) | X

N

UIniversitat de I.leida

Forest management and abiotic parameters effect on
soil fungal communities inhabiting Mediterranean
forest ecosystems

Carles Castano Soler

http://hdl.handle.net/10803/463010

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docéncia en els termes establerts a I'art. 32 del Text Refés de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccié o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacié publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacio del seu contingut en una finestra o marc alie¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacién
previa y expresa de la persona autora. En cualquier caso, en la utilizacion de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccién u otras formas de explotaciéon efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacion de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.



http://hdl.handle.net/10803/463010

) | X

+
Universitat de Lleida

TESI DOCTORAL

Forest management and abiotic parameters effect on
soil fungal communities inhabiting Mediterranean
forest ecosystems

Carles Castano Soler

Memoria presentada per optar al grau de Doctor per la Universitat de Lleida
Programa de Doctorat en Gesti6 Forestal i del Medi Natural

Directors

José Antonio Bonet Lledos
Josu Gonzalez Alday
Xavier Parladé Izquierdo

2017



Castafio, C (2017). Forest management and abiotic parameters effect on soil fungal communities
inhabiting Mediterranean forest ecosystems. Industrial PhD thesis in Multifunctional Forest

Management Program. University of Lleida.

This work has been carried out during October 2014 — December 2017 at the consolidated research
group Mediterranean Forests: Products, Ecophysiology and Adaptation, Department of Crop and
Forest Sciences, University of Lleida, together with the spin-off Forest Bioengineering Solutions. The
author was supported by Secretaria d’Universitats 1 Recerca del Departament d’Economia i
Coneixement de la Generalitat de Catalunya through the program Doctorats Industrials, funded by
the European Union and the European Social Fund. The research studies in this thesis were also
supported by the Spanish Ministry of Economy and Competitivity (MINECO) (grant number
AGL2012-40035-CO3 and AGL2015-66001-C3).

The author of this thesis is the author of the images, if not stated otherwise.

b | X

N

Universitat de Lleida

‘ FOREST BIOENGINEERING
SOLUTIONS

* X x
*
*

@ DOCTORATS . .
INDUSTRIALS * 4 %
Eurcpean Union

European
Social Fund




ACKNOWLEDGEMENTS

Aquesta tesi no hauria estat possible sense I’ajuda técnica, cientifica, ltdica, psicologica, econdmica
1 moral de moltes persones. Vist en perspectiva, m’adono que una tesi és un cami ple d’obstacles,
amb més que possibles “temporals” com els de llevant a finals de Novembre, que poden esvair tot
I’esforg 1 fer-te tornar a I’inici.... 1 pitjor encara si t’agafen en ple dia de mostreig. Tanmateix, és un
cami que en principi sembla plagat d’enemics, no fisics, perd materials i immaterials. Per donar
exemple d’aixo ultim, I’estadistica se’m va aparéixer com la sobtada pantalla blava a 1’ordinador
amb el tipic codi d’error que pot tenir mil significats i que en la practica significa que has perdut el
treball de dies i que ja te’ls pots gastar en un ordinador nou; no vols pensar-hi pero saps que te’l
trobaras tard o d’hora. Aixi vaig veure I’estadistica. I com aquest exemple, mil-i-un més. No obstant
aixo, gracies a I’ajuda de tantissima gent, he apres a superar aquests obstacles i a veure més les
grans fites com treballs en grup, treballs de molta gent coordinada i treballs que s’han valgut d’una
preuada ajuda, i n’¢és el cas d’aquesta tesi.

Sens dubte a partir d’ara sempre sabré que un gran projecte o estudi es construeix amb 1’ajuda de
moltes persones. No tinc clara la certesa del primer punt si ens referim a aquesta tesi, pero a
continuaci6 us donaré raons per creure en el segoéon punt.

Voldria comencar agraint al Prof. José Antonio Bonet, primer de tot per confiar aquesta tesi en mi.
Tot i ser avisat de manera seriosa que la relacio estudiant de doctorat-supervisor en I’era posttesi és
en molts casos d’enemistat, jo no puc dir el mateix, ans el contrari. Voldria destacar la paciencia que
ha tingut amb mi (fet pel qual suposo que em van batejar el pollito), la seva generositat, els seus
consells 1 la seva perspectiva cientifica, critica i constructiva. Tanmateix, li vull agrair els grans
esforgos per aconseguir amb ¢éxit el finangament per a fer aquesta tesi. Finalment, més enlla de la
perspectiva cientifica, el primer que m’ha vingut al cap per descriure’l amb dues paraules és de
persona humana, 1 la definicié que he trobat del terme llegeix: La persona humana és un ésser
independent, intel-ligent i racional, que des de petit desenvolupa els seus coneixements, i es recolza
en [’educacio per a desenvolupar les seves potencialitats davant la - complex — societat, que el
porta a ubicar-se en un context social com una persona que aconsegueix les seves metes i proposits
que sempre seran individuals. Discrepo perd en una part d’aquest text i és precisament 1’tltima, que
sens dubte adequaria al 100% si al final llegis “persona que aconsegueix les metes i proposits que
sempre seran del grup al qual pertany o de terceres persones”.

Las préximas palabras son para Josu Alday. En un principio, durante las primeras semanas, te vi
como un Salvator Mundi ...Statistica, una adaptacion a la obra Salvator Mundi de Leonardo da
Vinci, con la Unica diferencia de que la bola que aguanta no seria transparente; seria azul y con una
gran R blanca. Sin duda ha sido mucho mas que esto, la experiencia ha sido poderme sumergir,

nadar, bucear en el mundo de la ciencia y también darme algun cabezazo que otro contra paredes y



salvarme gracias al casco... pero sobretodo, disfrutar como nunca del mundo de la ciencia. Gracias
por toda tu ayuda, tus comentarios, analisis a deshoras, ideas y como no, paciencia.... pero también
por escucharme y darme tus consejos.

Voldria agrair també conjuntament al Xavier Parlad¢ i al Joan Pera del IRTA. Hi ha molts motius
pels agraiments, pero principalment voldria destacar 1’ajuda i totes les facilitats durant les estades a
I’IRTA, per la vostra amabilitat, per la implicaci6 en aquesta tesi i sobretot per transmetre’m tots els
missatges d’optimisme.

Els membres del grup de micologia i tofones de la UdL-CTFC han contribuit de manera immensa
en aquesta tesi. No només en el sentit laboral 1 académic, també en el social i d’amistat. Vull agrair
al Cisco, Edu, Yasmin, Albert, Eduard, i també als antics companys de laboratori Jordi, Josep,
Mireia. Encara que no sigui de bolets i tofones, també¢ al Arteaga entre d’altres pels seus postres de
Nutella (ja pots fardar!). I would also like to acknowledge the help and the moments spend with
Jewel Yurkewich, Rana Adamo. Also, I much appreciate the talkings and the help from Chris for
reviewing my manuscripts aixi com també¢ al Sergi(o). A Juan, por su ayuda en todo momento y
sobretodo por su paciencia con mis horarios y demas, y por permitir (adrede, supongo) que un dia
de campo muestreara casi tan rapido como €l. Me gustaria dedicar también unas palabras de
agradecimiento a Carlos Colinas, por todo los conocimientos que adquiri, por la confianza en mi y
por la ayuda continua durante estos afios. Voldria donar les gracies al Dani per tot el que he apres
amb ell en I’ambit técnic pero també a escala emocional-social etc..., perque sense ell tampoc
hagués acabat fent aquesta tesi i per la seva manera de veure les coses — que inevitablement
contagia -. Voldria acabar amb la gent del laboratori agraint al Jonas. Sens dubte penso que sense la
teva ajuda no hagués pogut fer aquesta tesi, gracies per obrir-me les portes 1 facilitar-me la meva
primera estada a Suécia, per acollir-me tan bé, per I’ajuda amb tots els experiments pero també per
la teva amistat.

M’agradaria donar les gracies a I’IRTA de Cabrils per rebre’m amb els bragos oberts 1 facilitar-me la
meva estada, aixi com a tota la gent amb qui vaig estar. En el mateix sentit, voldria mencionar a
I’EFIMED de Barcelona per fer-me un lloc (i quin lloc!) a les seves instal-lacions aixi com a tota la
gent que hi vaig con¢ixer. Per descomptat, al Centre Tecnologic Forestal de Catalunya, Forest
Bioengineering Solutions i a Esther Blanco, que han confiat amb mi tant i tant de temps i per totes
les facilitats que m’han donat al llarg dels anys.

L’ajuda del Departament de Produccié Vegetal i Ciencia Forestal de Lleida ha estat imprescindible
per fer aquesta tesi. Voldria mencionar especialment a I’ Alex per la infinitat de cops que m’ha
ajudat, aixi com a la Tere 1 a tota la gent que d’alguna manera m’ha donat suport per superar cada
obstacle. Moltes gracies també a la Ire per currar-s’ho amb la maquina de programilla. A tota la gent

del “torredn” perd també a tota la gent de Lleida que d’alguna manera m’ha ajudat!



Estic també molt agrait al PNIN de Poblet i a tot el seu personal per 1’ajuda continua en el
manteniment i instal-lacié de les parcel-les aixi com de totes les facilitats per a fer els mostrejos i
seguiment de les parcel-les.

I spent half of this thesis in Uppsala, Sweden, thanks to the hospitality of the Department of Forest
Mycology and Plant Pathology from SLU. Very special thanks to Prof. Bjorn Lindahl for helping
me all the time, for the nice discussions and being so friendly with me. I would also like to thank
you for all the help in analysing the data but also for all the lab and metabarcoding assistance.
Finally, I thank to all the people from the Department for making me feeling like home, for all the
unconditional help I received from so many people. I really have you all in my heart. Tack sa
mycket!

Una especial abragada a tots els companys i companyes de Tona, que gracies a ells i elles he pogut
desconnectar i passar moments excel-lents de diversid que han servit per oblidar-me una estona de

la feina.

