UNIVERSIDADE B

COIMBRA

Inés de Sousa Rocha

SEED COATING WITH MICROBIAL
INOCULANTS: A PATH TO SUSTAINABLE
AGRICULTURE

Tese no ambito do Doutoramento em Biociéncias, ramo de
especializacdao em Biotecnologia, orientada pelo Doutor Rui Sérgio Viana
Sodré de Oliveira, Doutor Miroslav Vosatka e Professora Doutora Helena

Maria de Oliveira Freitas e apresentada ao Departamento de Ciéncias da Vida
da Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra

Agosto de 2019






1 2

DEPARTAMENTO DFE CIENCIAS DA VIDA

~ FACULDADE DE
CIENCIAS E TECNOLOGIA

UNIVERSIDADE B

COIMBRA

SEED COATING WITH MICROBIAL INOCULANTS:
A PATH TO SUSTAINABLE AGRICULTURE
REVESTIMENTO DE SEMENTES COM
INOCULANTES MICROBIANOS: UM CAMINHO PARA
AGRICULTURA SUSTENTAVEL

Inés de Sousa Rocha

Thesis in the scope of the Doctorate in Biosciences, area of specialization Biotechnology,
supervised by Doctor Rui Sérgio Viana Sodré de Oliveira, Doctor Miroslav Vosatka and Professor
Doctor Helena Maria de Oliveira Freitas, presented to the Department of Life Sciences of the

Faculty of Sciences and Technology of the University of Coimbra.

Tese no ambito do Doutoramento em Biociéncias, ramo de especializagio em
Biotecnologia, orientada pelo Doutor Rui Sérgio Viana Sodré de Oliveira, Doutor Miroslav
Vosatka e Professora Doutora Helena Maria de Oliveira Freitas e apresentada ao Departamento

de Ciéncias da Vida da Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra.

Agosto de 2019






1

DEPARTAMENTO DFE CIENCIAS DA VIDA

~ FACULDADE DE
CIENCIAS E TECNOLOGIA

UNIVERSIDADE B

COIMBRA

The work developed in this doctorate thesis was carried out in the Centre for Functional
Ecology — Science for People & the Planet of the Department of Life Sciences of the University of
Coimbra and in the Department of Mycorrhizal Symbioses of the Institute of Botany of the Czech
Academy of Sciences, was funded by the Portuguese Foundation for Science and Technology (FCT)
through a Doctoral Grant (SFRH/BD/100484/2014), the European Social Fund and Programa
Operacional do Capital Humano (POCH) and by the European Structural and Investment Funds
in the FEDER component, through the Operational Competitiveness and Internationalization
Programme (COMPETE 2020) [Project No. 016801 (PTDC/AGR-TEC/I140/2014); Funding
Reference: POCI-01-0145-FEDER-016801]; and national funds through the FCT under the Project
PTDC/AGR-TEC/1140/2014. The work at the Institute of Botany was also partly supported by
the CAS delopment project no. RVO 67985939 and Biorefinery Research Centre of Competence
(BIORAF) funded by Czech Technology Agency, project no. TE010208.0.

O trabalho desenvolvido nesta tese de doutoramento foi realizado no Centro de Ecologia
Funcional do Departamento de Ciéncias da Vida da Universidade de Coimbra e no Departamento
de Simbioses Micorrizicas do Instituto de Botanica da Academia de Ciéncias da Republica Checa,
foi financiado pela Fundagcio para a Ciéncia e Tecnologia (FCT) através de uma Bolsa de
Doutoramento (SFRH/BD/100484/2014), pelo Fundo Social Europeu e pelo Programa
Operacional do Capital Humano (POCH), e por Fundos Europeus Estruturais e de Investimento
na componente FEDER, através do Programa Operacional Competitividade e Internacionalizagao
(COMPETE 2020) [Projeto N.° 016801 (PTDC/AGR-TEC/1140/2014); Referéncia Fundo: POCI-
01-0145-FEDER-016801]; e fundos nacionais através da FCT com o Projecto PTDC/AGR-
TEC/1140/2014. O trabalho desenvolvido no Instituto de Botanica da Academia de Ciéncias da
Republica Checa foi parcialmente financiado pelo projecto de desenvolvimento CAS n.° RVYO
67985939 e Centro de Competéncia e Investigacao em Biorefinaria (BIORAF) financiado pela
Agéncia de Tecnologia da Republica Checa, projecto n.° TE010208.0.

L s (s BOTANICKY
FUNCTIONAL aniicyy
ECOLOGY o

UNIVERSIDADE P

COIMBRA

~ —_ . 7
FCT Fundagao para a Ciéncia e a Tecnologia pPOCH
MINISTERIO DA CIENCIA, TECNOLOGIA E ENSINO SUPERIOR UNIAO EUROPEIA T 8 ‘\

Fundo Social Europeu

Cofinanciado por:

C @ M P E T E ” gy UNIAO EUROPEIA
PROGRAKA OPRACIONAL COMET 202 0 L | 20 2 O Tx oy 3 Z:?:s;ﬁﬁemo Regional

TIVIDADE E NTERNACIONALIZAGAD:






Agradecimentos

Acknowledgements

Esta tese é o culminar de 4 anos em diferentes cidades, fruto do esforco, da paciéncia, da
dedicacio e de energia de muit@s. Gostaria de agradecer a tod@s mas a lista seria interminavel,

por isso, fica um resumo:

Orientadores; Rui Oliveira, mais do que um excelente orientador, um amigo, com quem
tive a oportunidade de trabalhar, aprender e me divertir. Obrigada pela persisténcia, pela
confianga, partilha, e acima de tudo por me permitir contribuir para um tema que me deu tanto
gozo. Miroslav Vosdtka, for the creative and motivational deliberations and discussions, for all the
moments of fun and good mood, for challenging me about what it is to be a scientist, and for welcoming
me at the Institute of Botany of the Czech Academy of Sciences. Professora Helena Freitas pela
disponibilidade, simpatia e pela imagem indepentende e forte que da das mulheres na ciéncia. Ying
Ma, my “non-official” co-supervisor, for all the support and shared knowledge, for the work and fun

moments, but mainly, for the wonderful friendship.

Familia; Fatima e Carlos Rocha, porque sempre me apoiaram e acreditaram que eu sou
capaz de ser/fazer o que quiser. Obrigada pelo apoio incondicional, incentivo constante e carinho
ilimitado; Jodo Rocha, por ser tao diferente e tio igual a mim, pela determinagio, pelas conversas
e partilhas. Pedro Silva, pelas historias, dangas, construgoes/remodelagoes, mergulhos e indmeras

aventuras; sem ti, nao teria sido tao divertido, nao teria sido Batman, Finn & Jake ou Pastor e Gnu.

Centro de Ecologia Funcional: Ana Carvalho, Ana Afonso, Ana Martins, Alexandra
Rodriguez, Celeste Dias, Daniela Tavares, Daniel Montesinos, Helena Teixeira, Joana Serddio,
Jodo Loureiro, José Costa, Jorge Duran, Lucie Mota, Luis Pascoal, Lurdes Barrico, Marta Correia,
Mariana Castro, Marcia Araujo, Nuria Forner, Nuno Sa, Paco Nunez, Soraia Branco, Silvia Castro,
Susana Gongalves, Susana Rodriguez-Echeverria e muitos outros, que me ajudaram e fizeram deste
percurso melhor e mais divertido. Um agradecimento especial ao Pablo Souza, que chegou quase
no fim mas fez uma diferenca enorme. Obrigada pela companhia, pelas aulas de espanhol e
constante encorajamento. Funcionarios e funcionarias do DCV, Dona Isabel(s), Sr. Arménio, Sr.
Manolo, Sr. Reis, Sr. Pedro, Dona Manuela, pela constante simpatia, ajuda e prontidao em todos

0s momentos.

Jardim Botancio, por tornar os meus dias de trabalho mais verdes e bonitos, e aos seus

funcionarios, pela amabilidade, preocupagao e ajuda.



Coimbra pelas actividades e amigos incriveis que me proporcionou: Ana Carvalho (pelas
conversas e amizade), Andreia (pela alegria e entusiasmo constante), Ursa (pela diversao e por
me fazer querer ser melhor), Dani (pelos bolos e humor negro), Artur (por me chatear
constantemente e estar sempre la), JoJo (pelos risos e jantares), Sinah (por me deixar passear o
Caspi), Capela e Sara (por me fazerem sentir sempre bem-vinda), Nuno (pelos disparates e
reencontros) Helena (pela energia e boa disposicao) Tongai (pela amizade e genuino interesse),
Marcia Aratjo (pelas conversas e viagens por estradas nacionais) e Luis Pascoal (pelos lanchinhos
e partilhas). Pessoas fantasticas do GEFAC e do Clube de Leitura Teatral, pelas dangas, convivios,
leituras, e por me mostrarem que ha sempre maneiras diferentes de nos excedermos e lugar para

saber e fazer mais.

Prague, this city that I truly love, for providing me such a delightful time, experiences and adventures.
My friends that made my stay in Czech so remarkable and wonderful: Guilherme (for the pivos and trips),
Loganathan (for all the Lindy, dinners and more), Ale (for the Cross and companionship) and to my most
of all Hanka (for being one of the most amazing people | ever met). Guys from the Institute of Botany:
Martina (for her care and kindness), Martin (for being a crazy diving instructor), Dusan (for making me
laugh all the time), David (for being always available and kind), Veronika and Petra (for the help with the
molecular analysis), Alena (for the volley and squash sessions), Libor (for the help with Li-cor), Jana, Theresa
and so one, thank you guys for receiving me so well. Ales Latr for all the shared knowledge, patience and
assistance (your help was crucial). From previous times but never forgotten, people from Dekonta and

Mzymes.

Isabel Duarte, Graga Pereira e todos os funcionarios do INIAV (em especial, José Eduardo
Moreira, Beatriz Quintas e Ana Sofia Bagulho) que me ajudaram e alegraram o trabalho de campo

em Elvas.

Porto, por me inspirar na fase final desta tese, por me permitir desanuviar sempre que
possivel com peacocks, livros, mergulhos ou pézinhos de danga e pelos Amigos que tiveram
paciéncia para a minha recorrente falta de disponibilidade: Kika (pelas brincadeiras e historias para
adormecer a correr), Dave (por ser sempre aquela voz da consciéncia, errada), grupinho; Hugo,
Sa, Guimas e André (pelas tradicoes), Daniel (por ser o Dani), Carvalho (pela alegria e boa
disposigao), Patty (que mesmo longe, esta perto), Carol (pela sua genuinidade) e Sandra (pela
atencao e carinho). Sis; Joana Silva e Francisca Costa, sempre presentes, disponiveis, mordazes,
interventivas e inspiradores, obrigada pelos muitos anos de amizade, postais e aventuras. Pessoal
da BotaSwing, pelos muitos swivels, swing outs e energia contagiante. Familia Silva, Adelina, Joaquim

e Marta Silva, pelo apoio (emocional, laboral e alimentar) e carinho ao longo destes anos.

E a todos os outros tantos que aqui nao foram mencionados mas deviam. Obrigada!






Table of Contents

LIST OF ABBREVIATIONS........cooiitieitnieninninnnsnesssissississsssssesssesssssesssessssssssses 1
LIST OF TABLE AND FIGURES .............cccovvvviriiniinniniinecneeneeneennen v
ABSTRACT ..eiiiiitiiiiiiiiiiiiiisisiisesssssssssssssessstissnissssssssssssssssssssssness X
RESUMO ......oiiiiiiiniiiiiniinienississisessessesssississississsisssssssssssssssssssssesssssssesssssssesssessses X
CHAPTER | - GENERAL LITERATURE REVIEW..........cccevrruvrienriennnens 1
INTRODUGCTION ...ttt bbb bbb bbb bbb 3
SUSEAINADIlILY ..o 3
Soil-Plant-Microbes INTEraCtioNns ..........coceiiirieriirieeiiee ettt 4
Plant Growth Promoting Rhizobacteria...........coceviririiieiiiniiiseeeeee e 6
Arbuscular Mycorrhizal FUNGI .......c..cooiiiiiiiieieieeeee ettt 8
MiICrobial CONSOITIA ....cc.vieeieitieitiete ettt st st sbe et et b e et saaesaees 10
Microbial Inoculants and Inoculation Methods ...........ccccecviviniiniiiiiieiiiee 10
BACKGROUND LITERATURE .....cuviuiiiiiiiiiiiiiiiieie ittt sttt bbbt sb s 13
Seed Coating with Beneficial Microbes...........cccooiiiiiiiniiiiiece e 13
Ingredients, Types and EQUIPMENT .........cocooiiiiiiiiiiiii e 13
Formulation and Microbial Survival...........ccccoiiiiiiiiii e 15
Delivery of Beneficial Microbes............cccccovviniiiiiiiiii 16
Comparison of Seed Coating with Other Methods.............cccviiiiniiiii 18
Agricultural APPlICAtIONS .....c..eoviiiiieiieieerere ettt s e 19
RESEARCH FOCUS, OBJECTIVES AND THESIS QUTLINE .......coiuveieriierieereeeieeeesneesseesseenseenseensesseenseesnees 26

CHAPTER 2 - SEED COATING WITH INOCULA OF ARBUSCULAR
MYCORRHIZAL FUNGI AND PLANT GROWTH PROMOTING RHIZOBACTERIA FOR
NUTRITIONAL ENHANCEMENT OF MAIZE UNDER DIFFERENT FERTILIZATION

REGIMES ...ttt s e s bbb s s e b e b e s b e b e s b s b b s b e be it 30
ABSTRACT ..ottt ettt bbb bbb a et R et a b b a e 32
INTRODUCTION ....oovtimiiitiniitetet ettt s sttt bbb s b s bea e se et e st ens s et ene e tene e 32
MATERIALS AND METHODS ......oviitiiiieieeteetesieesrtesre et ereeeresieessee st esreenesseeseeesreesreeneenseenneennesenesenes 33

