury snqoysopnasd | LT
(8100) e ¥
zo1pNND-zodoT | PN | +++ | — | +++ | +++ |+ | HHE | A A A joyonag (daaey °f) wnuidp "g 1213u14d J | 97
(8100) e ¥
2o1NND-Z3dOT | PN | +++ | — | A+ |+ | | A | | vaoydouriapoyory 7y meys 1975urid g | g
(9107) ZopuguIoy | PN | +++ | ++ | ++ | +++ | +++ |+ | | | | IPNIA “TA"D pLoydowriapoyary 1 “AOIIJA] DUDIDXDO | +T
(8107) T8 10
ouenoS-up3eleg | PN| PN| PN| PN| PN/ PN| PN | PN /|+++ +++ | +++ wmovydosow ‘g | “quuer| avwnajuow | ¢
(6100) zeTew]y | ++| PN| PN| + —| PN| PN PN| ++| ++ + (asuapisvaq *y +) vuarxod 77 nzouunxvUl | | T
(6107) zerew]y |  +| PN| PN| ++ —| PN| PN| PN| ++| ++| ++ vunxoad n2auyavunxoul J | g
(asuapisvaq
(6107) zerew [y |+++| PN| PN| ++ +| PN/ PN| PN| ++| ++ + wmpLiadsoy +) nsounav] ‘[ maunvuxvul o | (g
D[SMOPIZY
(6107) zerew [y | ++| PN, PN| ++ + PN/ PN| PN| +| ++| ++ DSounoIv| vjjaaJoff maunuIxvu J | 61
(6102)
zodoT-zn1Q | PN| PN | +++| PN | +++ | +++| PN | PN | +++ | +++ | +++ Suadund -§ 133243 g | 81
(6102)
zodoT-zn1Q | PN | PN | +++| PN |+++ +++| PN | PN | +++ | +++ | +++ »"WIS *H'V pue sy |, suasund *§ 135243 g | /]




80 J. Pérez-Moreno et al.

In recent years, we have been carrying out studies related to the influence of ecto-
mycorrhizal inoculation on physiological variables including photosynthetic rate,
chlorophyll a, b, and total contents, as well as carotenes (Table 3.3). The evaluation of
these variables is essential for the understanding of a complex phenomenon that can
explain the reasons why there have been increases in growth in the associated hosts.
Another area of enormous importance is the coinoculation of ectomycorrhizal fungi
with plant growth promoting bacteria. It has been shown that the co-inoculation of
these groups of microorganisms has caused synergism in plant growth, nutritional
transfer, and physiological quality of host plants, for example, in combinations of
Pinus cembroides with Laccaria proxima plus the N-fixing bacteria Cohnella (Zuiiiga
2018) and Pinus montezumae with Hebeloma mesophaeum plus the phosphate-solu-
bilizing bacteria Azospirillum brasilense (Barragdn-Soriano et al. 2018). In order to
verify that the beneficial effects recorded in terms of plant growth, nutritional
increases, and improvement in the physiological quality of inoculated plants, detailed
studies of colonization percentages have been carried out in all bioassays (Table 3.4).
Although there have been variations in these colonizations, in most cases, they have
been greater than 60%, reaching up to 100%, which has demonstrated the effective-
ness of the biotechnology (Fig. 3.5). In recent years, field studies have begun, trans-
planting ectomycorrhizal and non-ectomycorrhizal trees (Table 3.5). In most cases,
non-ectomycorrhizal trees have had very low survival rates ranging from 0% to 20%,
similar to those recorded historically in Mexico. In contrast, in the case of bioassays
using controlled ectomycorrhizal trees, higher survival rates have been recorded
depending on the combinations evaluated. In some cases, the survival rates of ectomy-
corrhizal plants have been around 85%, for example, in the cases of Pinus greggii
inoculated with Suillus brevipes (Luciano 2018), with S. pseudobrevipes (Luciano
et al. 2018c), with S. pungens (Cardoso 2017), and P. hartwegii with S. brevipes
(Nunez 2013). Interestingly, when co-inoculations have been performed, synergistic
results have been observed, for example in the case of P. greggii co-inoculated with
H. mesophaeum + L. bicolor + S. pseudobrevipes (Pérez-Moreno et al. 2009).