Les fotos dels bolets pintats als pins que podeu veure en aquesta tesi doctoral han estat fetes al
PNIN de Poblet. Les pintures varen ser fetes per Genis Colell. Las fotos de las setas pintadas en los
pinos que podeis ver en esta tesis doctoral fueron tomadas en el PNIN de Poblet. Las pinturas
fueron realizadas por Genis Colell. The pictures showing the mushroom paintings at the pine trees

are from the Natural Park of Poblet. The author of the paintings is Genis Colell.

Per acabar, voldria agrair a tota la meva familia pel seu recolzament i suport que m’han donat
sempre en totes les etapes de la meva vida. Als meus pares per donar-m’ho tot de manera
incondicional i als meus germans. A la Linnea per aguantar les infinites hores de “fent la tesi”,
ajudar-me a desconnectar i1 pel seu suport continu, aixi com el Darius per distreure’m després

d’hores 1 hores de redactar.



Thesis Supervisors
Dr. José Antonio Bonet Lled6s (Universitat de Lleida, Lleida)
Dr. Josu Gonzalez Alday (Universitat de Lleida, Lleida)

Dr. Xavier Parladé Izquierdo (Institut de Recerca i Tecnologia Agroalimentaries, IRTA, Cabrils)

External Reviewers
Dr. Havard Kauserud (University of Oslo, Oslo, Norway)

Dr. Marc Bueé (French National Institute for Agricultural Research -INRA, France)

Evaluation comittee

Dr. Havard Kauserud (University of Oslo, Oslo, Norway)

Dra. Ana Rincon (Consejo Superior de Investigaciones Cientificas, Madrid)

Dr. Jordi Voltas (University of Lleida, Lleida)

Supplents

Dr. Marc Bueé (French National Institute for Agricultural Research -INRA, France)

Dr. Luis Serrano (University of Lleida, Lleida)



TABLE OF CONTENTS

RELATED WORKS AND MANUSCRIPTS ...ttt 8
RESUM EN CATALA ......ooiiiiiieieietee ettt sttt 11
RESUMEN EN CASTELLANO ..ottt bbbt 13
ABSTRACT IN ENGLISH ..ottt 15
INTRODUCTION ...ttt r e r bt n e nr e nnenneene s 17
The importance of soil fungal communities inhabiting forest €CoSystems...........cccovvevirveiiiiennenne. 17
Tools and methods to study belowground fungal communities and biomass...........cc.ccceeeererrieeenn. 19
Spatio-temporal changes and seasonality of soil fungal communities ............cccooeviiiiiiiiiiiiiiiene 20
Fungal dispersion and fungal colonization in NEW eNVIFONMENTS .........cccvvreerieerierieeneenenreseeseeeeens 23
OBJECTIVES ...ttt bbb bbbt bbbt et e ettt sttt 24
THESIS STRUCTURE ...ttt 25
METHODOLOGY ...ttt bbbttt b e bt bbbttt e b et et e st e benbeeneas 26
CHAPTER L.t bbbt bt bbbttt bbbt 35
CHAPTER Tt bbbttt n bbb 55
CHAPTER TIT ..ot bbbt n b nb e 81
CHAPTER TV bbb bbbttt e bbbt 128
CHAPTER V..t bttt e e r e nn e 151
GENERAL DISCUSSION ...ttt bbb nn e 180
FINAL CONCLUSIONS ..ottt bbbttt eb et 185
BIBLIOGRAPHY ..ottt bbbttt 187



RELATED WORKS AND MANUSCRIPTS

The following are the manuscripts derived from this thesis:

Castafio C, Parladé J, Pera J, Martinez de Aragén J, Alday JG., Bonet JA, 2016. Soil drying
procedure affects the DNA quantification of Lactarius vinosus but does not change the fungal
community composition. Mycorrhiza, 26, 799-808. https://doi.org/10.1007/s00572-016-
0714-3.

Ii. Castafio C, Alday JG, Parladé J, Pera J, Martinez de Aragon J, Bonet JA. 2017. Seasonal

dynamics of the ectomycorrhizal fungus Lactarius vinosus are altered by changes in soil
moisture and temperature. Soil Biology and Biochemistry, 115C, 253-260.
https://doi.org/10.1016/1.s0ilbi0.2017.08.021.

Castafio C, Lindahl BD, Alday JG, Hagenbo A, Martinez de Aragén J, Parladé J, Pera J, Bonet

JA. Temporal and spatial changes in soil fungal communities across moisture and temperature

gradients in a Mediterranean pine forest. Under review in New Phytologist: Second revision.

. Castano C, Alday JG, Lindahl BD, Martinez de Aragén J, de-Miguel S, Colinas, C, Parladé J,

Pera J, Bonet JA. Weather variation but not thinning drives inter-annual changes in fungal
composition and diversity in a Mediterranean pine forest. Under review in Agricultural and
Forest Meteorology.

Castafio C, Oliva J, Martinez de Aragdén J, Alday JG, Parladé J, Pera J, Bonet JA, 2017.
Mushroom emergence detected by combining spore trapping with molecular techniques.
Applied and Environmental Microbiology. 83, e0060017.
https://doi.org/10.1128/AEM.00600-17.



https://doi.org/10.1007/s00572-016-0714-3
https://doi.org/10.1007/s00572-016-0714-3
https://doi.org/10.1016/j.soilbio.2017.08.021
https://doi.org/10.1128/AEM.00600-17

Contributions in other manuscripts:

Liu, B.; Fischer, CR.; Bonet, J.A.; Castafo, C.; Colinas, C. 2016. Shifts in soil fungal
communities in Tuber melanosporum plantations over a 20-year transition from agriculture
fields to oak woodlands. Forest Systems, 25(1), eSCO05, 1-5.
https://doi.org/10.5424/fs/2016251-08353.

Oliva, J.; Castafio, C.; Baulenas, E.; Dominguez, G.; Gonzalez-Olabarria, J.R.; Oliach, D. 2017.
The impact of the socioeconomic environment on the implementation of control measures
against an invasive forest pathogen. Forest Ecology and Management, 380, 118-127.

https://doi.org/10.1016/j.foreco.2016.08.034.

Yurkewich, J.; Castafio, C.; Colinas, C. 2017. Chestnut Red Stain: Identification of the fungi
associated with the costly discolouration of Castanea sativa. Forest Pathology, 47, 4, 1-

9.12335. https://doi.org/10.1111/efp.12335.

Congress proceedings, scientific posters, or educational manuscripts:

Vi.

Adamo, R.; Castafio, C.; Fischer, C.; Bonet, J.A. 2014. Detection of fungal DNA in
Mediterranean forests soils: Optimization of molecular techniques for high-throughput
sequencing. International Congress on Mycorrhizae. 15-17 October. Marrakech (Morocco).
2014.
Castano, C.; Martinez de Aragon, J.; Fischer, C.R.; Oliach, D., Adamo, R.; Margalef, J.;
Yurkewich, J.; Bonet, J.A. Resposta dels fongs del sol als tractaments silvicoles en boscos de
pinus pinaster al PNIN de Poblet. IV Jornades sobre les Muntanyes de Prades 1 el Bosc de
Poblet. Poblet, 14 Novembre 2014.
Carles Castano; Javier Parladé; Joan Pera; Juan Martinez de Aragon; José Antonio Bonet.
Drying treatment of soil samples affects DNA recovery but does not change the fungal
community structure by metagenomic analysis. Poster. Ecology of Soil Microorganisms
2015. 29 November - 3 December 2015. Prague. Czech Republic.
Castano, C.; Lindahl, BD. Could the molecular techniques predict mushroom productivity?
Poster. COST Action FP1203 Meeting. 17-19 February 2016. Antalya, Turkey.
Sergio de-Miguel; Juan Martinez de Aragén; Antonio Tomao; Carles Castafio; José Antonio
Bonet; Josu G. Alday. Effect of forest thinning on mushroom productivity and diversity. Wild
Forest Products in Europe Congress. 13-14 October 2016. Barcelona, Spain.
Carles Castaiio; Jonas Oliva; Juan Martinez de Aragon; Josu G. Alday; Javier Parladé; Joan
Pera; José Antonio Bonet. Trapping fungal spores to study airborne dispersion and mushroom
emergence. Poster. 9th International Workshop on Edible Mycorrhizal Mushrooms. 10-14
9


http://dx.doi.org/10.5424/fs/2016251-08353
https://doi.org/10.1111/efp.12335

Vii.

viil.

July 2017. México City, México.

Daniel Oliach; Carles Castafio; Christine Fischer; Carlos Colinas. Effect of 7. melanosporum
on surrounding soil mycological diversity. Poster. 9th International Workshop on Edible
Mycorrhizal Mushrooms. 10-14 July 2017. México City, México.

José Antonio Bonet; Carles Castafio; Juan Martinez de Aragon. Produccion y diversidad de
hongos en masas de Quercus ilex del Noreste Peninsular. VII Congreso Forestal Espafiol. 26-

30 June 2017. Plasencia, Spain.

10



RESUM EN CATALA

Les comunitats fingiques dels sols juguen un paper vital en molts processos ecosistémics forestals,
aixi com en el manteniment de les poblacions d'espécies vegetals. Amb I'aparicié de noves técniques
moleculars és possible estimar la diversitat i composicié d'aquestes comunitats de forma més precisa
1 con¢ixer la seva resposta a pertorbacions com la gestié forestal o els canvis en el clima. L'objectiu
principal d'aquesta tesi va ser descriure l'efecte de dos factors en les comunitats fungiques de sols
forestals: la gestid forestal (concretament les aclarides) i el clima. A més, hem desenvolupat un
metode per analitzar la diversitat i composicid d'espores de fongs a l'aire, aixi com per estudiar els

seus canvis en el temps i en 1’espai.