Soil and Plant Material ... 33
Inoculum Preparation and Seed Coating...........cccvuiiiiiiiiiiiiiii 34
Experimental Design ........ccccooviiiiiiiiiiiiii 34

AM FUNGAL ANALYSIS. ...ttt e 35



Seed coating with microbial inoculants: a path to sustainable agriculture

PGPR ANAlYSIS ....voiiviiiiiiiiciic 36
Plant Analysis ..........cooiiiiiiiiiii 36
SEALISEICA] ANALYSIS ..c.vieitiieeieete ettt sttt ettt b e bbbttt sb et beebeenren 37
RESULTS. ettt ettt ettt ettt ettt et et e e s s she e s et e se e sae e sae e st e n e e aneeanessnesneenreenneemneenneennene 37
Efficiency of Seed Coating as an Inoculum Delivery System ..o, 37
Growth and Nutritional Status of Maize Inoculated via Seed Coating ..........ccccooeviiiiiniinnn 39
DIUSCUSSION ...ttt sttt ettt ettt e st e bt et e eate s b e e s bt e sbeesbeeaeesatesheesbeebeeabeeateebaesbeenbeenbeeneesaeesatens 43
CONGCLUSIONS ..ottt steeteeieeuteeestesbeseesbesseeue et eatessesaesbeebe e bt e st eate e ensenbesaeebesaeese et entensensensesaeeneeneas 45

CHAPTER 3 - GROWTH AND NUTRITION OF COWPEA (VIGNA UNGUICULATA)
UNDER WATER DEFICIT AS INFLUENCED BY MICROBIAL INOCULATION VIA SEED

L@ @ )N I | PP 47
ABSTRACT ..ottt ettt ettt a e a et a e a et a bR a b a et 49
INTRODUCTION . ... uttiittteitteesite ettt esite ettt esteeesbeeesuteesbteesateeshbeesaeeebeeensteebeeaseeebeeeseeeseeanseeenseeenseeens 49
MATERIALS AND METHODS. ... ceiitttiiteeitieesiteeniteesiieesitee sttt e sibeesatessbeeessteesbteenseeesbeeesseeenseeansseessseesaneens 50

Seeds and Soil Material.........cccoociiiiiiiiiiii e 50
Microbial Inocula and Seed Coating ...........ccceiiiiiiiiiiniiiii 50
Experimental Design.........c.ccoiiiiiiiiiiiiiii 51
Gas EXChange Parameters ..........cccoiiirirereeieniise sttt ettt ettt sne e ene 52
Chlorophylls and Carotenoids CONtENt...........ccueveriiririririeeeterestere ettt 52
Biomass Production, Seed Yield and Nutrients AcqQUisition ..........c.ccccevverieienecenininiccienenns 52
Mycorrhizal Development...........cccoiiiiiiiiniiiii 53
Statistical ANalYSis........cooiiiiiiii 53
RESULTS. ...ttt ettt ettt ettt ettt ettt ettt ettt e bt e e bt e e bt e e et e e sh b e e sa b e e sh b e e saeeebe e e st e eabbeenseeebbeeaeeenbbeeaeeesbeenaneens 53
Plant Growth, Yield and Nutrients Concentration.............ccoceeeireerrinecreeneceeenreeeesreeeenes 53
Mycorrhizal Root Colonization............ccccciiiiiiiiiiii s 58
Leaf Parameters . ........ccoeiiiiiiiieieie e e e 58
DISCUSSION . .....utteiiteeite ettt ettt ettt ettt ettt e stte e sbte e ate e s bt e e sabeesh bt e saee e bt e e see e bt e enseeebeeeseeebeeenseeebeeennneens 63
CONGCLUSIONS ....teeutieuieeeeeseeeteeteeteeseasseesseesseeseassesnsesnsesseesseenseessesssesssessesssesnsesnsesnsesnsesseensesnsesnses 65

CHAPTER 4 - SEED COATING WITH ARBUSCULAR MYCORRHIZAL FUNGI FOR

IMPROVED FIELD PRODUCTION OF CHICKPEA ...........ccccectvennrennrnnnens .. 67
AABSTRACT ..eeeneieieeteeteeteeete st e eet e teenseenteeseeassesseeseeseesseanseanseaseenseanseenseenseensesssesseesseenseensesnsesnseanseans 69
INTRODUCTION . .....oouiiititiiitetete ettt ettt a et s st s s b sa et se b s et ne st ea st et ne et ene s 69
MATERIALS AND METHODS.......ccvitiuiiititiiiteseistcic ettt es et re st eas e n e 71

Arbuscular Mycorrhizal Fungal Inocula and Seed Coating ..........cccooevenininieceninininccen 71
EXPerimental DESIZN.......ccveiiiiiiiiiieeeeee et s 71
Plant MeasuremMents ..o s 72
Crude Protein and Fiber, Fat and Ash Grain Content Analyses...........ccccccovviininiiiininnn, 72
Mycorrhizal Development...........ccciviiiiiiiiiiii s 72
Statistical ANalySis........ccooiiiiiiiii 73

RESULTS. ettt ettt ettt ettt et sttt ettt et e s a e st s h e e s et ese e see e sae e st e n e eaneeanesenesneenreenneemneenneennens 73



GrOWLN ParameEters .......ueeiiiiiiiiiiiiiiee ettt e et e e e e e s b e e e e e e e s snbabaeeeeeessessabaaeeeas 73

Grain QUAlity.......ccociiiiiiiiiii 75
Mycorrhizal ColONIZALION ........cc.iiiiireiieieeer ettt ettt st 75
DISCUSSION ...ttt ettt ettt ettt ettt ettt ettt e s at e e sbteesabeeshbeesabeesh bt e sateesateesaseesabeesaseensbeesabeenabeesaneenntes 76
CONCLUSIONS ...ttt bbb bbb bbb bbb 78

CHAPTER 5 - USING MICROBIAL SEED COATING FOR IMPROVED COWPEA

PRODUCTIVITY UNDER LOW-INPUT AGRICULTURAL SYSTEM.........coccevvuvrvnrsnnninerinniens 80
ABSTRACT ..t bbb 82
INTRODUGCTION ...ttt bbb bbb s 82
MATERIALS AND METHODS .....uvttiitiiiieeniieeitte ettt e sttt e siteestteesateesateesateesaeeessseessteesaseessteesaseesssessnseesnnes 83

Seeds, Microbial Inocula and Coating..........cccevereririnieieie e 83
Field Experimental Conditions and DeSign .........cccceerirrieiienienieneneneeeeteeeesee e 84
Plant, Soil, and Grain Analyses ..........cccccuiviiiiirininieiiiie e e 85
Mycorrhizal Root Colonization............ccccciiiiiiiiiiii s 85
Bacterial Detection in Cowpea RhizoSphere............cocvevieiirininininiecesceeseeeeee e 85
SEALISEICA] ANALYSIS...eviteieieeeeieeie ettt sttt ettt st b ettt b e eb e b et e nes 86
RESULTS <.ttt bbb bbb bbb 87
Cowpea Productivity and Grain Quality...........cccooiiiiiiiiiiiii 87
Soil Physicochemical Properties............ccooociniiiiniiiiiiiiciccces 89
Microbial ColoNMIZAtioN ...........cccviirieiiiiceetreee ettt 89
DISCUSSION ...ttt ettt ettt ettt ettt ettt et e e bt e e at e e sbteesabeeshb e e sabeesh bt e sateesabeesabeesabeesabeenabeesnbeenabeesaneenstes 90
CONCLUSIONS ..ottt bbb bbb bbb bbb 92
CHAPTER 6 - GENERAL CONCLUSIONS AND FUTURE WORK... 94
GENERAL CONCLUSIONS ..ottt st 96
Seed Coating as a Microbial Deliver System .........cccocvveeeeiiniinenenineeeeeeee e 96
Microbial Influence According to Fertilization and Water Deficit Regime...........ccccecceveeenen 98
Microbial Seed Coating for Field Application............ccccceviiiiiiiiiiniiiii 98
FUTURE WORK.......oiiiiiiiiiiiiic et 99

REFERENCES........cccciiiiiiniiiiiniiiniiniiesiseississinesnnissississississississississsssssssssssssssn 102







List of Abbreviations

ACC - |-aminocyclopropane-|-carboxylate
AM - arbuscular mycorrhizal

ANOVA - analysis of variance

ASM - acibenzolar-S-methyl

BCA - biological control agents

CFU - colony-forming unit

Ci - intercellular CO; concentration

CoatPMR - cowpea coated seeds with
Pseudomonas libanensis TR 1+ multiple-

isolates of Rhizophagus irregularis

CoatPR - cowpea coated seeds with
Pseudomonas libanensis TR1 + Rhizophagus

irregularis BEG 140

DO - no water deficit

DI - moderate water deficit

D2 - severe water deficit

DAS - days after sowing

DNA - deoxyribonucleic acid

e.g. - (L. exempli gratia) for example
EN - European standard

etal. - (L. et alia) and other

F - fertilization

FO - no fertilization

Fl - 80% strength Hoagland solution with

20% of phosphorus

F2 - full strength Hoagland solution

FAM - fungos arbusculares micorrizicos
FAO - Food and Agriculture Organization

FAOSTAT - Food and Agriculture

Organization Statistics

FCT - Portuguese Foundation for Science

and Technology

GDW - grain dry weight
gs - stomatal conductance
| - inoculation

IAA - indole acetic acid

ICP-OES - inductively coupled plasma

optical emission spectrometry

INIAV - National Institute for Agrarian and

Veterinary Research

IPCC - Intergovernmental Panel on Climate

Change
ISO - International standard
LB - Luria Bertani

MIXcoat - cowpea coated seeds with
Rhizophagus irregularis PH5 + Pseudomonas

putida GP



MPCP - microrganismos promotores de

crescimento de plantas
MPN - most probable number

MRcoat — chickpea coated seeds with

multiple-isolates of Rhizophagus irregularis
NP - Portuguese norm

PBM - plant beneficial microbes

PCR - polymerase chain reaction

PFcoat - maize coated seeds with

Pseudomonas fluorescens F113

PFsoil - maize conventionally inoculated

with Pseudomonas fluorescens F113

PGPM - plant growth promoting

microorganisms

PGPR - plant growth promoting

rhizobacteria

Pn - steady-state net photosynthesis A

POCH - Programa Pperacional do Capital

Humano

PPcoat - cowpea coated seeds with

Pseudomonas putida GP

R+PFcoat — maize coated seeds with
Rhizophagus irregularis BEG 140 +

Pseudomonas fluorescens FI113

R+PFsoil — maize conventionally inoculated

with Rhizophagus irregularis BEG 140 +

Pseudomonas fluorescens F113

Rcoat - chickpea coated seeds with

Rhizophagus irregularis BEG 140

Rcoat - maize coated seeds with

Rhizophagus irregularis BEG 140

RE - relative effectiveness
RH - relative humidity

Rlcoat - cowpea coated seeds with

Rhizophagus irregularis PH5
RLC - root length colonized

RPCP - rizobactérias promotoras de

crescimento de plantas

Rsoil - maize conventionally inoculated with

Rhizophagus irregularis BEG 140
SAR - systemic acquired resistance
SDW - shoot dry weight

SOM - soil organic matter

TM - thiamethoxam

Tr - transpiration rate

WR - water regime

WUE - water use efficiency






List of Table and Figures

Chapter | = General Literature Review

Tables

Table 1.1. Methods of application of microbial iINOCUIANES. ......c.c.cceeeueerenrecircrerereeeceseiseiseeeeeeenes 12
Figures

Figure |.l. Sustainable agriculture comprises environmental, social, and economic concerns
equally (created with Mind the Graph®).........cccccoceeerrereeneenimneseneeneeneenessenseseeeessessessessesssscscssessessensssesnes 4
Figure 1.2. Interactions between plant, soil and microorganisms (created with BioRender®). ...5
Figure 1.3. Bipartite network of interactions between plant beneficial microbes (PBM) and
agricultural crops (from a total of 191 papers published between 1960 and 2019). Each colored
line represents a specific association. In each case, the size of boxes is proportional to the number
of interactions considered (a single study can include several interactions). Plant growth promoting
rhizobacteria (PGPR) (blue), Trichoderma (green), rhizobia (red), arbuscular mycorrhizal (AM) fungi
(yellow) and others [fungi (e.g. Aspergillus spp., Beauvaria bassiana) and the oomycete Pythium
oligandrum] (purple). Percentages represent the proportion of interactions where the specific
groups of PBM or plant species are partiCipating. .......ccccococeceeeersensereereusemsesessesessessensesessssessessssssssess 18
Figure 1.4. Scale of experiments of seed coating inoculation, expressed as percentage of studies
(from a total of 191 papers published between 1960 and 2019)........cccoceirnrninenennenneneneirereseeeeene 24
Figure 1.5. World map representing the number of studies dealing with seed coating with plant
beneficial microbes by country and continent (from a total of 191 papers published between 1960
and 2019). Charts (green bars) indicate the number of published studies by continent, organized
by intervals. Intervals correspond to decades (1990-99, 2000- 10, and 2010-20), with the exception
of the first interval, which collects studies of a larger period (1960-89) due to the low publication
record during this period. Note the different scale of the y axis in the Asia chart. ......ccccccoeuuuce. 25
Figure 1.6. Chapters and schematic outline of the PhD thesis ........ccoovorinruneinerenninnenseneenereseseeene 28