The presence of abundant ectomycorrhizal external mycelium, which is the
structure responsible for nutritional translocation, has often been observed in the
experiments associated with high mycorrhization. Additionally, sporome formation
of ectomycorrhizal fungi, mainly species of the Laccaria and Hebeloma genera, has
been frequently recorded (Fig. 3.6). And in the case of field experiments, the first
Neotropical ectomycorrhizal fungus Suillus pseudobrevipes and S. pungens has
begun, with the initial production of sporomes, which has started as early as after
2 years of transplantation (Fig. 3.7).

3.3 Conclusions

An innovating biotechnology using the pilea or the hymenium of Agaricales or
Boletales as a source of inoculum developed in Mexico, during the last two decades is
presented. The pilea and the hymenia of sporomes are a suitable source for the
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Fig. 3.5 General views of beneficial effect of ectomycorrhizal inoculation and colonization. (a)
Pinus pringlei with (left) and without (right) L. trichodermophora; (b) Foliar area of Arbutus xala-
pensis with (left) or without (right) Laccaria trichodermophora; (e—f) Ectomycorrhizas of: (c)
Pinus oaxacana with Laccaria trichodermophora; (d) Quercus castanea with Laccaria trichoder-
mophora; (€) Pinus greggii with Laccaria bicolor; (f) Pinus pseudostrobus with Hebeloma alpinum
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Fig. 3.6 Formation of sporomes in Pinus greggii inoculated with edible ectomycorrhizal mush-
rooms. (a) Hebeloma mesophaeum; (b) Laccaria bicolor; (¢) close-up to (d) Hebeloma mesopha-
eum and Laccaria trichodermophora in the same pot; (d) General view of a tree of Pinus greggii
co-inoculated with Hebeloma mesophaeum and Laccaria trichodermophora producing sporomes
of both species

production of bioinoculants useful in the production of controlled ectomycorrhizal
plants. The results of more than 100 combinations of phytobionts and mycobionts are
analyzed. In general, inoculation with these techniques enhances the growth, nutrient
contents, and physiological quality of the associated neotropical hosts. Before this, the
use of sporomes of Gasteromycetes, mainly in the genera Pisolithus, Scleroderma, and
Rhizopogon were known to be useful in the production of inoculants. The new biotech-
nology is simple, efficient, and cheap and then it has a great potential to be used in



Fig. 3.7 Studies under field conditions with Pinus greggii. (a) Abundant external ectomycorrhizal
mycelium of Hebeloma leucosarx; (b) Mexican campesino holding a tree inoculated with
Hebeloma alpinum showing white external ectomycorrhizal mycelium; (c¢) Field bioassays with
different Agaricales and Boletales with individual meshes protecting the trees against herbivory;
(d) adjacent ditch, filled with mulch, an ancient Mexican technique used to enhance water supply
to a recently planted tree; (e, f) view of a site before and 5 years after plantation of Pinus greggii
trees inoculated with Suillus pseudobrevipes; (g) Formation of sporome of Suillus pseudobrevipes
in the base of inoculated trees 2 years after plantation
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greenhouses or nurseries with basic infrastructure in developing countries. In this case,
the microbiome associated with the pilea or the hymenia of the sporomes rather to be
excluded constitute part of the bioinoculants. The validation of this biotechnology is
demonstrated by the high ectomycorrhizal colonization rates recorded in most cases.
Studies under field conditions proved to dramatically increase the survival rates, com-
pared with non-inoculated trees. Despite the initial success of this innovation, due to
the large number of ectomycorrhizal mycobionts and phytobionts to be tested, is pos-
sible to state that the development of this biotechnology is in its infancy.
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