Aquesta tesi doctoral es va realitzar sobre un dispositiu experimental consistent en 28 parcel-les
forestals localitzades en el Paratge Natural d’Interés Nacional de Poblet i dominades per Pinus
pinaster de 60 anys, on es van aplicar aclarides de diverses intensitats. Mitjangant I'as de diverses
técniques moleculars com la PCR en temps real (qPCR), seqiienciacié massiva d'ADN (PacBio RS
II, Ilumina MiSeq) i I'extraccié d'ergosterol, hem descrit les dinamiques de biomassa i composicio
fungica d'aquests sols forestals, aixi com de la comunitat aéria (espores). Les dades obtingudes s'han
analitzat en un gradient d'humitat i temperatura del sol, aixi com també en les aclarides realitzades

I’any 2009.

Pel que fa a la part metodologica d'aquesta tesi, observem com liofilitzant els sols es va recuperar el
maxim d'ADN 1 es va evitar el creixement de floridures. Un cop establert el millor tractament
d'assecat, es va observar com la sequera d'estiu afectava negativament la biomassa fungica del sol 1
causava importants canvis funcionals i estructurals en les comunitats de fongs. Entre les espécies més
resistents a la sequera figuraven els fongs ectomicorizics, probablement per la seva relaci6 simbiotica
amb arbres hoste. Els maxims valors de biomassa fingica en sol es van observar a la tardor, coincidint
amb majors abundancies de fongs ectomicorizics, molt probablement a causa d'una redistribucio del
carboni al sol per part de la planta hoste. D'altra banda, la majoria de fongs saprofits es van veure
afavorits sota condicions d’alta humitat i baixes temperatures al sol. A diferéncia dels factors
climatics, les aclarides realitzades 1’any 2009 no van afectar a la composicido de fongs als sols,
possiblement degut a que es va deixar un nombre d’arbres suficients per mantenir la comunitat.
Finalment, les comunitats d'espores en l'aire variaven a escala espaial pero sobretot a escala temporal.
Les variacions temporals d'aquesta comunitat es veien condicionades en gran part per la fenologia de
la comunitat de bolets. Moltes especies que produien cossos fructifers van poder ser detectades a les
trampes d'espores, 1 per tant aquesta técnica es podria utilitzar per detectar I'emergencia de bolets.
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En base a aquests resultats es pot concloure que 1.- La liofilitzacié és el metode d'assecat que millor
preserva I'ADN de fongs especifics i evita el creixement de floridures. 2.- El cicle anual de certes
especies de fongs es pot veure modificat en un context de canvi climatic, amb menor biomassa fingica
a l'estiu perd major biomassa durant I’hivern i primavera. 3.- Les condicions climatiques afecten les
comunitats de fongs segons els seus trets funcionals, essent els fongs ectomicorrizics els que suporten
millor les condicions de sequera estiuenca. 4.- Increments d'humitat afavoreixen la proliferacié de
saprofits 1 fongs degradadors de miceli. 5.- Les aclarides no afecten de manera significativa les
poblacions de fongs del sol si es deixen en peu el nombre suficient d'arbres. 6.- Mitjangant 11s de
tecniques moleculars i trampes d'espores, €s possible estudiar la comunitat d'espores a 1'aire, essent
aquesta altament afectada per la fenologia dels cossos fructifers de fongs i mostrant variabilitat espaial

i temporal.
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RESUMEN EN CASTELLANO

Las comunidades fungicas de los suelos juegan un papel vital en muchos procesos ecosistémicos
forestales, asi como en el mantenimiento de las poblaciones de especies vegetales. Con la aparicion
de nuevas técnicas moleculares es posible estimar la diversidad y composicion de estas comunidades
de forma mas precisa y conocer su respuesta a perturbaciones como la gestion forestal o los cambios
en el clima. El objetivo principal de esta tesis fue describir el efecto de dos factores en las
comunidades fungicas de suelos forestales: la gestion forestal (concretamente las claras forestales) y
el clima. Ademas, hemos desarrollado un método para analizar la diversidad y composicion de

esporas de hongos en el aire, asi como sus cambios espacio-temporales.

Esta tesis doctoral se realizd sobre un dispositivo experimental consistente en 28 parcelas forestales
localizadas en el Paraje Natural de Interés Nacional de Poblet y dominadas por Pinus pinaster de 60
afos, en las que se aplicaron diferentes intensidades de claras. Mediante el uso de varias técnicas
moleculares como la PCR en tiempo real (qPCR), secuenciaciéon masiva de ADN (PacBio RS II,
Illumina MiSeq) y la extraccion de ergosterol, hemos descrito las dindmicas de biomasa y
composicion fungica de estos suelos forestales, asi como de la comunidad aérea (esporas). Los datos
obtenidos se han analizado en un gradiente de humedad y temperatura del suelo, asi como también

en las claras realizadas el afio 2009.

En cuanto a la parte metodoldgica de esta tesis, observamos como liofilizando los suelos se recupero
el maximo de ADN y se evito el crecimiento de mohos. Una vez establecido el mejor tratamiento de
secado, se observo como la sequia de verano afectaba negativamente la biomasa fungica del suelo y
causaba importantes cambios funcionales y estructurales en las comunidades de hongos. Entre las
especies mas resistentes a la sequia figuraban los hongos ectomicorrizicos, probablemente por su
relacion simbidtica con los arboles huésped. Los maximos valores de biomasa fingica en suelo se
observaron en otofo, coincidiendo con mayores abundancias de hongos ectomicorrizicos, muy
probablemente debido a una redistribucion del carbono en el suelo por parte del arbol huésped. Por
otro lado, la mayoria de hongos saprofitos se vieron favorecidos en condiciones de alta humedad y
bajas temperaturas en suelo. A diferencia de los factores climaticos, las claras realizadas en 2009 no
afectaron a la composicién de hongos en suelos, posiblemente debido a que se dejé un numero de
arboles suficiente para mantener la comunidad. Finalmente, las comunidades de esporas en el aire
variaban a escala espacial, pero sobre todo a escala temporal. Asimismo, comprobamos como las
variaciones temporales de estas comunidades se veian condicionadas en gran parte por la fenologia

de la comunidad de setas. Muchas de las especies que producian cuerpos fructiferos pudieron ser
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detectadas en las trampas de esporas, y por lo tanto creemos que esta técnica podria ser utilizada para

detectar la emergencia de setas.

En base a estos resultados se puede concluir que 1.- La liofilizacion es el método de secado de
muestras de suelo que mejor preserva el ADN de hongos especificos y previene el crecimiento de
mohos. 2.- El ciclo anual de ciertas especies de hongos se puede ver modificado en un contexto de
cambio climatico, con menor biomasa fingica en verano, pero mayor durante invierno-primavera. 3.-
Las condiciones climaticas afectan a las comunidades de hongos segun sus rasgos funcionales, siendo
los hongos ectomicorrizicos los que soportan mejor las condiciones de sequia estival. 4.- Incrementos
de humedad favorecen la proliferacion de sapréfitos y hongos degradadores de micelio. 5.- Las claras
no afectan de manera significativa las poblaciones de hongos del suelo si se dejan en pie el nimero
suficiente de arboles. 6.- Mediante el uso de técnicas moleculares y trampas de esporas, es posible
estudiar la comunidad de esporas en el aire, siendo esta altamente afectada por la fenologia de los

cuerpos fructiferos de hongos y mostrando una elevada variabilidad espacio-temporal.
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ABSTRACT IN ENGLISH

Fungal communities inhabiting soils play a vital role in many forest ecosystem processes, as well as
in the maintenance of plant species. With the emergence of new molecular techniques, it is possible
to estimate the diversity and composition of these communities more precisely and study their
responses to disturbances such as forest management or changes in climate. The main objective of
this thesis was to describe the effect of two factors in the soil fungal communities: forest management
(specifically forest thinnings) and climate. In addition, we have developed a method to study the

diversity and composition of airborne fungal spores, as well as their spatio-temporal changes.

This doctoral thesis was carried out in an experimental set-up consisting of 28 forest plots located in
the Natural Park of Poblet, dominated by 60-year-old Pinus pinaster trees, where thinnings were
applied under different intensities. Using several molecular techniques such as real-time PCR
(qPCR), high-throughput DNA sequencing (PacBio RS II, Illumina MiSeq) and ergosterol extraction,
we have described the fungal biomass dynamics and fungal composition of these forest soils, as well
as from the airborne community (spores). The data obtained have been analyzed in a gradient of soil

moisture and temperature, as well as in the forest thinnings made in 2009.

Regarding the methodological part of this thesis, we observed how the maximum DNA recovery and
the lowest growth of molds occurs under freeze-drying treatments. Once the best drying treatment
was established, we observed how summer drought negatively affected the soil fungal biomass and
caused important functional and structural changes in the fungal community. Ectomycorrhizal fungi
were the most resistant species to drought, probably because of their symbiotic relationship with host
trees. The maximum soil fungal biomass was observed in autumn, coinciding with higher abundances
of ectomycorrhizal fungi, most likely due to a redistribution of soil carbon by the host plant.
Moreover, most saprotrophic fungi were promoted under conditions of high soil moisture and low
temperatures. Unlike climatic factors, the forest thinnings made in 2009 did not affect the soil fungal
community, likely because a sufficient number of trees were left to support the community. Finally,
the airborne spore community changed at spatial scale, but especially at temporal scale. We verified
how the temporal variations of these communities were largely determined by fruiting body
emergence. Many of the species that produced fruiting bodies could be detected in the spore traps,

and therefore this technique could be used to detect fruiting body emergence

Based on these results, it can be concluded that 1.- Freeze-drying is the method that best preserves

the DNA of specific fungi and prevents the growth of molds. 2.- The annual cycle of specific fungal
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species can be modified in a context of climate change, with predicted lower fungal biomass in
summer, but higher biomass during winter-spring. 3.- Micro-climatic soil conditions affect fungal
communities according to their functional traits, with ectomycorrhizal fungi being the ones that better
resist summer drought conditions. 4.- High soil moisture promote the proliferation of saprotrophs. 5.-
Forest thinnings do not affect significantly the soil fungal communities if enough trees are left
standing. 6.- It is possible to study the airborne spore community using spore traps and molecular
techniques, being these communities highly affected by the phenology of the fruiting bodies and

showing spatio-temporal variability.
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INTRODUCTION

The importance of soil fungal communities inhabiting forest ecosystems

Fungi inhabiting forest soils determine many ecological processes that are responsible of
ecosystem functioning (Baldrian, 2016). For instance, mycorrhizal fungi are essential drivers
of soil organic matter (SOM) dynamics, and nutrient release or uptake in forest ecosystems
(Clemmensen et al., 2013; 2015; Averill et al., 2014). In addition, many free-living fungi are
considered crucial decomposers and are key organisms recycling organic matter in soils
(Baldrian, 2016). Soil fungi, also, represent an important part of the total carbon budget in forest
soils, with fungal biomass accumulations in boreal forests fluctuating from 700 to 5,800 kg ha
' (Wallander et al., 2001, 2004) and annual biomass productions around 200-350 kg ha’!
(Hogberg and Hogberg, 2002; Wallander et al., 2010; Ekblad et al., 2013), although similar

accurate estimations are still lacking in Mediterranean ecosystems.