Chapter 2 - Seed coating with inocula of arbuscular mycorrhizal fungi and
plant growth promoting rhizobacteria for nutritional enhancement of maize

under different fertilization regimes
Tables

Table 2.1. Experiment B - Percentage of root length colonized (% RLC), arbuscule (A %) and
vesicle (V %) abundances of Rhizophagus irregularis (Rcoat) and R. irregularis and Pseudomonas
fluorescens consortium (R+PFcoat) inoculated via seed coating in the roots of maize under no
fertilization (F0), reduced fertilization (F1) and full fertilization (F2).......ccccccceeeerensinsinenenenenseneenennes 38
Table 2.2. Experiment B - Main effects of the factors inoculation and fertilization and two-way
ANOVA F-values and significances for shoot and root biomass of Maize. .......ccceeevuerereerererrennenennes 40
Table 2.3. Experiment B - Shoot nutrient concentrations of Zea mays L. under different
inoculation treatments via seed coating [Non-inoculated controls (C), Rhizophagus irregularis
(Rcoat), Pseudomonas fluorescens (PFcoat) and a consortium of R. irregularis and P. fluorescens
(R+PFcoat)] and fertilization regimes [no fertilization (FO), reduced fertilization (FI) and full
FEILIIZATION (F2)]. - rvueveeeeurimeieieireieee ettt sttt eas ettt bttt st ettt ettt eesstastassestes 4]
Table 2.4. Experiment B - Main effects of the factors inoculation and fertilization and two-way

ANOVA F-values and significances for shoot nutrient concentrations of Zea mays L.................... 42
Figures

Figure 2.1. Experiment A - Percentage root length colonized (% RLC), arbuscule (A %) and
vesicle (V %) abundances in the roots of maize conventionally inoculated in the soil with
Rhizophagus irregularis (Rsoil) or R. irregularis + Pseudomonas fluorescens (R+PFsoil) or inoculated
via seed coating (Rcoat and R+PFcoat). Values are means £ | SE. There were no significant
differences according to Duncan’s Multiple Range test at P < 0.05. .......ccocovnenrennencencneneeccenennenn. 38
Figure 2.2. Experiment B - Shoot and root dry weight of maize obtained from coated seeds non-
inoculated (control), inoculated with Rhizophagus irregularis (Rcoat), Pseudomonas fluorescens
(PFcoat) and a consortium of R. irregularis and P. fluorescens (R+PFcoat) under no fertilization (F0),
reduced fertilization (FI) and full fertilization (F2). Values are means (x| SE) followed by letters

that indicate significant differences according to Duncan’s Multiple Range test at P < 0.05.......... 39

Chapter 3 = Growth and nutrition of cowpea (Vigna unguiculata) under water

deficit as influenced by microbial inoculation via seed coating
Tables

Table 3.1. Biomass production and seed yield of cowpea under different inoculation treatments
[non-inoculated (Control) Rhizophagus irregularis (Rlcoat), Pseudomonas putida (PPcoat) and the
mix R. irregularis + P. putida (MIXcoat)] and no water deficit (D0), moderate water deficit (D1) and

severe Water defiCit (D2). ..ottt ettt sttt sttt st sstas sttt a st sttt s s bae 55



Table 3.2. Main effects of the factors inoculation and water regime and two-way ANOVA F-
values and significances for biomass production, seed yield and nutrient shoot concentration of
COWPER. ceuieneurnenceenessencssencssestastsessassastacsetaesetassetacsetassetassetassetnessencseensssestaststastacsstasssencssencssencssensssencsencsstncsssncanes 56
Table 3.3. Main effects of the factors inoculation and water regime and two-way ANOVA F-

values and significances for leaf parameters and chlorophyll and carotenoids contents of cowpea.

Figures

Figure 3.l. Effects of different inoculation treatments [non-inoculated (Control), with
Rhizophagus irregularis (Rlcoat), Pseudomonas putida (PPcoat) and the mix R. irregularis + P. putida
(MIXcoat)] and water regimes on N (A), P (B) and K (C) shoot concentration in cowpea. Values
are means + | SE and letters indicate significant differences (P < 0.05) according to Duncan's
MUILIPIE FANZE TEST. ..ueurueueueucicereureureuseeeetsesseuseasesessesseaseasae s s sesstas st bbb seaseaseas b setastaseasbnessesseasaassassns 57
Figure 3.2. Percentage of root length colonization (% RLC) in the roots of cowpea inoculated
with Rhizophagus irregularis (Rlcoat) or the mix R. irregularis + Pseudomonas Putida (MIXcoat) via
seed coating under different water regimes. Values are means + | SE and letters indicate significant
differences (P < 0.05) according to Duncan's multiple range test. .........c.comvrereereeneereenereeseesernenns 58
Figure 3.3. Effects of microbial inoculation [non-inoculated (control), Rhizophagus irregularis
(Rlcoat), Pseudomonas putida (PPcoat) and the mix of R. irregularis + P. putida (MIXcoat)] and water
regime on Pn (A), gs (B), Ci (C), Tr, (D) and water use efficiency (WUE) (E) of cowpea. Letters
indicate significant differences (P < 0.05) according to Duncan's multiple range test. .................... 60
Figure 3.4. Chlorophyll a (2), chlorophyll b, (b) and carotenoids (c) leaf concentrations of cowpea
under different inoculation treatments [non-inoculated control (control) and inoculated with
Rhizophagus irregularis (Rlcoat), Pseudomonas putida (PPcoat) and the mix of R. irregularis + P. putida
(MIXcoat)] and water regimes. Letters indicate significant differences (P < 0.05) according to

DUNCAN's MUILIPIE FANGE TESL. ...euueeeceeieieeeeereieis ettt esses st esse s s ssssssesss s sasessessesasssssssesns 6l

Chapter 4 = Seed coating with arbuscular mycorrhizal fungi for improved field

production of chickpea
Tables

Table 4.1. Growth and productivity parameters of chickpea in different inoculation treatments
[control, Rhizophagus irregularis (Rcoat), a mixture of R. irregularis isolates (MRcoat) under
greenhouse and field CONAILIONS. ..ottt sttt sttt sttt sees 74
Table 4.2. Harvest index (ratio of grain dry weight to shoot dry weight) of chickpea and relative
effectiveness of inoculation (ratio of shoot dry weight of inoculated plant to shoot dry weight of

non-inoculated plants) under field CONILIONS. ..ottt seeene 74

vi



Table 4.3. Chickpea grain content in different inoculation treatments [control, Rhizophagus

irregularis (Rcoat), mixture of R. irregularis isolates (MRcoat) under greenhouse and field conditions.

Figures

Figure 4.1. Representation of productivity parameters of chickpea in different inoculation
treatments [control, Rhizophagus irregularis (Rcoat), a mixture of R. irregularis isolates (MRcoat)],
under greenhouse and field conditions. Radial graphs represent results relative to the higher value
(indicated as 100%) for each productiVvity PAramMELEr. ...........ceceeeereereuremseseeeseerensenseseseesessessessssssssens 75
Figure 4.2. Percentage of root length colonization (% RLC) of chickpea non-inoculated (control)
and inoculated with Rhizophagus irregularis BEG140 (Rcoat) or mixture of R. irregularis isolates
(MRcoat) via seed coating in greenhouse (A) and field (B) trials. Columns are means + | SE and

letters indicate significant according to Duncan’s Multiple Range test at P < 0.05. ...........cccccccuc..c.. 76

Chapter 5 = Using microbial seed coating for improved cowpea productivity

under low-input agricultural system
Tables

Table 5.1. Growth and productivity parameters of cowpea in different treatments [control,
Pseudomonas libanensis + Rhizophagus irregularis (coatPR), P. libanensis + mixture of R. irregularis
(coatPMR) under field CONAILIONS.......ccvcureurererecereireureeeeireirei e tsessesseuseas e ssesseasensesessesseaseassassnees 87
Table 5.2. Cowpea grain content in different inoculation treatments [control, Pseudomonas

libanensis + Rhizophagus irregularis (coatPR), P. libanensis and a mixture of R. irregularis isolates

(COREPMR) ettt ettt sttt ettt sttt s bbbttt as b bess 89
Table 5.3. Soil physicochemical properties after plant growth. .........cccoeveveveosinrennenenesensiseeenn. 89
Figures

Figure 5.1. Harvest index (ratio of seeds to shoot dry weight) of cowpea in different inoculation
treatments [control, Pseudomonas libanensis + Rhizophagus irregularis (coatPR), P. libanensis +

mixture of R. irregularis (coatPMR). 88

Figure 5.2. Representation of harvesting productivity parameters of cowpea in different
inoculation treatments [control, coated with Pseudomonas libanensis + Rhizophagus irregularis
(coatPR) or coated with P. libanensis + a mixture of different R. irregularis isolates (coatPMR)].
Radial graphs represent results relative to the higher value (indicated as 100%) for each
PrOQUCTLIVILY PAFAMEELET. ..cueuvueeeeuriueireeetseaseustaststsessesseastas e esesstastastas e eteesstastas e seeseeastaseaseasssssssastustassasss 88
Figure 5.3. Mycorrhizal colonization, expressed as percentage of root length colonization (%
RLC) in the roots of cowpea non-inoculated (control) and inoculated with Pseudomonas libanensis
+ Rhizophagus irregularis BEG140 (coatPR) or Pseudomonas libanensis + mixture of R. irregularis
BEGI41, BEG236, DAOM 197198, KW and AS (coatPMR) via seed coating. Columns are means

vii



* | SE and letters indicate significant differences (P < 0.05) according to Duncan’s Multiple Range

L] OO 90

viii






Abstract

Keywords: Arbuscular Mycorrhizal Fungi; Field trials; Plant Growth Promoting
Rhizobacteria; Plant Beneficial Microbes; Seed Coating; Sustainable Agriculture

The interest in plant growth promoting rhizobacteria (PGPR) and arbuscular mycorrhizal
(AM) fungi for agricultural purposes (e.g. enhancement of crop yield and nutrition, promotion of
plants resilience to abiotic stress) is rising. Yet, large-scale applications of these microbes have
been hampered by the lack of data on their field performance and the feasibility of the inoculation
methods, especially in the case of AM fungi. Seed coating, a technique in which seeds are covered
with minor amounts of exogenous materials (including microbial inoculants), is a potential tool to
deliver microbes at large-scale. This technique has been gaining attention in the agricultural sector.
A literature review revealed that seed coating has been applied to more than 50 plant species (e.g.
wheat, tomato, maize, melon, bean, clover), including seeds with different characteristics
(dimensions, forms, textures). Mostly studied for the application of various species of PGPR
(especially from the genera Pseudomonas and Bacillus), seed coating is not so frequently explored
for inoculation of AM fungi or microbial consortia. The improvement of crop productivity and
protection of plants against pathogens have been the main focus of research on microbial seed
coating, while a smaller portion has been aimed at enhancing crops resistance to abiotic stresses.

One of the main goals of this PhD thesis was to evaluate seed coating as a deliver system
for the inocula of AM fungi and PGPR. Overall, seed coating allowed the application of minor
amounts of AM fungi and PGPR to the seeds of three selected agricultural crops: maize, cowpea
and chickpea. Further, by comparing inoculation of AM fungi through direct soil inoculation
(conventional) with seed coating, similar AM root colonization was obtained despite a reduction
in the amount of applied inocula. Contrary to AM fungi, the presence of PGPR coated on the
seeds could not be confirmed in the rhizosphere and roots of the inoculated crops.

It is well known that both AM fungi and PGPR have the ability to improve soil fertility and
enhance plant nutrition, which can bring benefits for plant growth and development. By increasing
nutrient availability and nutrient use efficiency, these plant beneficial microbes (PBM) can assist
farmers to reduce their dependence on chemical fertilizers. The results obtained in this thesis
showed that coating seeds with PGPR and AM fungi had a significant impact on plant shoot nutrient
concentrations under different fertilization regimes. For instance, maize seeds coated with AM
fungi (Rhizophagus irregularis) increased shoot nutrient concentration (nitrogen, phosphorus,

potassium, magnesium and zinc), comparing with non-inoculated plants. Nutrient contents on



maize shoot were boosted by R. irregularis inoculation, particularly in the treatments where
fertilization was reduced or absent. On the contrary, maize coated with PGPR (Pseudomonas
fluorescens) presented most of the nutritional increments when full fertilization was applied.
Nevertheless, in both inoculation treatments, despite the nutrient enhancements, no
improvement in plant biomass was obtained. These results confirm that PBM can increase plant
nutrient uptake.

PGPR and AM fungi are known to confer drought resistance to plants. Coating seeds with
PGPR (Pseudomonas putida) showed a general positive influence in the plant productivity, especially
under moderated water deficit. Seed coating with AM fungi (R. irregularis singly or in consortia
with P. putida) promoted nutrient uptake, leaf pigment contents and gas exchange parameters of
cowpea, yet mostly when plants where under no water deficit. Mainly, these results emphasized
the importance of selecting the PBM that better potentiate plant resilience to abiotic stresses, in
order to obtain the best benefits from the inoculation.

Field experiments are essential to validate the benefits of microbial seed coating and its
feasibility for large-scale applications. A comparison between chickpea coated with a single AM
fungal isolate of R. irregularis and multiple isolates of the same fungal species under greenhouse and
field conditions showed that plants inoculated with multiple AM fungal isolates performed better
(e.g. higher biomass, increased grain yield) than those inoculated with a single AM isolate. Seed
coating proved to be an appropriate tool to deliver AM fungi with benefits for chickpea plants at
both experimental scales, but particularly relevant under field conditions. The mixture of multiple
R. irregularis isolates was also used in consortium with Pseudomonas libanensis for coating cowpea
seeds. This treatment significantly improved crop productivity in comparison with non-inoculated
plants and plants inoculated with R. irregularis single-isolate + P. libanensis. The results showed
improvements in grain lipid content, soil physicochemical properties (pH and soil organic matter),
and crop yield under low-input agricultural systems. AM fungi and PGPR should be selected for
microbial seed coating formulation according to their affinity with the host crop, growing
conditions (e.g. soil properties) and farming practice (e.g. irrigation and fertilization), in order to
obtain economical profits.