Mycorrhizal species are symbiotic organisms to many plant species, providing nitrogen and
phosphorus to their hosts and receiving back photosynthetically fixed carbon (Smith and Read,
2008; Van Der Heijden et al., 2008; Fig. 1). This carbon is used by the fungi to build the
extrametrical mycelia (EMM) but also to build the fruiting bodies (Fig. 1). The EMM is the
main driver of this symbiotic interaction: the EMM colonizes the surrounding soil to forage for
nutrients and to encounter new root tips to colonize (Cairney, 2012; Fig. 1; Fig. 2). EMM
accumulation is considered an important terrestrial carbon sink process as a result of impaired
EMM degradation, especially in boreal ecosystems (Clemmensen et al., 2015, 2013; Hagenbo
et al., 2016; Fernandez et al., 2016), contributing to soil organic matter (SOM) formation in
forest soils (Clemmensen et al., 2013; Fernandez et al., 2016). However, the relevance of the
EMM in Mediterranean forests soils still needs to be properly quantified. EMM may also be
important for alleviation of drought stress for host trees in Mediterranean climates (Mohan et
al., 2014), both directly by increasing access to soil water (Allen, 2007) and by improving soil
structure and porosity through the formation and stabilization of soil aggregates and SOM
(Querejeta, 2017). Moreover, with the predicted increase of drought events in Mediterranean
forests, it is important to analyze the role of fungal EMM and ectomycorrhizal (ECM) species
increasing plant drought resistance. Thus, describing ECM species resposes to climate changes

may be fundamental to predict future changes in ecosystem functioning and nutrient dynamics.
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Fruiting bodies

Fig. 1. Scheme showing the mutualistic relationship between host tree and their associated root
symbionts (ECM fungi). Host tree transfer photosynthetically fixed carbon (C) to their mutualists
through roots and mycorrhizas, and this carbon is then transferred to colonize the surrounding soil via
EMM and to reproduce via fruiting bodies. In turn, ECM fungi transfer nutrients such as Nitrogen (N)

or Phosphorus (P) to the host tree. Picture: Courtesy of Xavier Parladé (IRTA).

In contrast to ECM species, many free-living fungi (i.e. saprotrophic species) are considered
essential decomposers of forest residues such as litter (Baldrian, 2016; Lindahl et al., 2007),
mycelia (Lindahl et al., 2010) and wood (Kubartova et al., 2012). These saprotrophic fungi have
shown a degree of specialization in organic substrate use, as each species may degrade different
types of litter (Prescott and Grayston, 2013; Urbanova et al., 2015) or wood (Kubartova et al.,
2012). In addition to litter or wood degradation, specific saprotrophs such as moulds can use a
variety of carbohydrates, such as cellulose, pectin and starch (Thormann et al., 2001), and are
likely contributing to the turnover of dead ECM mycelium (Lindahl et al., 2010; Jumpponen et

al., 2010), being also essential for ecosystem functioning and SOM recycling.

To sum up, many of these saprotrophic and ECM fungi produce wild edible fruiting bodies that
are highly important non-wood forest products and are increasingly in demand at food markets
worldwide (Boa, 2004). For example, up to 268 fungal taxa have been authorized to be
commercialized in Europe (Peintner et al., 2013), of which the most important marketed
mushrooms are Boletus edulis, Cantharellus cibarius, Lactarius deliciosus, Morchella

esculenta, and Agaricus campestris (Peintner et al., 2013). In Spain, Lactarius group deliciosus
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i1s amongst the most important edible ectomycorrhizal species (Fig. 3). This species group is
commonly sold in markets from Europe, Asia and North Africa (Boa, 2004). The economic
impact of L. group deliciosus trade, based on data from the three most important markets in
Spain, was 5.3 M € year™! for the period 2002-2008, with on average almost 500 t of L.
deliciosus sold every year (Voces et al., 2012). Thus, studying specific targets of fungal groups
is also important to understand how particular forest services or goods may be affected by both

changes in climate and forest management regimes.

Therefore, the study of soil fungi in Mediterranean forest ecosystems has both practical and
theoretical importance. From a practical perspective, information on fungal responses to forest
management might help guide future sylvicultural treatments to preserve fungal communities
and increase sporocarps yields, hence making more integrative non-wood forest products (de-
Miguel et al., 2014). Theoretically, a scientific approach to Mediterranean fungal communities
can provide insights into fundamental ecological theory, revealing SOM cycles and dynamics,
and how soil fungal communities may respond to climatic events or may alleviate trees from

drought (Querejeta et al., 2013; 2017).

Fig. 2. Example of EMM (white color mycelia) from Suillus sp. colonizing organic soil. Photo: Carles

Castaflo.

Tools and methods to study belowground fungal communities and biomass

Belowground communities have been difficult to study due to the inconspicuous nature of these
organisms and the associated high fungal diversity found in most of forest soils (Buée et al.,
2009). To circumvent these problems, new molecular technologies such as next generation
DNA sequencing platforms or quantitative PCR (qPCR) are used to study fungal community
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composition (Lindahl et al., 2013) or biomass (Filion et al., 2003; Parlad¢ et al., 2007; Fig. 4),
respectively. Next generation DNA sequencing platforms allow to obtain a fungal community
profile in soils, normally expressed in relative abundance of each operation taxonomic unit
(OTUs) for each sample (Amend et al., 2010; Lindahl et al., 2013). In contrast, Real-Time PCR
(qPCR) is employed to quantify the biomass of specific ECM species such as Lactarius
deliciosus (Parladé et al. 2007) or Tuber melanosporum (Suz et al., 2008), whereas the biomass
of the whole ECM community has been typically determined using ergosterol analyses or PLFA
(Hagenbo et al., 2016, Ekblad et al., 2016; Wallander et al., 2013). However, as new emerging
tools, there are still some biases and technological limitations that need to be addressed and
corrected in the close future, such as the lack of reference DNA sequences data (Bueé et al.,
2009) or biases caused by the primers used or bioinformatics analysis parameters like clustering
threshold (Lindahl et al., 2013). In any case, the use of these molecular techniques such as next
generation DNA sequencing or qPCR brings a good opportunity to study, for the first time,
fungal community composition and diversity in forest soils, which may help to disentangle the

main biotic or abiotic factors influencing soil fungal communities in Mediterranean ecosystems.

Fig. 3. Great Lactarius vinosus production during autumn 2016. The effects of precipitation irregularity
in fruiting body production has been widely studied in Mediterranean forests, with clear effects on
production (Alday et al., 2017a; 2017b), but little is known about these effects on the overall soil fungal

community. Photo: Carles Castaflo.

Spatio-temporal changes and seasonality of soil fungal communities

Soil fungal communities are known to be primarily affected by soil chemistry, such as nitrogen
forms and availability (Lilleskov et al., 2002; Sterkenburg et al., 2015) or pH (Rincon et al.,

2015). It has been also shown that vegetation composition and stand age influence over soil
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fungal communities (Urbanova et al., 2015; Kyaschenko et al., 2017). In addition, microclimate
changes in temperature or rainfall (Fernandez et al., 2016; Hartmann et al., 2017; Solly et al.,
2017) have been observed to affect these communities, together with several forest disturbances
such as forest management (Varenius et al., 2016; 2017; Kyaschenko et al., 2017). However
most of these studies have been focused on boreal or temperate forests and similar studies in
Mediterranean forests are still scarce. In addition, most studies have observed high stochasticity
in soil fungal communities (Bahram et al., 2013; 2016), since most of the variation remain
unexplained by environmental variables, therefore, more studies in different ecosystems are
necessary to disentangle the stochasticity of these communities. In Mediterranean forest
ecosystems, drought stress and low nutrient availability are important determinants of
functional and structural traits of plants (e.g. sclerophylly and low growth rate; Sardans and
Penuelas, 2013), thus, it is likely that both parameters are also important components structuring

soil fungal communities.