This thesis is a contribution to the knowledge on microbial seed coating and highlights the
potential of seed coating as a microbial delivery tool and the benefits of its use in different
agricultural conditions. Microbial seed coating can be of great use for sustainable agricultural
systems. Yet, in order to allow its large-scale application as a cost-effective technique for PGPR

and AM fungi inoculation, further development is necessary.
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Resumo

Palavras-chave: Agricultura Sustentavel; Experiéncia de campo; Fungos Arbusculares
Microrrizicos; Microrganismos Benéficos para Plantas; Revestimento de Sementes; Rizobactérias
Promotoras de Crescimento de Plantas;

O interesse em rizobactérias promotoras de crescimento de plantas (RPCP) e fungos
arbusculares micorrizicos (FAM) para fins agricolas (e.g. melhoramento do valor nutricional e
rendimento de culturas, promogao de resiliéncia de plantas a factores abiéticos) tem vindo a
aumentar. Contudo, a aplicagao em larga escala destes microrganismos tem sido dificultada pela
escassez de dados sobre a performance destes em campo e viabilidade dos métodos de inoculagao,
em particular, no caso dos FAM. O revestimento de sementes, uma técnica que consiste em cobrir
sementes com pequenas quantidades de materiais exdgenos (incluindo inoculantes microbianos),
representa uma potencial ferramenta para inocular microrganismos em grande escala. O
revestimento de sementes tem vindo a ganhar importancia no sector agricola. Segundo a revisao
da literatura realizada nesta tese, o revestimento de sementes foi usado em mais de 50 espécies
de plantas (e.g. trigo, tomate, milho, melao, feijao, trevo), abrangendo sementes com diferentes
caracteristicas (dimensoes, formas, texturas). Principalmente estudado para aplicacio de varias
espécies de RPCP (em particular do género Pseudomonas e Bacillus), o revestimento de sementes
nao tem sido tao frequentemente usado para inoculagao dos FAM ou consércios microbianos. O
aumento da produtividade e protecao de culturas agricolas contra agentes patogénicos tém sido
o principal foco da investigagao sobre revestimento de sementes com microrganismos benéficos.
Por outro lado, os estudos referentes ao melhoramento da resisténcia de plantas a stresses
abiodticos através do revestimento de sementes tém sido consideravelmente menores.

Um dos principais objectivos desta tese foi avaliar a técnica de revestimento de sementes
como método de inoculagao para FAM e RPCP. De uma forma geral, o revestimento de sementes
permitiu a aplicagao de pequenas quantidades de FAM e RPCP em sementes de trés culturas:
milho, feijao-frade e grio-de-bico. Uma comparagao entre inoculagio directa no solo
(convencional) e revestimento de sementes com FAM, mostrou que, apesar da redugao na
quantidade de inoculo aplicado, a eficiéncia do fungo na colonizagio nas raizes da planta alvo foi
similar. Contrariamente aos FAM, a presenca de RPCP na rizosfera e raizes das culturas
selecionadas nao foi confirmada.

E de conhecimento geral que tanto os FAM como RPCP tém a capacidade de melhorar a

fertilidade do solo e o estado nutricional das plantas, o que pode ser de grande proveito para o
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desenvolvimento e crescimento destas. Através do aumento da disponibilidade ou eficiéncia de
utilizagao dos nutrientes, estes microrganismos promotores de crescimento de plantas (MPCP)
podem ajudar os agricultores a reduzir a dependéncia de fertilizantes sintéticos. De acordo com
os resultados obtidos nesta tese, sementes revestidas com RPCP e FAM tiveram um impacto
significativo no estado nutricional das plantas quando submetidas a diferentes regimes de
fertilizagdo. Por exemplo, sementes de milho revestidas com FAM (Rhizophagus irregularis)
apresentaram um aumento significativo na concentracao de nutrientes na parte area (azoto,
fosforo, potassio, magnésio e zinco), quando comparado com plantas nao inoculadas. A
concentragao de nutrientes, na parte area do milho, foi estimulada pela inoculagao de R. irregularis,
em particular, em tratamentos com fertilizagao reduzida ou ausente. Pelo contrario, o aumento
na concentracio de nutrientes em milho revestido com RPCP (Pseudomonas fluorescens) foi
superior quando plena fertilizagao foi aplicada. Contudo, apesar do incremento nutricional, em
geral, ndo se verificaram aumentos a nivel da biomassa da planta em ambas as inoculagoes. Estes
resultados confirmam que os inoculantes podem influenciar de forma positiva a absorgao de
nutrientes pelas plantas.

RPCP e FAM sio conhecidos por conferir resisténcia a plantas sobre stress hidrico. O
revestimento de sementes com RPCP (Pseudomonas putida) mostrou, em geral, um efeito benéfico
na productividade do feijao-frade, em especial, quando submetido a deficit hidrico moderado. Por
sua vez, o revestimento de sementes com FAM (R. irregularis) individual ou em consoércio com P.
putida promoveu a absorgao de nutrientes pela planta, o conteldo de pigmentos nas folhas e
pardmetros de troca gasosa, contudo, na sua maioria na auséncia de stress hidrico. Estes
resultados realgam a importancia de selecionar os MPCP que melhor fomentem a resiliéncia das
plantas a stresses abidticos, a fim de tirar melhor partido da inoculagio.

Experiéncias de campo sao indispensaveis para corroborar os beneficios do revestimento
de sementes com microrganismos e a viabilidade para aplicagbes em grande escala. Uma
comparagao entre grao-de-bico revestido com um unico isolado de R. irregularis e com uma
mistura de varios isolados de R. irregularis, em estufa e em campo, mostrou que as plantas
revestidas com multiplos isolados tiveram um melhor desempenho (e.g. incremento na biomassa
e na produgao de grao). O revestimento de sementes mostrou ser uma ferramenta adequada para
a inoculagio de FAM com vantagens para a produgio de grao-de-bico em ambas as escalas
experimentais, em particular, para as condigoes de campo. A mesma mistura de isolados de R
irregularis foi usada em consorcio com Pseudomonas libanensis para revestir sementes de feijao-
frade. Este tratamento aumentou significativamente a produtividade da cultura em comparagao
com plantas nao inoculadas e plantas inoculadas com unico tipo de isolados de R. irregularis + P.
libanensis. Os resultados revelaram melhoramentos no conteldo lipidico das sementes, nas
propriedades fisico-quimicas do solo (pH e matéria organica do solo) e no rendimento da cultura,
num sistema agricola de baixo input. FAM e RPCP devem ser selecionadas de acordo com a sua
afinidade com a planta alvo, condi¢oes de cultivo (e.g. propriedades do solo) e praticas agricolas

(e.g. irrigagao, fertilizagao), de forma a obter lucros.
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Esta tese contribui para aumentar o conhecimento sobre revestimento de sementes com
microrganismos, e real¢ca o potencial da técnica como ferramenta de inoculagao de FAM e RPCP
e os seus beneficios em diferentes condigbes agricolas. O revestimento de sementes com
microrganismos pode ser de grande interesse para sistemas agricolas sustentaveis. Contudo, de
forma a permitir o uso em larga escala, como um método eficiente para a inoculagio de RPCP e

FAM, é necessario apostar no seu melhoramento e desenvolvimento.
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Introduction

More than food and feed production or worldwide employment, agriculture is a sector of
great importance, where decisions and actions should foresee consequences to the people,
environment and Earth. With the Green Revolution high-input agronomic practices have started
to be implemented at large scale (e.g. high-yielding crops varieties, intensive irrigation and
chemical input). Farmers were able to maximize production and reduce food prices, and for
many years, a rise in agriculture productivity was possible (FAO, 2018a). Yet, high-intensification
of agroecosystems based on the excessive use of synthetic inputs (e.g. fertilizers and pesticides)
and water, led to reduced ecosystem functioning, environmental degradation, biodiversity loss
and therefore contributed to climate change (Robertson et al., 2014; Tubiello et al., 2015;
Kanianska, 2016). Noteworthy, crop and animal production and forestry, mainly deforestation,
are responsible for about a quarter of total global greenhouse gas emissions (IPCC, 2014a).
Consequently, increases in temperature, drought and other climate change effects that can
trigger pest and disease incidence have a major impact on agriculture and food prices, especially
affecting the disadvantaged and more vulnerable populations (IPCC, 2018).

Till 2050, the world population is expected to grow to 9.8 billion (United Nations, 2017),
which will obligate to an increase of 60% in food supply (Grafton et al., 2015). A great share of
the Earth’s land surface is already being used for food production (FAOSTAT, 2016) and
satisfying food demand through the expansion of these areas is no longer feasible to increase
productivity (Foley et al., 201 ). Besides the growing population (plus consequent food demand)
and land scarcity, the future agriculture will be critically challenged by a set of pressures related
to soil degradation and depletion, water shortage and pollution, loss of natural resources, energy
scarcity and climate change (Hanjra and Qureshi, 2010; Power, 2010; Foley et al., 201 1).

The current route of agricultural production and productivity is unmaintainable, and past
intensive agricultural practices are no longer an option for future outcomes. Without a significant
change, environmental integrity, social and economic cohesion and health security will be

seriously compromised. Thus, a more sustainable path is needed.

Sustainability

The Green Revolution boosted agricultural production and productivity and saved many
from famine (Khush, 2001), yet, presently, a new revolution is necessary, one that includes
adaption to climate change and sustainable use of energy, water, biodiversity and ecosystem
services (Conway and Barbier, 201 3).

Agricultural sustainability aims at satisfying the needs of the present without compromising
that of future generations, giving equal importance to environmental health, economic gain and

social fairness (Figure |.1) (Lichtfouse et al., 2009). Efficiency in the use, protection and
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conservation of natural ecosystems, improvement of opportunities and social well-being for
people and enhancement of ecosystems stress-resilience can lead to a high-productive,
economically viable and environmentally-friendly agricultural system (FAO, 2018a). Sustainable
agriculture is the route to safer and high-quality food, environmental protection and
preservation, and social and economic equality.

Long-term sustainability in an agroecosystem includes reducing or eliminating the
dependence of non-renewable synthetic input such as fertilizers and pesticides, and efficient
management and conservation of the natural resources (e.g. soil, water), while maintaining or

increasing agricultural productivity (Reganold and Watcher, 2016).

Sustainable
Agriculture

Environment

" Economy

Figure 1.l. Sustainable agriculture comprises environmental, social, and economic concerns equally
(created with Mind the Graph®).

Within the perspective of pursuing a more sustainable agricultural path, soil and its
inhabitants may play a fundamental role (Busby et al., 2017; Glick, 2018). Soil organisms are
responsible for several ecosystem functions and pivotal in the main elemental cycles (e.g
nutrients, carbon), yet their activities are still poorly explored in agricultural management
strategies (Bender et al., 2016). Intensive agricultural practices, severely affect soil microbes. The
abusive application of synthetic fertilizers is leading to simpler soil networks with less functional
groups of soil biota (Tsiafouli, et al, 2015). Intensive soil tillage, repeated and intensive
fertilization, application of pesticides, and low plant diversity, have been depauperating soil
microbes in agroecosystems (Lupwayi et al., 2012; Prashar and Shah, 2016). Soil microbes can,

however, be stimulated or directly used to favor agricultural purposes.

Soil-Plant-Microbes Interactions

Soils are complex, dynamic and biological-rich habitats (Bardgett and Van der Putten,

2014), where the major fraction of the living biomass is formed by microorganisms (Fierer, et
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al,, 2012). Soil microbes influence a large number of important processes, including carbon and
nitrogen (N) cycling and soil formation (Van der Heijden et al., 2008). For instance, some steps
in the N cycle such as fixation of atmospheric Ny, nitrification and denitrification are exclusively
performed by microbes (Bender et al., 2016). These microorganisms interact with both soil and
plants (Figure 1.2). Plants and microbes acquire nutrients from the soil and modify soil properties
through organic matter deposition and metabolic activities (responsible for decomposition of
organic matter, humus formation, etc.)). Plants provide metabolites/nutrients to soil
microorganisms and in its turn, soil microbes affect plant growth and performance by an array
of direct and indirect mechanisms, e.g., enhancement of nutrients availability, production of

enzymes and hormones, nutrient competition, protection against pathogens (Jacoby et al., 2017).
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Figure 1.2. Interactions between plant, soil and microorganisms (created with BioRender®).

Plants offer diverse microhabitats where a wide range of microorganisms can form
symbiotic relationships. Morphology, temperature, light or air exposure in different plants organs
provide specific conditions that influence microbiota and its presence (Bulgarelli et al., 2013). A
significant proportion of plant-microbe interactions occur in the space known as the
rhizosphere. A hotspot of microbial activity, the rhizosphere is a playground and battlefield for
soil borne pathogens and beneficial microbes (Raaijmakers et al., 2009). Plant-microbe

interactions involve intricate trophic relationships conditioned by the “rhizosphere effect”
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(Hartmann et al.,, 2008) that is mainly driven by rhizodeposition, from roots to the surrounding
space. The release of organic compounds from plant roots dominates the communicative plant-
microbe exchange in the rhizosphere (Bacilio-Jiménez et al., 2003). Colonization of the
rhizosphere and root is the result of complex signal exchange between roots and microbes that
will condition the net balance of the symbiotic relationship to be positive (mutualistic), neutral
(commensalism) or negative (antagonistic). Consequently, the type of plant-microbe association
will influence the development and fitness of the host plant (Yadav et al., 2015).

Soil microbes forming mutualistic interactions with plants (e.g. growth, nutritional value or
resistance to various stresses) are of great interest for agricultural purposes (Berg, 2009; Singh
et al,, 2016; Zaidi and Khan, 2017). Many are the designations for these microorganisms, such as
plant beneficial microbes (PBM), plant growth promoting microorganisms (PGPM), or more
specifically, and according to the functions of their application, biofertilizers, biopesticides, stress
bioalleviators, etc. Overall, these microbes can be classified according to their origin, location
or function. Based on their origin, they can be grouped into prokaryotic [e.g. rhizobia, plant
growth promoting rhizobacteria (PGPR) rhizobacteria, cyanobacteria] or eukaryotic [e.g.
Trichoderma, arbuscular mycorrhizal (AM) fungi]. According to the location and degree of
intimacy with plants, they are divided into free-living/rhizosphere microorganisms that depend
on chemical compounds released into the rhizosphere, rhizoplane microbes that live in direct
contact with plant tissues in the rhizoplane (root surface), and endophytic microbes that live
inside plant tissues. Finally, microbes can have a direct or indirect role in nutrient and water
uptake, synthesis of compounds, or protection of plants against biotic-abiotic stresses (Glick,
2014; de Souza et al,, 2015; Pii et al., 2015; Berruti et al., 2016; Vejan et al., 2016). Currently,
among PBM, there is a great interest in two main groups, PGPR and AM fungi. Nevertheless,
other fungi such as Trichoderma, Aspergillus spp., Beauvaria bassiana and Gliocladium virens are

commonly used as biofertilizers and biological control agents (BCA).

Plant Growth Promoting Rhizobacteria

Being one of the most common microbes present in soils, bacteria are not so evenly
distributed, presenting higher concentrations in the rhizosphere, in comparison to bulk soil
(Olanrewaju et al., 2017). About 2 to 5% of these rhizospheric bacteria promote plant growth
(Antoun and Kloepper, 2001), and are, therefore, named PGPR (term created by Kloepper and
Schroth in 1978). Depending on their proximity to the roots, PGPR can be rhizospheric, living
near the root or in the root surface or endophytic, residing inside plant tissues (Vessey, 2003).
Noteworthy, the definition of PGPR normally only contemplates free-living bacteria that are
rhizosphere competent (even if they can invade roots and be endophytic), N-fixing bacteria such
as rhizobia that are able to create specific symbioses with legume-plants forming specialized

structures (root nodules), are normally not considered. Yet, because rhizobia can also colonize
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the rhizosphere of non-host plants (non-legumes) and be endophytic, some authors regard them
as PGPR (Siddiqui, 2006; Vargas et al., 2017).

PGPR can directly influence plant growth by facilitating nutrient uptake and/or regulating
biosynthesis of phytohormones (Vejan et al., 2016). N, phosphorus (P) and iron (Fe) are essential
nutrients, yet, not always available for uptake by plants (Glick, 2012). Mainly, two types of
bacteria possess the ability to fixate atmospheric N and supply it to the plants, the legume-
associated symbiotic bacteria that have plant-specificity and produce root nodules (e.g.
Rhizobium) and the free-living N-fixers that do not possess specificity to plants (e.g. Azospirillum
sp., Azotobacter sp., Burkholderia sp., Bacillus sp.) (Santi et al., 2013; Singh et al., 2017). P and Fe in
soils normally exist in the insoluble form unavailable for plant uptake. PGPR allow P and Fe
solubilisation in soils by releasing compounds (e.g. organic acids and enzymes) or producing
siderophores (low-molecular-weight compounds that are capable of binding Fe), thereby
increasing their availability for plant uptake (Vejan et al., 2016). Many agricultural soils are
deficient in one or more of these nutrients, which led to the application and dependence on
chemical fertilizers. Yet, the production of chemical fertilizers has environmental costs (e.g.
pollution, use of non-renewable resources) (Glick, 2012; Santi et al., 201 3). PGPR can be applied
as biofertilizers due to their potential to improve nutrient use efficiency in low-nutrient
agroecosystems or reduce application rates of chemical fertilizers (Shaharoona et al., 2008;
Adesemoye and Kloepper, 2009; Duarah et al.,, 201 I; Glick, 2012; Sessitsch and Mitter, 2015;
Oliveira et al.,, 2016a). Further, PGPR can also function as phytostimulators by producing and
regulating phytohormones (e.g. auxins, cytokinins, gibberellins, ethylene) that control processes
such as seed germination, plant cell enlargement, division, flowering, and fruit set (Glick, 2014;
Goswami et al., 2017). Phytohormones play a key role in plant growth and development as well
as their response to environment conditions (Ahammed and Yu, 2016). In agriculture,
phytohormones can be used not only with the purpose of growth stimulation but also to improve
plant stress resistance (Fahad et al., 2015; Verma et al, 2016; Egamberdieva et al., 2017).

In a more indirect manner, PGPR can also promote plant development by acting as BCA
or biopesticides against various plant pathogens. This includes several mechanisms of action such
as synthesis of lytic enzymes (e.g. chitinases, cellulases, |,3-glucanases, proteases), production of
allelochemicals (e.g. antibiotics, hydrogen cyanide), competition for nutrients. Further, by
inducing systemic resistance, a defense mechanism that confers protection against different
pathogens, PGPR can improve plant resistance to biotic stress (Compant et al., 2005; Bakker et
al,, 2007; Glick, 2012). The use of these BCA in agriculture is of great interest since it can provide
an opportunity to minimize the use of chemical pesticides and thus reduce negative
environmental impacts and increasing food safety (Nadeem et al., 2014).

Not all PGPR are able to perform their beneficial effects on plants under abiotic stress
conditions (e.g. drought, extreme temperatures, salinity, flooding, heavy metals), but some of

them, not only tolerate stress, but have the ability to confer stress tolerance to host plants and
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promote plant resilience in such stressful environments. These bacteria can act as stress
bioalleviators to improve plant tolerance to abiotic stresses by various mechanisms such as
lowering of stress-induced ethylene level, production of exopolysaccharides and hormones.
Crop productivity is often challenged by abiotic stress such as drought and salinity that tend to
be intensified by climate change (IPCC, 2014b). Thus the use of PGPR as bioalleviators can be of
great relevance.

PGPR belong to diverse genera such as Azospirillum, Azotobacter, Gluconacetobacter,
Pseudomonas, Bacillus, Enterobacter, Klebsiella, and Serratia. Among them, Bacillus and Pseudomonas
are considered the predominant and the most broadly studied (Podile and Kishore, 2006). The
diversity of PGPR strains in soils depends on different factors such as plant species, soil
properties and nutrients availability (Verma et al., 2019). Moreover, the metabolic competences
of bacteria that can influence plants differ among them (Bulgarelli et al., 201 3; Vejan et al., 2016).
Thus, PGPR application as microbial inoculants in agriculture comprises a selection of bacterial
strains according to their function and abilities (e.g. facilitation of nutrients uptake, biological
control of pathogenic agents, stress mitigation) and resistance to environmental conditions (e.g.

plant species, soil).

Arbuscular Mycorrhizal Fungi

AM fungi belong to the phylum Glomeromycota and constitute a group of root obligate
biotrophs that form symbioses with several plant species (including 80% of terrestrial plants)
(Lekberg et al., 2013; Berruti et al., 2016). AM fungi are ancient soil microorganisms with
different geographic distribution patterns, varying from local to global scale according to the
fungal species (Rodriguez-Echeverria et al., 2017). Biotic (e.g. biological activity and biodiversity)
and abiotic (e.g. soil physicochemical properties, temperature, humidity) factors can influence
AM fungi richness in different ecosystems (Van Geel et al., 2018).

AM fungi develop different morphological structures such as hyphae, arbuscules, vesicles
and spores (Smith and Read, 2008). Hyphae, filamentous formations that can be external or
internal to plant roots, are responsible for nutrient acquisition, propagation and formation of
arbuscules, vesicles and spores. In the soil, external hyphae can grow towards roots, thus
establishing contact and developing along their surface. By producing swollen appressoria, hyphae
penetrate the epidermal and cortical cells of plant roots, spreading along the cortex. Once
entering inside root cortical cells, hyphae can branch and condense giving origin to branching
structures, which are known as arbuscules. AM fungi are defined by the presence of these
structures that increase the contact area between root and fungus and are considered the major
site of resources exchange in the symbiotic relationship. Further, hyphae can also form inter- or
intracellular lipid reservoirs (so-called vesicles) that can function as propagules besides the
storage role (Souza, 2015; Varma et al., 2017). In general, AM fungi can propagate via hyphae or

spores (Bever et al., 2001). AM spores are asexual spherical structures that develop thick walls
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(multilayer) originated from hyphae (external or internal) or vesicles. They can function as
storage structures, resting stages and propagules, and their wall organization can be useful to
identify the fungus (Souza, 2015).

Plants colonized by AM fungi have the ability to explore larger soil volume through the
ramification of fungal hyphae. This hyphal extension (mycelium) creates communicative bridges
that increase root surface, thereby increasing nutrient acquisition, ameliorating soil physical
properties (e.g. soil aggregation, soil moisture retention capacity) and offering a primary
protective barrier against pathogens (Ryan and Graham 2002; Jeffries et al., 2003; Rillig and
Mummey, 2006; Sikes, 2010; Biicking and Kafle, 2015). AM fungi can also influence plant roots
architecture (e.g. increasing volume, depth and weight), and thus influencing root-soil
interactions (Berta et al., 2002). These fungi are capable of solubilizing inorganic forms of
nutrients (particularly P) by releasing organic acids or enzymes (Chen et al., 2007). According to
Marschner and Dell (1994), about 80% of P taken up by AM plants is supplied by the fungal
partner. In addition to their significant role in P acquisition, AM fungi can also increase the uptake
of other macro- and micro-nutrients such as N, potassium (K), magnesium (Mg), copper (Cu)
and zinc (Zn) (Clark and Zeto, 2000; Miransari, 201 |; Garcia and Zimmermann, 2014; Chen et
al,, 2017; Zhang et al., 2017; Ingraffia et al., 2019).

Besides promoting plant growth by providing nutritional and structural benefits, AM fungi can
also help plants cope with environmental stresses (e.g. drought, salinity, heavy metals) through
different mechanisms such as regulation of plant nutrition (e.g. improvement of plant nutritional
status, alteration of sodium and K uptake) and metabolites (e.g. proline, sugars, enzymes),
adjustment of physiological processes (e.g. increase of stomatal conductance, transpiration and
photosynthetic rates, osmotic adjustment) and improvement of water use efficiency (Porcel and
Ruiz-Lozano, 2004; Hajiboland et al., 2010; Evelin et al., 2012; Miransari, 201 |; Ruiz-Lozano et
al,, 2012; Seguel et al., 2013; Wu et al,, 2013; Augé et al,, 2015; Shamshiri and Fattahi, 2016).
These mechanisms vary depending on AM-plant association as well as stress conditions (type
and intensity) (Nadeem et al.,, 2014; Chun and Chandrasekaran, 2018).

The most studied AM fungal species are Rhizophagus irregularis (formerly Glomus intraradices),
Funneliformis mosseae (formerly Glomus mosseae) and Gigaspora spp. (G. rosea, G. margarita and G.
gigantea) (Malbreil et al., 2014). These fungi have been used in agriculture to promote crop
growth under stress and non-stress conditions (Gamalero et al., 2008; Pellegrino and Bedini,
2014; Oliveira et al., 2017b; Pawar et al., 2018; Chun and Chandrasekaran, 2018; Rocha et al.,
2019).

Like PGPR, AM fungi have a great potential to help reduce the dependence on agrochemicals
and to assist crops against biotic and abiotic stresses. Yet, their inoculation efficacy may greatly
depend on many factors, including compatibility with the target environment, competition with
other soil microbes, time of inoculation and plant-fungus specificity (Pellegrino and Bedini, 2014;

Berruti et al., 2016). Not only AM fungal proliferation and sporulation are strongly dependent
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on host plants, but also they present different levels of host specificity (Klironomos, 2000; 2003;
Johnson et al., 2003).

Microbial Consortia

Interactions between different beneficial microbes and host plants can be fundamental to
maintain soil fertility and plant health, particularly in low input agriculture that relies on biological
process rather than agrochemicals (Sessitsch and Mitter, 2015). Combinations of different PBM,
as microbial consortia, can result in improved plant performance. PGPR have been shown to
positively influence legume-rhizobia and plant-fungi interactions (Vessey, 2003; Mohamed et al,,
2014; Korir et al,, 2017). The combined use of PGPR and N-fixing bacteria can improve root
growth, plant resilience to environmental stresses, and reduce N losses (Dal Cortivo et al,,
2017). It is well known that PGPR can be used to ameliorate nodule formation in legumes when
co-inoculated with rhizobia (Tilak et al., 2006) and enhance plant growth indirectly by optimizing
the relationship between host plants and AM fungi. Ratti et al. (2001) found that Bacillus polymyxa
and Azospirillum brasilense enhanced root colonization by Glomus aggregatum and improved
biomass and P content of palmarosa grass when supplied with insoluble inorganic phosphate.
Moreover, AM fungi can also associate with legumes where rhizobia are present to increase
grain yield and protein content (Oliveira et al., 2017a; 2017b). For example, a consortium of G.
mosseae and Trichoderma harzianum increased the yield and seed quality of different agricultural
crops (Egberongbe et al., 2010; Nzanza et al, 2012). Notwithstanding, the application of
microbial consortia does not necessarily entails positive interactions. Competition for nutrient
and niche and production of antagonistic secondary metabolites can occur. Therefore, the

selection of appropriate PBM to be applied in consortia is crucial.