Soil fungal composition and fungal mycelia biomass show a marked seasonality (i.e. seasonal
fluctuations; Jumpponen et al., 2010; Andreetta et al., 2011; Voriskova et al., 2014). For
example, studies in boreal forest ecosystems revealed higher EMM biomass during spring and
autumn seasons related with greater host carbon allocation belowground (Wallander et al.,
2001; Hogberg et al., 2010). Thus, in temperate or boreal ecosystems, ECM fungi normally
increase in relative abundance during summer or autumn (Wallander et al., 2001; Jumpponen
et al., 2010; Votiskova et al., 2014; Santalahti et al., 2016). However, saprotrophs and
opportunistic moulds increase under colder conditions of autumn or winter (Jumpponen et al.,
2010; Votiskova et al., 2014; Santalahti et al., 2016). In contrast, in Mediterranean ecosystems,
some specific ECM taxa increase during late autumn and early winter (e.g. Boletus edulis or
Lactarius deliciosus; De la Varga et al., 2013) or during spring (e.g. Tuber magnatum; lotti et
al., 2014). It seems that host activity is also an important driver in both regions since decreasing
abundance of ECM fungi during winter may be the consequence of reduced carbon reallocation
of host to roots (Hogberg et al., 2010; Jumpponen et al., 2010). In any case, most studies
addressing seasonality of whole fungal community have been focused on boreal or temperate

ecosystems with few studies in Mediterranean forests (Mohan et al., 2014).

Climate change such as warming or rainfall irregularity also modify the composition of soil
fungal communities (Fernandez et al., 2016; Solly et al., 2017; Hartmann et al., 2017). Climate
have important effect selecting for specific groups of fungal traits (Fernandez et al., 2016;
Treseder & Lennon, 2015), such as exploration types (Agerer, 2001; 2006). Warming has

generally been observed to increase ECM biomass in boreal or arctic ecosystems (Clemmensen
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et al., 2006; Mohan et al., 2014), because it stimulates nutrient cycling and plant production
(Clemmensen et al., 2006; Solly et al., 2017). By contrast, in Mediterranean ecosystems recent
studies have suggested that mycelial production of ECM species is often arrested during warmer
months such as summer but also during winter (Iotti et al., 2014; Queralt et al., 2017). In
addition, drought hinders the function of hydrolytic enzymes (Sardans and Pefiuelas, 2013),
which may imply that other fungi such as saprotrophs may fail to establish and grow during
summer months. Thus, in order to predict potential climate change-driven shifts in soil fungal
communities, new studies are needed for Mediterranean forest ecosystems considering the
whole soil fungal community, and to describe its response to recent warming events and

adaptation to severe drought conditions.
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Fig. 4. qPCR allows absolute quantification of the biomass of a given species. Here, the abundance of
Lactarius vinosus was quantified for each soil sample (each identified with a unique colour). Biomass

is obtained by interpolation in a standard curve using known amounts of initial biomass.

Forest management operations such as clear-cutting usually causes important losses of ECM
species (Jones et al., 2003, Parladé¢ et al., 2017). However, logging effects on ECM communities
are dependent on whether soil fungal communities can survive in symbiosis with the non-
thinned trees (Amaranthus and Perry, 1987; Rosenvald and Lohmus, 2008). Also, tree removal
effect on fungal communities may be caused by changes on environmental conditions after
logging, such as microclimate or soil biochemistry (Hartmann et al., 2012; Jones et al., 2003).
For example, Varenius et al. (2017) observed that forest patches were more efficient to preserve
the ECM diversity than dispersed trees. Despite the clear negative effects of clear-cutting
operations on ECM fungi, the less intense management effects on ECM species such as forest

thinning, have not been properly evaluated yet.
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Fungal dispersion and fungal colonization in new environments

Spores are believed to represent a very important fraction of airborne biological aerosol in the
atmosphere (Després et al., 2012). For instance, only a single mushroom has been estimated to
produce and release 1.1 x 10% — 1 x 10'° basidiospores (Dahlberg and Stenlid, 1994; Kadowaki
et al., 2010). In ascomycetes, spores are normally ejected from asci after the turgor pressure
inside the sacs cause a hole (Trail, 2007), with efficient spore ejections due to the drag-
minimizing spore shapes (Roper et al., 2008). In basidiomycetes, spore discharge is promoted
by a droplet which acts as a surface-tension catapult (Stolze-Rybczynski et al., 2009). Then, a
proportion of these spores will be vertically transported through convective airflows promoted
by the pileus until they reach a dispersive wind ( Brown and Hovmoeller, 2002; Dam, 2013;
Dressaire et al., 2016). Contrary to wind, wash-out of spores by rainfall may promote spore
deposition (Grinn-Gofréon and Mika, 2008; Oliveira et al., 2009) whereas other abiotic factors
such as UV and solar radiation (Peay and Bruns, 2014) may negatively affect the permanence
of airborne spores (Burch and Levetin, 2002; Troutt and Levetin, 2001). Although the
mechanisms of spore ejection are known, studies addressing atmospheric deposition of spores
and clear descriptions of spore communities are still lacking, being one of the less described

microbiomes worldwide.

Spatial and temporal variation in fungal propagule abundance or composition have been
reported, especially in ECM taxa (Peay and Bruns, 2014; Peay et al., 2012). Spatial
autocorrelation in some species may be driven by fruiting body communities being similar
across sites (Peay et al., 2010a; Talbot et al., 2014), but may also suggest that dispersal
limitation may be restricted to specific groups of fungi (Peay and Bruns, 2014). ECM
basidiomycetes seem to disperse the spores less abundantly (Galante et al., 2011; Kivlin et al.,
2014) than other highly-sporulating fungi such as puftballs or moulds (Adams et al., 2013).
Current studies suggest potential dispersal limitation of spores from ECM taxa (Peay et al.,
2012; 2014), which affects community composition and establishment in many terrestrial
ecosystems (Peay et al., 2012). Thus, new studies integrating both the spatial and the temporal
changes in relation with fruiting body emergence are necessary to understand the whole fungal
cycle and dynamics, as well as to open new research lines using spores as proxy to estimate

fruiting-body emergence and yields.
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OBJECTIVES

The general objectives of this thesis are:

1. To study how the most common soil drying treatments affect the soil fungal community

and the biomass of specific fungal species.

2. To study the annual cycle of the soil fungal biomass of Lactarius vinosus and how this

annual cycle is affected by changes in soil moisture and temperature.
3. To study the intra-annual dynamics of the soil fungal community composition and
biomass, and how fungal functional traits are affected by changes in soil moisture and

temperature.

4. To study the effect of forest thinning to the soil fungal community composition and

diversity.

5. To study how the inter-annual changes in precipitation and temperature affect the soil

fungal community composition.

6. To evaluate new tools to study the airborne spore community and their changes in a

temporal and spatial scale.
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THESIS STRUCTURE

Current literature on molecular analyses of soil fungal communities has some methodological
gaps and questions. Thus, our first objective was to develop a methodological study focused on
understanding the effects of the soil drying procedures on fungal community composition and
biomass (Chapter I). Second, climate change is expected to impact negatively in Mediterranean
forests, hence, we have focused in evaluating the seasonal changes and the effect of weather
conditions on Pinus pinaster soil fungal community, both from an intra-annual (Chapter 11, III)
and inter-annual perspective (Chapter IV) and considering single-species (Chapter 1) and the
overall fungal community composition (Chapter III). Third, we also studied the effects of
thinning on soil fungal communities (Chapter IV), since it is a currently recommended practice
to mitigate climate change impacts on forests, however, the potential effects on soil fungal
community of its application are still unknown. Finally, we assessed a methodology to detect
and describe fungal spores and the spatio-temporal changes of fungal propagules in the airborne
(Chapter V). In these chapters, we use next-generation DNA sequencing techniques to profile
the fungal composition in the soils (Chapter I, 11, III, IV) or spore trap samples (Chapter V). We
also combine these techniques with qPCR (Chapter I, II, V) or ergosterol extractions (Chapter
II1, IV), which allow us to obtain absolute abundances of fungal biomass or spores. Finally,

community studies were also analyzed in the context of functional traits:

i. CHAPTER I: Soil drying procedure affects the DNA quantification of Lactarius

vinosus but does not change the fungal community composition.

ii. CHAPTER II: Seasonal dynamics of the ectomycorrhizal fungus Lactarius vinosus

are altered by changes in soil moisture and temperature.

iii. CHAPTER III: Temporal and spatial changes in soil fungal communities across

moisture and temperature gradients in a Mediterranean pine forest.

iv. CHAPTER IV: Weather variation but not thinning drives inter-annual changes in

fungal composition and diversity in a Mediterranean pine forest.

V. CHAPTER V: Mushroom emergence detected by combining spore trapping with

molecular techniques.
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METHODOLOGY

Site selection

All the chapters are based in samplings carried out at the Natural Park of Poblet (Northeast
Spain, 41° 21’ 6.4728” latitude and 1° 2° 25.7496” longitude; Fig. 5, Fig. 6a). The average
annual temperature at the study site is 11.8°C. The average annual rainfall is 666.5 mm, with
the average minimum and maximum rainfall occurring in July (16 mm) and October (79.8 mm),
respectively, with two peaks occurring in spring and autumn and a pronounced summer drought
that usually lasts for three months. Mushroom production has been studied in 28 plots at the
study site since 2008 as part of a long-term experimental set-up, where thinned and un-thinned
plots were established (Fig 6b, Fig.7). The plots are composed of even-aged (60-year-old) Pinus
pinaster plantations (Fig. 6a), with isolated Quercus ilex trees sometimes forming scrubs. The
plots are characterized by having a range of altitudes (from 594 to 1013 m.a.s.l.), slopes (3—
23%), stand densities (350 to 2,657 trees ha ') and basal areas (16.5 to 81.7 m? ha™!). This range
of plot conditions was specifically selected to capture as much variability as possible. The soils
are siliceous with franc-sandy textures, pHs ranging from 6.1 to 6.6 and organic matter contents

ranging from 2.95 to 10.51.
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Fig. 5. Geographical localization of the plots. Each of these plots consisted in two paired plots, one
thinned and another one un-thinned, except for the plots 311 and 314, amounting a total of 28 plots. Map
obtained from Google earth V 6.2.2.6613 (November 2017).
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Fig 6. Forests belonging to the Natural Park of Poblet. These forests were deforested and planted again
60 years ago using P. pinaster seedlings. This view is from one of the plots located at highest altitude
and is nearby a firebreak (a). One of the long-term experimental unthinned plots. Plots are fenced to

prevent the recollection of fruiting bodies from mushroom pickers (b).

Fig 7. View from one of the thinned plots. Here, P. pinaster trees were thinned on 2009, with the

minimum recorded basal area around 16.5 m? ha™!

Samplings

Soil samplings were carried out in Chapter I, I, III and IV, whereas spore trap samplings were
carried out only in Chapter V. We followed the same soil sampling scheme in all the chapters
(Fig 8), either if it was for mycelia quantification using qPCR or ergosterol, or if it was for

fungal community studies. Soil samples were systematically collected from the plots, which
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were each 100 m? (10 x 10 m) (Fig. 8a, Fig. 8b). Eight soil cores (12 cm deep and 5 cm in
diameter), two cores from each side of the plot (Fig. 8b), and at least 10 m apart to avoid spatial
autocorrelation, were extracted from each plot every month. We discarded the litter but included
humus and mineral soil to obtain soil profiles with a depth of 12 cm and a composite sample of
approximately 500 g for each plot (Fig. 8c).

Spore traps used in Chapter V were placed in the center of the plots. Two types of spore traps
were installed: filter and funnel traps. Both traps were placed one meter apart in the center of
each plot and captured spores 30 cm above ground level (Fig 8d). Finally, climate sensors
measuring soil moisture and soil temperature every 2 h were also placed in each plot, close to

the spore traps (Fig 8d).

Horizontal profile

Fig. 8. Sampling scheme used. Forest floor from the plots (11 X 11) may have some heterogeneity due
to the planting scheme used during the reforestation (a). Thus, 2 core samples (In light-brown colour)
are obtained in each side of the plot (b). Litter (In red colour) is discarded but humus (O horizon), E
horizon and mineral horizon down to 12 cm are included (in light-brown colour) (¢). Also, spore traps
and soil climate sensors measuring soil moisture and temperature are located at the centre of each plot,
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30 cm aboveground and 10 cm belowground, respectively (d).

For all the studies, soil samples were stored at 4°C for <48 h and then sieved through a 3-mm
mesh. Sieved soil samples were freeze-dried and pooled to obtain a composite sample for each
plot. For DNA and ergosterol ergosterol, less than 0.5 g and 1 g are recommended, respectively.
Thus, the homogenization of the soil samples is a very important and critical step. Accordingly,
each composite soil sample was homogenized using a pestle and mortar during at least 1 min.,

resulting in a very fine powder (Fig. 9).

Fig. 9. The homogenization of soil samples is critical to obtain a representative soil sample and avoid
sampling biases. The freeze-dried soil was homogenized usig sterile pestles and mortars during at least

1 min. or until obtainining very fine powder in a flow chamber to prevent contaminations.

Below, the methodological schemes followed in each chapter are described:
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CHAPTER I: Soil drying procedure affects the DNA quantification of Lactarius

vinosus but does not change the fungal community composition.

This work evaluates the effect of three different soil drying procedures (Freeze-drying, FD;
oven at 60 °C, O; room temperature at 20-25 °C, RT) on the recovery of DNA from Lactarius

vinosus (EMM species) and the overall fungal diversity and community composition.

Here, we used three different soil drying procedures on 12 soil samples from Pinus pinaster
plots to quantify how these treatments affected the EMM of Lactarius vinosus and the overall
fungal community composition by using qPCR and PacBio, respectively. Drying treatment
effects were tested on the overall fungal community permutational multivariate analysis of
variance based on distancematrices. Drying treatment effects on EMM biomass of L. vinosus
were tested by Hill’s diversity index and linear mixed models (LME). Species indicator analysis

was used to test which OTUs were affected by each drying treatment.

SOIL SAMPLING

SOIL DRYING TREATMENTS

ROOM TEMPERATURE OVEN FREEZE-DRIED
+  20-25°C = 60°C « 20°C
* 1 week * 3h + 48h

MOLECULAR. ANALYSES

DNA EXTRACTION
REAL TIME PCR DNA SEQUENCING USING PacBio RS 1T
*  Design of L. vinosus hydrolysis + PCR using fungal markers |

DNA amplicon purification
DNA quantification using QuBit
Equimolecular mix

Amplicon quality control

probe

# ¥ 8 @

QUANTITATIVE ASSAYS

QUALITY CONTROL & BIOINFORMATIC
STATISTICS ANALVSIS

* Lmear Mixed Effects
Models (LME)

TAXONOMIC AND FUNCTIONAL
IDENTIFICATION

STATISTICS
» Hill's series of diversity indices + LME
* Permutational analvsis of variance (PERMANOVA)
+ Non-Metric Multidimensional Scaling (INMDS)

Species indicator analysis
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CHAPTER II: Seasonal dynamics of the ectomycorrhizal fungus Lactarius

vinosus are altered by changes in soil moisture and temperature.

This work evaluates the annual cycle of Lactarius vinosus, a soil EMM, and investigates how
soil temperature and soil moisture may be correlated with intra-annual changes in L. vinosus

biomass, an important edible ectomycorrhizal species.

Here, we quantified the EMM of L. virnosus by using qPCR in 336 soil samples monthly
collected in the 28 P. pinaster plots. Soil climate data was obtained from soil climate sensors
measuring microclimate parameters such as temperature or moisture every 2 h. We used LMEs
and generalized additive mixed models (GAMM) to test the effect of climatic factors on L.
vinosus EMM.
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CHAPTER III: Temporal and spatial changes in soil fungal communities

across moisture and temperature gradients in a Mediterranean pine forest.

This work analyzes the intra-annual soil fungal compositional change in a Pinus pinaster forest
and describe how summer drought affects these communities from a fungal functional and trait
perspective. In addition, we use also ergosterol to study how fungal biomass change across

months related with soil temperature and moisture patterns.

Here, we studied the fungal community composition in 336 soil samples monthly collected at
the 28 P. pinaster plots using PacBio sequencing platform. From these samples we also
quantified total soil EMM by quantifying ergosterol. Soil climate data was obtained from soil
climate sensors measuring microclimate parameters such as temperature or moisture every 2 h.
Decontrended Correspondence analyses (DCAs) and Canonical Correspondence Analyses
(CCAs) were used to study the correlation between the climatic parameters and the fungal
community composition, from species, functional and fungal trait (exploration types) level.
LMEs were used to test the correlation between climatic parameters and specific functional
groups and exploration types. Significance of the effect of soil moisture and temperature to the

soil EMM biomass was tested by LMEs.
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CHAPTER IV: Weather variation but not thinning drives inter-annual

changes in fungal composition and diversity in a Mediterranean pine forest.

In this study we analyzed the short-term inter-annual dynamics (4 years) of soil fungal
communities in response to Pinus pinaster forest thinning in a Mediterranean climate. In
addition, we analyzed, in both thinned and un-thinned plots, whether there was a correlation
between yearly changes in autumn precipitation and temperature with fungal community

composition from a functional perspective.

Here, we studied the fungal community composition using PacBio sequencing platform in 96
soil samples collected during 4 years in 24 P. pinaster plots. Thus, in this study only plots with
paired thinned and un-thinned plots were considered. We also obtained precipitation and
temperature data of each plot. Principal response curves (PRC) and CCAs were used to test the
effect of thinnings over the 4 years of the study. DCAs and CCAs were used to correlate climatic
parameters and fungal community composition, both from species, functional and fungal trait
(exploration types) levels. LMEs were used to test significance between climatic parameters

and specific functional groups.
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CHAPTER V: Mushroom emergence detected by combining spore trapping

with molecular techniques.

We assessed the use of funnel and filter paper traps in combination with next generation DNA
sequencing techniques and qPCR to describe the airbone fungal community and spore
abundance. We also described the spatio-temporal changes in fungal community composition
and the relationship between species-specific spore abundance and fruiting body yields from

temporal (week) and spatial (plot) perspectives.

Here, we used two simple spore traps (Funnel and filter traps) to capture the airborne fungal
community in 8 plots weekly sampled during 8 weeks. We quantified the spores of L. vinosus
by qPCR and the fungal community composition by Illumina MiSeq in these traps. We also
sampled all the fruiting bodies found in each plot during 8 weeks. Temporal (week) and spatial
(plot) effects on community data were tested using permutational multivariate analysis of
variance (PERMANOVA). Temporal (week) and spatial (plot) linear relations between spore

abundance and the mushroom yields using LME models.
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CHAPTER I

Soil drying procedure affects the DNA quantification of Lactarius

vinosus but does not change the fungal community composition.

Published in Mycorrhiza. 2016. 26, 799-808
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Soil drying procedure affects the DNA quantification of Lactarius

vinosus but does not change the fungal community composition
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Abstract

Drying soil samples before DNA extraction is commonly used for specific fungal DNA
quantification and metabarcoding studies, but the impact of different drying procedures
on both the specific fungal DNA quantity and the fungal community composition has not
been analysed. We tested three different drying procedures (freeze-drying, oven-drying
and room temperature) on 12 different soil samples to determine: a) the soil mycelium
biomass of the ectomycorrhizal species Lactarius vinosus using qPCR with a specifically
designed TagMan® probe, and b) the fungal community composition and diversity using
the PacBio® RS II sequencing platform. Mycelium biomass of L. vinosus was
significantly greater in the freeze-dried soil samples than in samples dried at oven and
room temperature. However, drying procedures had no effect on fungal community
composition or on fungal diversity. In addition, there were no significant differences in
the proportions of fungi according to their functional roles (moulds vs. mycorrhizal
species) in response to drying procedures. Only for six out of 1139 OTUs had increased
their relative proportions after soil drying at room temperature, with five of these OTUs
classified as mould or yeast species. However, the magnitude of these changes was small,
with an overall increase in relative abundance of these OTUs of approximately 2%. These
results suggest that DNA degradation may occur especially after drying soil samples at
room temperature, but affecting equally nearly all fungi and therefore causing no
significant differences in diversity and community composition. Despite the minimal
effects caused by the drying procedures at the fungal community composition, freeze-
drying resulted in higher concentrations of L. vinosus DNA and prevented potential

colonization from opportunistic species.
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Introduction

The use of high-throughput sequencing platforms such as 454 pyrosequencing,
[Nlumina, PacBio or Ion Torrent in fungal ecology has increased during the last years
(Lindahl and Kuske 2013). The latest reported accuracy values of PacBio data (>99%)
together with higher average read lengths (Roberts et al. 2013), make this platform a
promising tool for fungal community studies. Thus, data obtained from this platform will
allow undertaking deep and comprehensive ecological studies about soil borne fungal
species and communities. Real-Time PCR (qPCR) is also a commonly used molecular
technique, which has been employed to study the seasonal dynamics and the persistence
of extraradical mycelia of the ectomycorrhizal species Lactarius deliciosus (Parladé et al.
2007; Hortal et al. 2008), Boletus edulis (De la Varga et al. 2013) and Tuber
melanosporum (Parladé et al. 2013). Due to increasing relevance and application of these
molecular techniques, it is important to establish standardized protocols that will enable
meaningful comparison of final results generated by different metabarcoding studies.
Although there have been important advances in establishing a standard protocol for
fungal metabarcoding studies (Lindahl et al. 2013), the impact of different commonly
used procedures for drying soil samples have not been quantified and tested yet.