Microbial Inoculants and Inoculation Methods

Application of microbial formulations (i.e. use of microbial inoculants such as PGPR and
AM fungi) have been considered a possible strategy to enhance agricultural crop productivity
and quality, reduce the excessive dependence on agrochemicals and increase resource (e.g.
water, soil) use efficiency (Singh et al., 2016). The use of PBM in agriculture is not new; yet,
greater interest has occurred in recent years due to the need for more sustainable crop
production and human and environmental health protection (Ahmad et al., 201 |; Timmusk et
al, 2017). For instance, Rhizobium-based inoculants (legume-nodulation commercial
formulations) have been used in agriculture for more than 100 years (Bashan, 1998; Deaker et
al., 2004). The broad-scale of rhizobial inoculation began in the early 20t century and only more
recently, strains of other PGPR such as Bacillus, Pseudomonas, and AM fungi started to be
commercialized (Backer et al., 2018). One of the most important factors that support successful

establishment and performance of microbial inoculants is inoculation (Bashan et al., 2014), and
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thus, suitable and effective methods for large-scale delivery of inoculants are essential (Khan et
al., 2010; Glick, 2012).

PBM are usually added to the soil (direct soil application), the seed (seed-applied inoculant)
or the plant (e.g. foliar spray and root dipping) (Adholeya et al., 2005; Mahmood et al., 2016).
Each inoculation method has advantages and disadvantages, depending on the amount of
inoculants, availability of equipment, type of seed (e.g. size, shape and fragility), the presence of
inhibiting compounds in the seed (e.g. fungicides, micronutrients and PBM) and cost (Deaker et
al,, 2004; Bashan et al., 2014). A summary of some of the most common techniques used in the
different inoculation methods and their advantages and disadvantages is presented in Table I.1.

In general, direct soil inoculation is used to introduce a large amount of microbial inoculant
into the soil, avoiding damage of fragile seeds or protecting the inoculant from inhibiting
compounds applied or produced by the seed (e.g. fungicides and antimicrobial compounds). It
can be done either using solid, liquid or encapsulated formulations at the time of seeding (Malusa
et al, 2012; Bashan et al., 2014). However, direct soil inoculation is not economically feasible in
large-scale applications due to the high amount of microbial inoculum required (Deaker et al.,
2004; Adholeya et al., 2005; Vosatka et al., 2012).

Inoculation of plants through root dipping or foliar application are techniques that demand
large amounts of inoculant and, in the case of root dipping, plant nursery preparation is also
required. On the other hand, seed inoculation can be a cost-effective way to deliver microbes
in large-scale field applications (John et al., 2010; O’Callaghan, 2016). Seed inoculation delivers
PBM to the rhizosphere of the target crop, where an intimate plant-microbe contact is
established since germination (Philippot et al., 2013). Besides being a precise delivery system,
seed inoculation can also be used to modify seed characteristics (e.g. shape, size and weight,
etc.), making it easy to handle and sow (Halmer, 2008). Seed coating, a technique of seed
inoculation, has the potential to be a cost-effective way to deliver microbes, requiring less

inoculum than other inoculation methods.
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Background Literature

Seed Coating with Beneficial Microbes

Seed coating is the application of exogenous materials onto the surface of seeds with the
aim of improving seed appearance and handling characteristics (e.g. seed weight and size) and/or
delivering active compounds (e.g. plant growth regulators, micronutrients, and microbial
inoculants) that can protect the seed against phytopathogens, increase germination and plant
growth (Halmer, 2008; Pedrini et al., 2017). Inspired in the pharmaceutical industry, seed coating
was first applied to cereal seeds in the 1930s and thereafter its large-scale commercial use began
in the 1960s (Kaufman, 1991). Nowadays, seed coating is used by horticultural and crop
industries worldwide and has earned its place in the global market (Pedrini et al., 2017). It is
used for applying colors and tracers (e.g. fluorescent dyes), protectants (e.g. pesticides), soil
adjuvants (e.g. soil hydrophilic materials and hydro absorbers), compounds that stimulate
germination, growth and stress resistance (e.g. salicylic acid, gibberellic acid, and abscisic acid),
macro and micronutrients and PBM inoculants (Scott, 1989; Ehsanfar and Modarres-Sanavy,
2005; Pedrini et al., 2017). Coating crop seeds with PBM allows a precise application of minor
amounts of inocula at the seed-soil interface (Scott, 1989), ensuring that the PBM are readily
accessible at germination and early development plant stages, stimulating healthy and rapid

establishment, and consequently maximizing crop production (Colla et al., 2015a).

Ingredients, Types and Equipment

Seed coating can vary from simple on-farm applications to sophisticated and industrialized
procedures. Although the processes used by farmers and industrial companies may differ, the
principle is basically the same. Overall, it includes, seeds inside a container (e.g. rotating drum,
cement-mixer), where a binder (e.g. adhesive compound), a filler (bulking agent) if needed and
active ingredients (e.g. nutrients, protectants and PBM) are mixed (Scott, 1989; Accinelli et al.,
2016; Padhi and Pattanayak, 2018). Fillers can be single or mixed components and the most
commonly applied are peat (Georgakopoulos et al., 2002; Hartley et al., 2004; Hameeda et al,,
2010), talc (Mukherjee and Sen, 1998; Sabaratnam and Traquair, 2002; Berninger et al., 2016)
and lime (Brockwell and Phillips, 1970; Gault and Brockwell, 1980; Padhi and Pattanayak, 2018).
These components can function as microbial carriers and modify seed size, shape and weight.
Some ingredients like alginate can be used both as filler and binder (Heo et al., 2008; Khan et al.,
2011; Anis et al,, 2012; Lally et al., 2017). Recently, biochar and chitosan have been also
considered as fillers/carriers for microbial seed coating (Gtodowska et al., 2016; Gtodowska et
al,, 2017; Ruiz-de-la-Cruz et al., 2017). Binders, natural or synthetic polymers such as methyl

cellulose (Hartley et al., 2004; Haikal, 2008; Swaminathan et al., 2016; Amutha, 2017; Lopisso et
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al,, 2017), carboxymethyl cellulose (Sharma et al., 2003; Roesti et al., 2006; Nawar, 2007; Zhou
et al,, 2017), gum arabic (Kyei-Boahen et al.,, 2001; Ehteshamul-Haque et al., 2007; Dawar et al.,
2008; Singh et al., 2014) or polysaccharide Pelgel (Jensen et al., 2000; Li et al., 2002; Ugoji et al.,
2006) are generally added during or towards the end of the coating process in order to bind the
exogenous materials and reduce the amount of dust in the final product (Pedrini et al., 2017).
Some adhesives (e.g. gum arabic and xanthan gum) can also be used to extend the survival of
PBM applied to seeds (Jambhulkar et al., 2016). The selection of the proper type and
concentration of binder and filler is crucial for seed germination, plant development and viability
of the applied microbial inoculant. Other characteristics such as availability, cost, origin and
environmental impacts should also be taken into consideration when choosing the most
adequate coating materials.

The classification of seed coating types is usually based on the weight, size, and grouping
properties of the coated seeds. Most studies do not specify the type of coating used, yet when
reported the most frequent are seed dressing, film coating and pelleting (Hartley et al., 2004;
Shaharoona et al., 2008; Domaradzki et al., 2012; Accinelli et al.,, 2016; Cely et al., 2016; Jacob
et al,, 2016; Shahzad et al., 2017; Accinelli et al. 2018b; Rocha et al., 2019). Moreover, other
terms such as slurry coating can also be found in the literature related to microbial seed coating
(Pill et al., 2009; Hartley et al., 2013; Rozier et al.,, 2017, Rehman et al., 2018).

The most basic coating treatment is seed dressing, which refers to the application of finely
milled solids dusted onto the surface of seeds in small amounts and it is normally used for
pesticides application (Scott, 1989). Yet, some studies use the term seed dressing, not as a type
but as synonym for seed coating (Shaharoona et al., 2008; Choi et al., 2016; Murphy et al., 2017;
Shahzad et al., 2017). Film coating is considered as a more recent method and it consists on the
application of a thin layer of external material with little change of the seed shape, size and weight
(Halmer, 2000; 2008). It can be considered an improved version of slurry coating, where a
solution or suspension is also applied onto the seeds, but in a less firm and uniform layer (Taylor
et al, 2001; O’Callaghan, 2016). Also, film coating allows better treatment precision and
minimizes the production of dust. It is considered a well-established technique for coating of
several high-value horticultural species and other important agricultural crops, such as maize,
sunflower, soybean and canola (Accinelli et al., 2016). In comparison with other seed coating
types, film coating has a lower interference with seed germination and a prompter release of
active components (Halmer, 2008). Finally, pelleting comprises fillers and liquid binders applied
to the seed that may cause a significant increase in weight and volume. Pelleting usually modifies
seed morphology into a spherical or ovoid shape, making it impossible to discriminate the initial
seed shape (Halmer, 2000). If the original seed shape is still maintained the term used is
encrusting (Pedrini et al., 2017). Pelleting and encrusting increase the amount of applied active
ingredients and improve seed handling and sowing, especially for irregularly shaped seeds
(Halmer, 2008).
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Depending on the type of coating, specific equipment is considered. The rotating pan is
the most common device used for seed coating (e.g. pelleting, encrusting, dressing and film
coating) (Hartley et al., 2013; Oliveira et al., 201 6b; Rouphael et al., 2017; Accinelli et al., 2018b;
Rocha et al., 2019; in press). It usually consists in an inclined round pan rotating in slow motion,
where materials are gradually added, followed by size sorting (sieving and screening) and then
drying (Halmer, 2000; Pedrini et al., 2017). Film coating and encrusting can also be carried out
using a fluidized or spouted bed, a cylindrical apparatus where seeds are kept in suspension by a
constant vertical/bottom-up hot airflow, while being sprayed with coating materials. The warm
airflow allows moisture evaporation. This is a slow and costly process (Robani, 1994). Another
device used for most seed coating types is the rotary coater or rotor-stator, a cylindrical drum
with two rotating base disks, a concave one, whose rotation causes seeds to move steadily along
the drum walls; and a smaller one that allows the atomization and projection of liquid/slurry
coating to the rotating seed mass (Pedrini et al., 2017). Unfortunately, the majority of scientific
publications disclose scarce information regarding equipment and methodological details, with a
considerable number reporting seed coating procedures performed by specialized companies
(Ugoiji et al., 2006; Diniz et al.,, 2009; Junges et al., 2013; Rozier et al., 2017).

Formulation and Microbial Survival

The formulation of microbial inoculants generally consists in 3 basic elements: the selected
microorganism, a suitable carrier (that can be solid or liquid) and different additives. It is worth
to note that factors such as incorrect inoculant formulation or limited shelf-life (i.e. inoculant
viability on the seed surface) can hamper a wider use of seed coating (O’Callaghan, 2016).
Formulation has a major impact on the microbial survival during the process of product
elaboration, storage and application, in its efficiency once applied on the target plant and in the
economic feasibility of the application (John et al., 201 I; Herrmann and Lesueur, 201 3). Although
the formulation of microbial inoculants is a critical issue, little research has been conducted on
this topic (Parnell, 2016). Georgakopoulos et al. (2002) evaluated pre-selected bacterial and
fungal antagonists responsible for biological control of damping-off in sugar beet and cucumber
with the intention of developing potential commercial formulations based on a peat carrier
material for seed coating. Pseudomonas antagonists were the most effective biocontrol agents
and survived for 2 years at ambient temperature in the peat formulation. Moreover, a biochar-
based seed coating with Bradyrhizobium japonicum inoculum allowed the maintenance of a high
bacterial population for over four months, which ensured efficient nodulation of soybean
(Gtodowska et al., 2017). Therefore, bacterial survival was strongly affected by the physical and
chemical properties of biochar. In fact, out of five applied biochar carriers, only two provided
suitable conditions to maintain bacterial viability for long periods of time (nine months). On the
other hand, alginate beads can also be used as carriers, which allow a slow and constant release

of bacteria. Bashan (1986) developed synthetic beads made of sodium alginate and skim milk,

I5



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

which are biodegradable and have no negative impact on the environment. The final product that
consists of lyophilized beads containing immobilized bacterial inoculants can be coated onto crop
seeds and then stored at ambient temperature at least for 3 months without loss of bacterial
viability. Under high humidity conditions and without any drying procedure, coated seeds with
the immobilized bacteria maintained high viability, however, the downside was that seeds
germinated before sowing. Maintaining the viability of PBM coated onto seeds can be challenging
but it is essential for commercial applications. Nevertheless, the shelf-life of seeds coated with
microbial inoculants, including the viability of both seeds and coated microbes, is still an

overlooked topic in the literature.

Delivery of Beneficial Microbes

An analysis of the published literature since 1960 has showed that the great majority of
studies on microbial seed coating were conducted with PGPR (Figure 1.3). Rhizobia and
Trichoderma are also among the most studied microbial inoculants. Within PGPR, Pseudomonas
and Bacillus are the most commonly applied genera, which are mainly used as plant growth
promotors (Bashan, 1986; Junges et al., 2013; Kumar et al., 2015; Choi et al., 2016; Gtodowska
et al., 2016; Rehman et al.,, 2018) and BCA (Georgakopoulos et al., 2002; Pereira et al., 2007;
Sim et al, 2008; Singh et al., 2012; Moussa et al, 2013; Zhou et al, 2018). Co-coating of
Pseudomonas and Bacillus increased seed vigor and decreased the infection level of Xanthomonas
oryzae pv. oryzae in rice (Palupi et al.,, 2017) and enhanced canola height and biomass under
greenhouse and field conditions (Lally et al., 2017). As the most frequently used rhizobial genus,
Rhizobium has also been successfully coated singly and in consortia with other PBM, which
resulted in positive effects on plant growth and yield (Fatima et al., 2006; Dawar et al., 2008; Dal
Cortivo etal., 2017; Zhou et al., 2017; Padhi and Pattanayak, 2018). In some cases, the application
of a certain ingredient for seed coating can limit the positive role of Rhizobium in plants. Adams
and Lowther (1970) assessed the combined effect of lime and Rhizobium spp. via direct soil
inoculation and seed coating on the establishment and growth of different clover species. Direct
soil inoculation significantly increased nodulation and caused a threefold rise in plant yield after
32 weeks. Lime also greatly improved nodulation and yield with less intensity compared to direct
soil inoculation. Yet, coating of inoculated seeds with lime had little or no effect on clover
nodulation or yield. In fact, inoculated seeds coated with lime seemed to display reduced
rhizobial survival. Similarly, the application of certain fungicides [e.g. N-(tri-chloromethylthio)-4-
cyclohexene-1,2-dicarboximide, Metalaxyl-M, Carbathiin, Oxycarboxin, and Thiram] to seeds
can be harmful to Rhizobium spp. depending on the species or strain, bacteria-fungicide contact
period prior to planting, fungicide concentration, and environmental variables (e.g. high
temperatures and dehydration). The survival of Rhizobium ciceri that was coated onto chickpea
seeds and simultaneously treated separately with 4 commercial fungicides under laboratory

conditions was reduced, according with the applied fungicide. In pot experiments, the negative
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effects of fungicides on Rhizobium sp. were less intense, due to the buffer effect of the
rhizosphere soil or the possible migration of inoculated strains from the fungicide zones. Kyei-
Boahen et al. (2001) described discrepancies between the obtained results and previous reports
and highlighted the importance of selecting an adequate fungicide compatible with the specific
Rhizobium strain for seed coating application. Despite its ability to increase plant productivity
and nutrition under greenhouse experiments (Oliveira et al., 2016b; Rocha et al., 2019) and yield
of different agricultural crops under field conditions (Cely et al., 2016), the potential of AM fungi
inoculation via seed coating to enhance plant performance is still poorly explored (Figure 1.3).
On the other hand, as the most used group of fungi for seed coating, Trichoderma shows great
ability to increase seed germination and plant growth (Nawar, 2007; Domaradzki et al., 2012;
Accinelli et al,, 2016), and control pathogenic agents such as Rhizoctonia solani (Mihuta-Grimm
and Rowe, 1986; Dawar et al., 2008; Haikal, 2008), Pythium spp. (Hadar et al., 1984; Sivan et al.,
1984; Lifshitz et al., 1986; Taylor et al., 1991), Sclerotium cepivorum (McLean et al., 2005) and
Fusarium spp. (Sivan and Chet, 1986; Sivan et al., 1987; Babychan and Simon, 2017) under
greenhouse and field conditions. For instance, simultaneous seed coating with inocula of G.
intraradices, G. mosseae and Trichoderma atroviride enhanced growth, nutrient uptake, grain yield
and quality of winter wheat (Colla et al., 2015a). Other fungi such as Aspergillus spp., G. virens
were inoculated via seed coating mainly for biocontrol purpose (Dawar et al., 2008; Haikal, 2008;
Singh et al,, 2012). Combining different PBM in consortia can improve plant growth and
performance (Nadeem et al,, 2014). However, only 19% of studies (from a total of 191 papers
published between 1960 and 2019) used seed coating with more than one type of PBM. Singh et
al. (2014) developed chickpea seed coating with different combinations of Pseudomonas
aeruginosa PHU094, T. harzianum THUO8I6 and Mesorhizobium sp. RLO91 using gum arabic as a
binder. The aim was to evaluate the effectiveness and potential of the PBM to promote plant
growth and phenolic acid biosynthesis in chickpea infected with the fungal pathogen Sclerotium
rolfsii. The consortium led to superior plant growth and higher amounts of phenolic compounds
in chickpea grown under biotic stress when compared to their single inoculations and untreated
control. Equally, significantly reduced wilt incidence caused by Ralstonia solanacearum and higher
fruit yield were observed when talc-based consortium formulation of Trichoderma parareesei +
Pseudomonas fluorescens + Bacillus subtilis + Azotobacter chroococcum was applied onto tomato
seeds (Nath et al,, 2016). Besides, the co-inoculation can also have a negative impact on plant
performance. According to Diniz et al. (2006), co-inoculation of Trichoderma spp., B. bassiana,
Metarhizium anisopliae and AM fungi greatly reduced the germination of lettuce seeds. Sometimes
single inoculation can perform better than co-inoculation with several microbes. For instance,
Ma et al. (2019) reported no benefit of R. irregularis applied via seed coating in combination with
soil inoculated Pseudomonas libanensis on cowpea performance. On the contrary, when singly
inoculated, P. libanensis was effective in enhancing cowpea biomass and seed yield. So far it is not

clear whether microbial consortia applied via seed coating can be advantageous. The most
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appropriate microbial combinations according to the plant species and growing conditions
should be selected and factors that affect the functioning of microbial consortia and their survival

onto coated seeds must be investigated.
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Figure 1.3. Bipartite network of interactions between plant beneficial microbes (PBM) and agricultural
crops (from a total of 191 papers published between 1960 and 2019). Each colored line represents a
specific association. In each case, the size of boxes is proportional to the number of interactions
considered (a single study can include several interactions). Plant growth promoting rhizobacteria
(PGPR) (blue), Trichoderma (green), rhizobia (red), arbuscular mycorrhizal (AM) fungi (yellow) and
others [fungi (e.g. Aspergillus spp., Beauvaria bassiana) and the oomycete Pythium oligandrum] (purple).
Percentages represent the proportion of interactions where the specific groups of PBM or plant species
are participating.

Comparison of Seed Coating with Other Methods

Published data of comparisons between the efficiency and feasibility of inoculation of PBM
via seed coating and other methods is still scarce. In a greenhouse experiment, after comparing
seed coating of Rhizobium strains with soil drench application for the management of root-knot
nematode Meloidogyne incognita on soybean, Ahmed et al. (2016a) found that seed dressing was

more effective in controlling the reproduction of M. incognita and increasing plant height, fresh
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and dry root and shoot weight. In a trial using maize, Rocha et al. (2019), compared the delivery
efficiency of R. irregularis via soil inoculation (4860 AM fungal propagules per plant), with seed
coating (273 AM fungal propagules per seed), under greenhouse conditions. Results showed a
similar root AM colonization between the two inoculation methods, despite the 20-fold
difference in the amount of applied inocula. Schoina et al. (201 1), in a greenhouse trial, evaluated
the biocontrol efficacy of bacterial strain Paenibacillus alvei K-165 against the cotton
phytopathogenic fungus Thielaviopsis basicola using: (1) seeds coated with a K-165 bacterial
formulation in 10% xanthan gum-talc, (2) seeds coated with K-165 encapsulated in sodium
alginate-Pyrax and (3) solely K-165 encapsulated in sodium alginate-Pyrax pellets. Seed coating
with K-165 xanthan gum and talc mixture was the most effective treatment in reducing disease
symptoms and increasing plant height and fresh weight compared to sodium alginate-Pyrax
encapsulated treatments. This might be due to the fact that coating with a bacterial formulation
delivered higher bacterial concentration to the seeds, and consequently to the rhizosphere, in
comparison with other methods. In another study, Amutha (2017) compared four different
inoculation methods (seed immersion, seed coating, foliar spray and soil drenching) and found
that all delivered B. bassiana to cotton plants, though with different levels of efficacy. Foliar
application followed by soil drenching was considered the most effective inoculation method for
B. bassiana. Miiller and Berg (2008) tested Serratia plymuthica inoculation onto canola seeds, using
three different techniques (pelleting, film coating and bio-priming), against Verticillium dahlia in
greenhouse trials. Overall, Serratia treated plants had significantly inferior disease severity
compared to non-inoculated control, yet the efficiency varied with the employed technique. Film
coating resulted in 5.2% disease suppression, while plants treated by pelleting and bio-priming
showed 13.4% and 14.3%, respectively. In a field trial conducted by Rehman et al. (2018)
Pseudomonas sp. MN 12 was applied in combination with zinc (Zn) using four different methods
(soil application, foliar spray, seed priming and seed coating) to evaluate the interactive effect on
wheat productivity. Results revealed that Zn application through any method including seed
coating improved grain yield and grain Zn biofortification of bread wheat. Yet, maximum
improvement of grain yield was recorded when Zn was applied in combination with strain MN 2
through seed priming. The results from the above studies indicate that further investigations
comparing different formulations and techniques can contribute to perfect seed coating.
Notwithstanding, it is also important to ponder the economic feasibility of the method, since it

can compromise large-scale applications.

Agricultural Applications

In general, the application of microbial seed coating in agriculture is aimed at improving
crop productivity. Seed coating with PBM has been successfully applied to a wide range of seeds
with many different sizes, shapes, textures and germination types (Figure 1.3). The most

explored agricultural crops regarding inoculation via seed coating are cereals like wheat and
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maize, and fruit/vegetable crops such as tomato, cucumber and sugar beet. Soybean, chickpea
and pea are some of most commonly reported oil and seed pulses crops. Additionally, fiber
crops like cotton or forage crops like alfalfa have also been addressed in PBM seed coating
research.

In most reported studies, application of PBM via seed coating is able to promote crop
growth (Sharma et al., 2003; Geetha et al., 201 I; Choi et al,, 2016; Lally et al., 2017; Rozier et
al,, 2017; Accinelli et al., 2018b) or biocontrol of phytopathogens (Massoud et al., 2000; Anjaiah
et al., 2006; Perello et al., 2006; Haikal, 2008; Heo et al., 2008; Xue et al., 2013; Ahmed et al,,
2016b).

Crop production and nutrition

Not only, seed inoculation can improve plant growth and yield, but also nutritional value
of the crops. Recently, Rouphael et al. (2017) evaluated two seed propagated artichoke cultivars
‘Romolo’ and ‘Istar’ regarding planting time and seed coating with a consortium of AM fungi (R.
intraradices and F. mosseae) and T. atroviride. They found that microbial seed coating improved
both plant yield and nutritional value (such as antioxidant activity, total phenolics, caffeoylquinic
acids and flavonoids). The results showed that coating seeds with a consortium of PBM could
assist host plants to achieve optimal yield with high nutraceutical properties when in combination
with appropriate cultivars selection and agronomical practices. The increase in grain yield and
yield stability with seed coating treatment was associated with higher nutrient uptake, soil plant
analysis development index and photochemical activity of photosystem Il. The seed coating
formulation with the above mentioned AM fungi and Trichoderma consortium was based on
previous results reporting enhancement of productivity of winter wheat and vegetable crops. In
Colla et al. (2015a) the same consortium was inoculated via seed coating and significantly
improved seedling growth (increase of 23, 64 and 29% in shoot and root biomass and the number
of leaves, respectively), yield (increase of between 8.3 and 32.1%, depending on the growing
season) and grain quality (increase of 6.3% in protein concentrations and general increase in K,
P, Fe and Zn concentrations) of winter wheat. When inoculated to the soil in the form of tablets,
the same consortium of PBM increased the shoot dry weight (SDW) by 167, 56, 115, 68 and
58% of lettuce, melon, pepper, tomato and zucchini, respectively, in greenhouse experiments,
and the shoot and root dry weight of lettuce by 61 and 57%, respectively and the yield of zucchini
by 15% under field conditions (Colla et al., 2015b). Seed coating with PBM can be particularly
pertinent in low input agriculture, due to its potential to reduce the application of fertilizers and
improve food nutritional value. Oliveira et al. (2016a) showed that a silicon dioxide based seed
coating was a successful tool to inoculate the AM fungal isolate R. irregularis BEG140 that
increased dry weight of shoot and seed spikes and nutritional contents (K and Zn) of wheat
under reduced fertilization. The same coating formulation was used by Rocha et al. (2019), where

maize was grown without fertilization. Single inoculation with R. irregularis resulted in shoot
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nutrient concentration increments of 110, 93, 88 and 175% for N, P, K and Zn, respectively. In
fact, the efficacy of some microbial inoculants for improving plant growth and yield can be
influenced by nutrients addition/presence. In the study of Shaharoona et al. (2008), two |-
Aminocyclopropane-|-Carboxylate (ACC)-deaminase producing P. fluorescens strains were
coated with peat onto wheat seeds. Both pot and field trials revealed that the efficacy of P.
fluorescens for improving growth and yield of wheat decreased with increasing rates of NPK
added to the soil. Results showed that the right combination between proper doses of fertilizer

and P. fluorescens could be used to improve plant growth while reducing fertilizer application.