The extraction of DNA is one of the most studied and well-known critical steps for
DNA recovery from soil (Plassard et al. 2012), despite the fact that no bias-free DNA
extraction method is available (Feinstein et al. 2009). Drying soil samples before DNA
extraction has important advantages as it facilitates soil homogenization (Lindahl et al.
2013), reduces colonization by opportunistic microbes and permits equalization of soil
sample size by weight by eliminating the variable water content. However, drying soil
samples has some important disadvantages. Storing soil at room temperature (also
referred to as “soil incubation”) can alter the DNA yield of certain species (Gryndler et
al. 2013; Herdina et al. 2004). There are also evidences that soil incubation in the field
may lead to saprotrophic organisms feeding on ectomycorrhizal mycelia after mycelia
death (Lindahl et al. 2010), which could distort the community composition of the soil
samples. Community distortion can also occur after long exposure to airborne
communities or under the presence of abundantly sporulating fungi (Adams et al. 2013a).

All these problems can occur during sample preparation and, consequently, influence the
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fungal community structure and possibly distort the final ecological interpretation.

Presently, the most common soil drying procedures reported in the literature are: 1)
drying at room temperature (RT; 20-25 °C), ii) drying in an oven (O; 40-60°C) and 1iii)
freeze-drying (FD). Drying at 40-60 °C (Parlad¢ et al. 2007) allows a rapid soil drying
with negligible thermal DNA degradation (Karni et al. 2013). However, potential DNases
(enzymes that break down the single or double-stranded DNA molecule into its
component nucleotides) may affect the DNA to a different degree, depending on the
amount of DNA bound to humic acids and the amount of free-DNA in soil (Crecchio and
Stotzky 1998). Drying at room temperature (De la Varga et al. 2013; Parlad¢ et al. 2013;
Tedersoo et al. 2014) has insignificant heat impact on soil samples but requires more
drying time. This increases the risk of microorganisms feeding on mycorrhizal mycelia
and may facilitate DNA degradation caused by DNase activity (Crecchio and Stotzky
1998). Freeze-drying (Clemmensen et al. 2015; Sterkenburg et al. 2015) is a more
expensive drying technique but, theoretically, allows for a more efficient drying,
preventing the growth of opportunistic fungal species. Despite the potential effects
reported for specific fungal yields and the potential distortion of the fungal community
structure, no comparative studies of these different drying techniques applied to the same
soil samples have been reported to date.

This work evaluates the effect of three different soil drying procedures described
above (Freeze-drying, FD; Oven at 60°C, O; Room temperature at 20-25 °C, RT) on the
recovery of DNA from the ectomycorrhizal species Lactarius vinosus (species-specific
analysis). In addition, we tested the differences in diversity and community composition
of the whole DNA pool (community analysis). To assess the impact of the drying
procedures on the quantity of DNA, we applied Real-Time PCR with a TagMan® probe
designed to specifically amplify the ITS rDNA region of Lactarius vinosus, one of the
most important ectomycorrhizal species collected in this study area with regard to fruit
body yield (Bonet et al. 2012). To examine the differential impact of the drying
procedures on the fungal community, we sequenced multiplexed fungal amplicons using
the PacBio® RS II system based on the Real-Time (SMRT®) technology, and analyzed
the diversity indices as well as the fungal community composition. We hypothesized that:
(1) DNA yield of L. vinosus will be lower in samples dried at O and RT in comparison
with FD samples. In addition, expecting colonization of opportunistic fungal species in
the RT samples, both (2) fungal diversity and (3) fungal community composition are

expected to be different among drying procedures. Finally, colonization or growth of
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opportunistic species can be expected, and (4) the number or the relative proportion of
opportunistic species are expected to increase, especially in the samples dried at room

temperature.

Material and methods
Soil sampling

Soil samples were taken in 12 plots (10x10 m) from the long-term experimental site
established in the protected forest (Paratge Natural d’Interés Nacional, PNIN) of Poblet
(Tarragona, Northeastern Spain, 41° 21’ 6.4728” lat, 1° 2° 25.7496” long), where fungal
fruit body production has been monitored for 7 years with weekly mushroom sampling
during the autumn season since 2008 (Bonet et al. 2012). Our soil samples were taken
from even-aged Pinus pinaster plots (approx. 50 years old) and were analyzed for organic
matter (OM), pH and soil humidity. These parameters are shown in Table 1 with plot
altitude and corresponding Lactarius vinosus fruit body yields. Organic matter content in
soil samples was obtained with the Walkley-Black method and expressed as percentage
of dry soil sample (Walkley and Black, 1934). The pH was measured in a 1:2.5 H,O
solution. Previous studies of Lactarius vinosus fruit body productivity in this area have

shown an average yield of 35.9 kg fruit bodies - ha™! (Table 1).

Organic Altitude Hl.lmldlty of Ayeraged L.
Plot No. Matter (%) pH (mas.l) soil samples vinosus mushroom
o B (%) yield (kg/ha)
303¢ 7.54 6.8 903 23.60 0.64
304c 7.79 6.9 879 24.87 8.52
307¢ 5.79 6.7 796 23.69 115.57
312 4.08 6.6 633 24.46 9.06
312¢ 2.98 6.5 633 22.23 30.77
3l6c 2.95 6.8 644 24.08 5.59
304 10.53 6.6 879 12.21 0.22
305¢ 3.97 7 744 9.33 140.47
306 4.13 6.7 759 13.25 27.09
306¢ 5.06 6.8 759 8.94 36.53
309 4.49 7 852 11.32 3.39
309¢ 531 6.9 852 12.25 53.09
5.38+2.24 6.77£0.16 777.15£99.6 17.5+6.71 35.91+46.36

Table 1. List of sampled plots with corresponding soil Organic Matter, pH, altitude, humidity of
soil samples and Lactarius vinosus fruit body yields averaged for the period 2008-2014. Average

values are shown with their standard deviation.

In order to obtain a representative sample from the selected plots, 8 cylinders of soil
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(12 cm deep and 5 cm in diameter) were collected randomly in each of the 12 plots. Soil
samples from each plot were then homogenized and pooled in situ to obtain a composite
sample. We discarded the litter but included humus and mineral soil, obtaining
approximately 500 g composite soil sample from each plot. Soil samples were sieved (3
mm mesh) and stored a maximum of 24 hours at 4°C. Individual soil samples were
homogenized, separated in four different subsamples and kept at -20°C until use. Three
of the four subsamples were subjected separately to each of the three drying procedures
and the fourth subsample was used to calculate the soil moisture, which was determined

by weighting the soil before and after 48 hours at 105 °C.

Drying procedures

Subsamples selected for drying procedures were subjected to a) drying at room
temperature (RT procedure, 20-25°C), b) drying in the oven (O procedure, 60°C) or c)
freeze-drying (FD procedure during 48 hours). Subsamples dried at room temperature
were placed on a table within an isolated room, free from evident fungal contamination
during 5 days. Subsamples dried in the oven were subjected to 60°C during 3 hours.
Freeze-dried subsamples were dried during 48 hours to ensure complete water removal.
Once dried to constant weight, subsamples were homogenized using mortar and pestle,
resulting in a very fine powder. Each homogenized subsample from each of the three

drying procedures was used for DNA extraction.

DNA extraction

Total DNA was extracted from an aliquot (500 mg) of each soil subsample using
the NucleoSpin® NSP soil kit (Macherey-Nagel, Duren, Germany) following the
manufacturer's protocol, with one modification: Lysis buffer (SL1) was increased up to
900 pl. Total DNA extracts were quantified using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE USA).

Design and validation of Lactarius vinosus primers and TagMan® probe

We designed species-specific primers and a TagMan® probe to amplify an 88 bp
fragment of L. vinosus DNA using the Primer Express 3.0 software (Applied Biosystems,
Foster City, CA, USA): LVIN-F 5 (TCGACGAGACAACGTTTGG)3’, LVIN-R
5’ (GGTAGTCTCACCCGATTTGAG)3’ and the TagMan® probe LVIN-TQ 5’(6FAM-
TCCCTTCTCGGGAAACACACTCAAC-MGB)3’. The probe was designed based on
the variability of the rDNA internal transcribed spacer ITS1 region detected in the
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alignments among different L. vinosus sequences. A search for highly similar sequences
(MEGABLAST) was performed in the GenBank database to test the specificity of the
designed oligonucleotides. Probe specificity was validated using template DNA obtained
from 8 fruit bodies of Lactarius vinosus collected in the study area and DNA obtained
from fruit bodies of different related fungal species: Lactarius deliciosus, L. sanguifluus,
L. volemus, L. sphagnetti, L. bertollini, L. chrysorreus, Russula aeruginea, R. drimeia, R.
aurea and R. delica. The DNA obtained from fruit bodies to test the specificity of probe
and primers was extracted from 20 mg of fruit body wusing the
DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) following the protocol established

by the manufacturer.

Quantitative assays

Standard curves (R?>= 0.998, Efficiency= 99.7%) for mycelium quantification were
constructed according the procedure described by Parladé et al. (2007) and Hortal et al.
(2008). In short, a mixture of soil and mycelium was prepared using 0.480 g of a soil
obtained nearby the sampled forest plots mixed with 0.020 g of fungal tissue obtained
from the inner part of a dried L. vinosus fruit body. Soil used in these mixtures was
previously checked for the absence of L. vinosus by Real Time PCR using the probe and
primers described in the previous section. Total DNA was purified from soil with the
added L. vinosus using NucleoSpin® NSP soil kit (Macherey-Nagel, Duren, Germany),
as previously specified. Serial tenfold dilutions from the purified DNA were prepared to
obtain standards of 4, 0.4, 0.04, 0.004 and 0.0004 mg L. vinosus-g soil ™.

Real-time PCR reactions were prepared using 2X Premix Ex Taq™ (Probe qPCR)
(Takara Bio Inc. Otsu, Shiga, Japan) according to the manufacturer’s instructions, with 5
ul. of DNA template, 800 nM of each oligo, 200 nM of TagMan probe, 0.8 pL ROX and
HPLC water to adjust a final reaction volume of 20 ul. Real-Time cycling conditions for
the StepOnePlus instrument (Applied Biosystems) were 30 s at 95 °C, followed by 40
cycles at 95°C for 5 s and 34 s at 60 °C. Three replicates from each sample and the
standards were included in the analysis, as well as a negative control with water instead
of template. Data processing and fungal quantification were performed as described by

Parlad¢ et al. (2007).

PacBio RS 11 sequencing

Each subsample was subjected to PCR-amplification using 25 ng of genomic DNA
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and gITS7 and ITS4 primers (Ihrmark et al. 2012) to amplify the ITS2 region. A unique
tag composed of eight bases was added to both primers. The number of necessary PCR
cycles was optimized until a visible band was obtained. PCR amplifications of samples
and both negative controls from DNA extraction and PCR were conducted in a 2720
Thermal Cycler (Life Technologies) in solutions of 50 pL. Final concentrations in the
PCR reaction mixtures were: 25 ng template, 200 uM of each nucleotide, 2.75 mM
MgCI2, primers at 200 nM, 0.025 U pL"' polymerase (DreamTaq Green, Thermo
Scientific, Waltham, MA) in 1X buffer PCR. PCR cycling conditions was as follows: 5
min at 95°C, followed by 24-30 cycles of 30 s at 95°C, 30 s at 56 °C, 30 s at 72 °C and a
final extension step at 72 °C for 7 min before storage at 4 °C. Each sample was amplified
by triplicate, purified using AMPure kit (Beckman Coulter Inc. Brea, CA, USA) and
quantified using Qubit fluorometer (Life Technologies, Carlsbad, CA, USA). Equal
amounts of DNA from each sample were pooled before sequencing. The final equimolar
mix was purified using EZNA Cycle Pure kit (Omega Bio-Tek). Quality control of
purified amplicons was carried out using a BioAnalyzer 2100 (Agilent Technologies,
Santa Clara, CA) and a 7500 DNA chip. The samples were included with another set of
samples to use with PacBio RS II system based on the Real-Time (SMRT®) technology.
The molecular data are archived at the Sequence Read Archive under accession number

PRINA309233 (www.ncbi.nlm.nih.gov/sra).

Quality control and bioinformatic analysis

Quality control, filtering and clustering was assessed with the SCATA pipeline
(scata.mykopat.slu.se). Sequences were filtered removing data with an average quality
score <20 and/or with a minimum sequence length of 100 bp, using the amplicon quality
option. Sequences were also screened both for primers (using 0.9 as a minimum
proportional primer match for both primers) and sample tags. We used ‘usearch’ as a
search engine, with an established minimum match length of 85%. Homopolymers were
collapsed to 3 bp before cluster analysis. Pairwise alignments were conducted using a
mismatch penalty assigned at 1, gap open penalty of 0 and a gap extension penalty with
value 1. Sequences were clustered in operational taxonomic units (OTUs) with single

linkage clustering, using 1.5% as a threshold distance with the closest neighbour.

Taxonomic and functional identification

We assigned a putative taxonomy to the 559 most abundant OTUs, which
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represented around 95% of the global number of reads. We selected the most abundant
sequence from each OTU for taxonomical identification, using the option BLASTn
massblaster in PlutoF from the UNITE (Abarenkov et al. 2010) and INSD database.
Sequences from UNITE database were preferentially selected due to their accurate
selection and revision (Koljalg et al. 2005). When there was no consistency, we classified
the OTU as unknown until the level in which we observed taxonomical consistency. In
the case where two or more species showed the same or similar homology at 1.5% level,
we included all the species names as potentially representing the OTU. We validated the
taxonomical classification by constructing phylogenetic trees using the neighbor joining
clustering method including reference sequences from the UNITE and INSD databases.
Functional roles of the species were assigned as follows: a) ectomycorrhizal or ericoid
fungi, b) moulds, c) yeast, d) saprotrophs or litter-decay fungi, e) pathogens, f) moss-
associated fungi, g) root-associated fungi, h) Unknown function, based on the UNITE
database (Abarenkov et al. 2010) and from DEEMY (www.deemy.de) or other published
literature. OTUs classified as mould species belong mainly to the genera Penicillium sp.,
Talaromyces sp., Trichoderma sp., Mortierella sp., Umbelopsis sp. and Mucor sp. OTUs
classified as “Not considered” were those with very low representation in the database

(Table 4) or fungal species not relevant for this study such as animal pathogens.

Statistics

All statistical analyses were carried out using the R software environment (v3.0.2
version; R Core Team, 2013), using the vegan package (Oksanen 2013) for Hill’s numbers
and multivariate analysis, and the indicspecies package (De Caceres and Legendre 2009)
for species indicator analysis.

The drying procedure effects on DNA yield of L. vinosus obtained by qPCR were
tested using linear mixed-effects models (LME). Here, samples nested within plots were
included as random factors to deal with the spatial structure of the data. The same test
was carried out using the 260/230 DNA quality ratios in order to study whether these
values affected the qPCR data from specific plots or drying procedures.

Hill’s series of diversity indices were used to compare differences in diversity
values between drying procedures (Hill 1973). Hill’s series of diversity (Hill 1973)
consists of three numbers: NO is the richness (Number of OTUs per sample); N1 is the
antilogarithm of Shannon’s diversity index; and N2 is the inverse Simpson diversity. We

did not rarefy the community due to the potential loss of information or incorrect
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interpretation of results (McMurdie and Holmes 2014). However, an uneven read
distribution across samples is very common due to the sequencing bias, which may affect
these indices. Thus, as an alternative we used the square root transformation of read
counts as an explaining variable when testing for the Hill’s numbers (Balint et al. 2015).
LME models were used to test the effect of the drying procedures on Hill’s numbers, with
the samples nested within plots treated as random variables.

A general fungal community analysis was carried out using permutational
multivariate analysis of variance based on distance matrices (using the function “adonis”
and Bray-Curtis distances). Here, plots and drying procedures were included as factors,
and count data were Hellinger transformed. Subsequently, Nonmetric Multidimensional
Scaling (NMDS) was used to visualize community variation, and the effects of the drying
treatments on the fungal community composition. Similarly, the effects of the drying
procedures on the low abundant taxa were tested using adonis on fourth-root transformed
data.

Changes in the relative abundance of functional groups were tested using ANOVAs.
Also, we checked the possibility for a certain OTU to be identified as an indicator species
for a certain type of drying treatment using Species Indicator Index (De Caceres and
Legendre 2009). Here, we also considered the relative abundance of each OTU as an
approach to take into account the bias caused by the different sequencing depths. We used
the function multipatt together with the parameter IndVal.g to manage the unequal group

size. In both analyses, relative abundances were arcsine transformed.

Results
Impact of drying procedures on the DNA yield of L. vinosus (Hypothesis 1)

Specific quantification of L. vinosus obtained by qPCR showed a wide range of
values among soil samples, which ranged from 0.51 to 0.002 mg of L. vinosus-g™' soil. In
addition, from one plot we did not detect DNA of L. vinosus and the data from this plot
were discarded from further analysis. Mean values obtained for DNA yield were 0.15+
0.03,0.11£0.02 and 0.09+ 0.02 mg of L. vinosus- g soil for the FD, O and RT procedures,
respectively, with significant differences according to the drying treatment (df=10, F-
value= 3.65, p<0.05). L. vinosus detection was greater from soils dried using the FD
procedure in comparison with O and RT, with values 26% and 42% higher in FD. DNA
quality ratios 260/230 of soil samples showed no significant differences among the plots

(F-value=0.763, p>0.05) nor according to drying procedures (F-value=1.15, p>0.05) or
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their interaction (F-value=2.14, p>0.05). DNA quality ratios 260/280 ranged from 1.8 to
2.

Impact of the drying procedure on diversity (Hypothesis 2)

After quality control and discarding singletons and sequences having two different
tags (Sequences with tag jumps), we obtained 30,588 reads. None of the tags from the
negative controls were detected in the database but one sample was discarded due to low
sequence output. We recovered 1,139 OTUs and an average of 987 reads in each sample.
Analysis of Hill’s numbers showed that diversity indices were not affected by the drying
procedure after accounting for the sequencing bias (df= 17, p>0.05, Table 2, Fig. 1). As
expected, the effect of the sequencing bias was significant for richness (p<0.001, Table

2).
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