Biocontrol

BCA and inducers of systemic acquired resistance (SAR) have been studied in order to
reduce the use of fungicides in agricultural crops. Perelld and Bello (2011) evaluated the
effectiveness of two T. harzianum strains (Thl and Th2) and two synthetic compounds
[acibenzolar-S-methyl (ASM) and thiamethoxam (TM)] on wheat growth and suppression of tan
spot caused by the fungal pathogen Pyrenophora tritici-repentis. Both biological and chemical agents
were considered as SAR inducers. While ASM solution was sprayed on wheat leaves, Trichoderma
and TM were coated onto seeds. Field trials showed that both biological and chemical agents
can generally reduce the severity of tan spot, increasing plant height and weight in comparison
with control. Thl was responsible for reducing the presence of necrotic lesions (>50%),
increasing foliar fresh weight (50%) and dry mass (25%). Activation of SAR in plants can be an
alternative to maintain crops healthy and vigorous. The right combination of SAR inducers
applied via seed coating with reduced rates of appropriate fungicides is a promising option for
farmers. Further studies showed that the efficacy of plant disease control of fungicides and BCA
applied via seed coating can be comparable. Mahmood et al. (2015) found that in a greenhouse
study both fungicides and BCA are almost equally effective against the chickpea wilt pathogen F.
oxysporum. A treatment combining T. harzianum coated onto seeds with |% methylcellulose
solution and soil drench of fungicide carbendazim were proven to be more effective than
individual treatment of the fungicide or the biocontrol agent. Mcquilken et al. (1990) showed
that coating cress and sugar beet seeds with P. oligandrum oospores can control a range of
damping-off diseases, in some cases, with the same efficiency as fungicide application. Seed
coating with BCA could be used to reduce the amount of fungicide necessary to efficiently
suppress disease in a susceptible cultivar. In some cases, the synergetic effect of BCA combined
with reduced levels of fungicides can suppress disease equally to a fungicide application at full
strength (Howell, 1991). Coating BCA onto agricultural crops can also be a viable, economical
and environmentally-friendly strategy for weed control (Elzein et al.,, 2010). Elzein et al. (2006)
showed that coating sorghum seeds with Fusarium oxysporum and gum arabic was an effective
way to control the root parasitic weed Striga. They observed reductions of healthy emerged

Striga shoots of 81 and 77% in sterilized and non-sterilized soil, respectively.
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Abiotic stress tolerance

A small portion of the published research concerning PBM inoculation via seed coating is
focused on improving crops resistance to abiotic stress. Recently, Rocha et al. (in press) reported
that coating cowpea seeds with P. putida using silicon dioxide and starch significantly increased
biomass and seed yield under water deficit. The use of microbial inoculants is also considered as
a promising option to enhance the production of cereals under salinity stress. Shahzad et al.
(2017) showed that seed coating with Bacillus spp. improved gas exchange (e.g. photosynthetic
rate, transpiration rate and stomatal conductance), ionic content (e.g. N, P and K of grain and
straw), biochemical parameters (e.g. chlorophyll, carotenoids and crude protein contents),
growth and yield attributes of wheat in saline soils. A greenhouse experiment using chickpea
seeds coated with Paenibacillus lentimorbus B-30488 in combination with sodium alginate and
calcium chloride (CaCly) increased germination percentage and the number of colony-forming
units (CFU) of B-30488 in the rhizosphere, resulting in amelioration of drought stress by
positively influencing the dehydration-induced physiological responses (Khan et al., 2011). The
study revealed the potential role of sodium alginate and CaCl in affecting the biofilm formation
of B-30488, and its adequacy for seed coating formulation in stress adaptation and protection of

plants under drought stress.
Bio-priming

Bio-priming is a process of biological seed treatment that combines seed hydration and
seed inoculation with PBM to accomplish seed protection against soil-borne pathogens improved
germination, seedling establishment and vegetative growth (Meena et al., 2017). It is commonly
used for biocontrol purposes. The inoculation of PBM in bio-priming can be done either by
soaking seeds into a microbial suspension or by seed coating. In a study by Srivastava et al., 2010,
tomato seeds were bio-primed by seed coating with inoculum of T. harzianum and P. fluorescens
(either singly or in combination) using a slurry of talc (carrier) and gum arabic (binder).
Application of T. harzianum and P. fluorescens by seed bio-priming significantly decreased the time
needed for germination, increased germination rate and reduced the incidence of Fusarium wilt
in pot and field trials. The combinations of inoculants were more effective than single isolate
treatments. Pill et al. (2009) tested non-primed and primed slurry coated cucumber seeds with
commercial preparations of T. harzianum on seedling emergence and growth in Phythium
aphanidermatum infested growth medium. While T. harzianum coated primed seeds had higher
seedling emergence and seedling shoot fresh weight, non-primed T. harzianum coated seeds
displayed low incidence of damping-off caused by P. aphanidermatum. Rao et al. (2009) showed
that coating and priming P. fluorescens onto sunflower seeds increased the control effect against

Alternaria blight.
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Limitations and inconsistencies

Benefits of microbial seed coating on crop yield can be of short-term or null according to
the growing conditions (Kubota et al., 2008). In fact, not all published research shows positive
effects on plant performance of PBM inoculation via seed coating. No beneficial effect on crop
productivity, nodulation and biological N fixation (Knight, 2007), no economic gains when
compared with fungicide application (Hartz and Caprile, 1995) and reduced biocontrol effect
(Kay and Stewart, 1994) of inoculated seeds have been reported. For example, Diniz et al. (2009)
coated sweet pepper seeds with a mixture of PBM (Trichoderma viride, T. polysporhum, T.
stromaticum, B. bassiana, M. anisopliae and AM fungi) and observed a negative impact on
germination rate and plant height. The same undesirable effects were described regarding
germination rate of lettuce seeds coated with the same mixture of PBM (Diniz et al., 2006).

Studies on microbial seed coating have been conducted in a similar proportion under
laboratory, greenhouse and field conditions (Figure 1.4). Still, only a small number of reports
include all scales (e.g. laboratory, greenhouse and field). Inconsistency of field performance can
be one of the main restraints for the wide application of seeds coated with PBM. Thus, results
that clearly validate the efficacy of the delivery system and the microbial application covering all
stages of the process are essential. Shaharoona et al. (2006) tested the effect of ACC-deaminase
containing Pseudomonas spp. inoculated onto maize via seed dressing on plant growth in pot
trials. The most efficient strains in promoting plant height, root weight and biomass of maize
were selected and tested under field conditions. Results indicated that rhizobacteria containing
ACC-deaminase are effective in improving growth and yield at low levels of fertilizer. Shaharoona
et al. (2008) validated the positive effects of ACC-deaminase producing P. fluorescens on growth,
yield and nutrient use efficiency of wheat under reduced levels of NPK in both pot and field
trials. According to Anjaiah et al. (2006), Pseudomonas sp., Bacillus sp. and Trichoderma spp.
inoculated onto groundnut via seed dressing were successfully used for biocontrol of pre-harvest
seed infection by Aspergillus flavus under both greenhouse and field conditions.

The efficacy of microbial application methods may also vary according to the experimental
scale. For instance, Kazempour (2004) evaluated the ability of P. fluorescens isolates to inhibit R.
solani in rice under greenhouse and field conditions using different inoculation methods (seed
coating, soil drenching and foliar spray). P. fluorescens isolates were found to be more effective
when delivered via seed coating under greenhouse conditions, while in the field the best results

were obtained with seed coating and foliar spray joint application.
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Figure 1.4. Scale of experiments of seed coating inoculation, expressed as percentage of studies (from a
total of 191 papers published between 1960 and 2019).

Microbial seed coating is becoming more popular. From 191 studies evaluated, about 41%
were developed over the last 9 years. This tendency is in accordance with the growing demand
of the global market for biological seed treatment (Markets and Markets, 2018). Figure 1.5
presents the distribution of studies regarding inoculation of PBM via seed coating worldwide.
North American countries such as, United States of America and Canada, and from Asia like,
India and Pakistan, exhibited the higher number of studies. Nevertheless, Asian and European
continents have the biggest increase in research regarding PBM seed coating during the last
decade.

Noteworthy, that microbial seed coating market will only reach its potential if bio-
inoculants can be produced and applied in a cost-effective way and with efficient functionality
regarding the purpose of application. Regardless of the abundant scientific literature on the
capacity of several microbial inoculants to improve crop performance and tolerance to abiotic
and biotic stresses few of this work has been scaled up to commercial products or properly

adapted for large-scale agricultural application.
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Research Focus, Objectives and Thesis Outline

The potential of AM fungi and PGPR in agriculture is well recognized (Mader et al., 2011;
Njeru et al., 2015; Oliveira et al., 2017a; 2017b). Yet, despite the benefits that these microbes can
bring to crop productivity and quality, their application in large-scale agricultural systems is still
limited due to the lack of efficient inoculation methods. Currently, no feasible delivery system for
AM fungi application in large-scale agriculture is available (Vosatka et al., 2012; Oliveira et al.,
2016b). On the other hand, lack of data on field performance can also be a major limitation for
the application of microbial inoculants (Nadeem et al., 2014). Thus, the present thesis intended to
address these pitfalls through investigations on seed coating with selected inocula of AM fungi and
PGPR in greenhouse and field trials.

In this thesis, the intention was to develop seed coating as an effective delivery system of
PBM, contributing to sustainable agriculture. Seed coating with AM fungi and PGPR was expected
to significantly decrease the amount of inoculum required for an efficient inoculation. Moreover,
consortia of PBM could be more competent than single-strain inocula, due to the various
mechanisms of action of the different inoculants (Malusa et al., 2016). Thus, AM fungi and PGPR
were inoculated singly and in consortia, which also included the use of single and multiple isolates
of AM fungi. The selection of AM fungi and PGPR was intended to increase the efficiency of plant
nutrient acquisition, improved tolerance to abiotic stress and enhanced crop yield. Seed coating
was proposed to successfully deliver microbial inoculants under greenhouse and field conditions.

Overall, the goals of this thesis were to (1) explore the potential of seed coating as a delivery
system of AM Fungi and PGPR for high-value agricultural crops (with seeds of different sizes,
shapes and germination types); (2) explore the potential of AM fungi and PGPR to reduce the
input chemical fertilizers, improve plant resilience to water deficit and increase crop productivity;
and (3) evaluate the effects of microbial inoculation under different experimental scales
(greenhouse and field). Specific goal can be found in the following data chapters.

This thesis was organized in six chapters, as shown in Figure 1.6. Chapters 2, 3 and 4 were
published, and Chapter 5 submitted for publication as original articles. Chapter | is based on a
submitted review article (Seed coating: a tool for delivering beneficial microbes to agricultural
crops). All articles were published or submitted to international peer-reviewed scientific journals
with impact factor.

Chapter | comprises a general introduction regarding the importance of agriculture, the
need for sustainability, the usefulness of plant-microbes-soil interactions, the role of PGPR and
AM fungi as microbial inoculants and the available inoculation methods. Additionally, this chapter
includes a review of published research on microbial seed coating types, ingredients, equipment
and formulations as well as agricultural applications; ending with the research focus of this thesis

as well as proposed goals and structure.
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In Chapter 2, two greenhouse experiments (A and B) are described. Experiment A was
designed to compare the effectiveness of seed coating with direct soil inoculation (conventional
inoculation). This included the use of maize seeds without inoculation, inoculated through seed
coating or through direct soil inoculation with R. irregularis and Pseudomonas fluorescens (applied
singly or dually). Experiment B, intended to evaluate whether the application of R. irregularis and
P. fluorescens via seed coating could minimize the input of chemical fertilizer in the production of
maize. Here, seed germination, growth and nutritional status of plants subjected to different
inoculation treatments were assessed under 3 levels of fertilization; no fertilization, reduced
fertilization and full fertilization.

Chapter 3 describes a greenhouse experiment that intended to evaluate the performance
of cowpea coated with R. irregularis and Pseudomonas putida under different water regimes. This
trial included the combination of four inoculation treatments (non-inoculated seeds, seeds coated
with R. irregularis; P. putida and a mixture of R. irregularis + P. putida) and three water regimes (no
water deficit, moderate water deficit, and severe water deficit). Leaf gas exchange parameters (e.g.
steady-state net photosynthesis, stomatal conductance, transpiration rate) and pigments content
(chlorophylls and carotenoids) as well as cowpea productivity (e.g. seed yield) and nutritional
status were evaluated.

In Chapter 4 the efficiency of inoculation of single and multiple AM fungal isolates via seed
coating and their effects on chickpea productivity under greenhouse and field conditions were
assessed. Three inoculations treatments (uncoated and non-inoculated seeds; coated with R.
irregularis; and with a mixture of R. irregularis isolates) were tested. In both field and greenhouse
experiments, the impact of the different inoculation treatments in chickpea productivity (e.g.
SDWV, seed yield, harvest index) and nutritional grain content (e.g. crude protein and fiber, fat)
were described. Further, this chapter intended to verify whether results obtained under
greenhouse conditions could be an indicator of microbial benefits for field applications.

Chapter 5 presents a field trial where the effects of seed coating with Pseudomonas
libanensis and R. irregularis (single or multiple isolates) on cowpea productivity were evaluated
under low-input conditions (fertilization and irrigation). Plant productivity parameters (e.g. seed
yield and weight, harvest index), soil properties (e.g. pH, organic matter, N content) and grain
nutritional content (e.g. crude protein, fat, ash) were assessed.

Finally, Chapter 6 includes a summary and brief discussion of the main findings of the
previous data chapters. Here, future work lines of microbial seed coating for sustainable

agriculture are also presented.
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This chapter was published as an original article in Archives of Agronomy and Soil Science: Rocha
I., Ma Y., Carvalho M. F., Magalhdes C., Janouskova M., Vosatka M., Freitas H. and Oliveira R.
S. (2018). Seed coating with inocula of arbuscular mycorrhizal fungi and plant growth promoting
rhizobacteria for nutritional enhancement of maize under different fertilization regimes. Archives
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Chapter 2 - Seed coating with inocula of arbuscular mycorrhizal fungi and plant growth
promoting rhizobacteria for nutritional enhancement of maize under different fertilization

regimes

Abstract

Arbuscular mycorrhizal (AM) fungi and plant growth-promoting rhizobacteria, responsible
for enhancing plant nutrition, vigor and growth, may be used to reduce dosages of chemical
fertilizers. Technologies that allow an economically viable and efficient application of these
beneficial microbes in large-scale agriculture must be studied. Seed coating is a potential delivery
system for efficiently introducing minor amounts of bioinoculants. Despite the dramatic
reduction on inoculum dose per plant, inoculation of AM fungi via seed coating was as effective
as conventional soil inoculation. Fertilization and inoculation had a significant impact on maize
shoots nutrient concentrations. Different fertilization regimes did not influence mycorrhizal
colonization. Plants without fertilization and singly inoculated with R. irregularis showed shoot
nutrient concentration increments of |10, 93, 88 and 175% for nitrogen, phosphorus, potassium
and zinc, respectively, comparing with non-inoculated controls. Plants singly inoculated with P.
fluorescens via seed coating under full fertilization, presented enhancements of 100, 75 and 141%
for magnesium, zinc and manganese, respectively, comparing with non-inoculated controls. Seed
coating is a promising tool for delivering microbial inoculants into the soil, while promoting
sustainable production of maize. This technology is particularly pertinent in low input agriculture,
with potential environmental profits and food quality improvements.

Keywords: Plant growth promoting microorganisms, Biofertilizers, Soil inoculation, Fertility,

Sustainable agriculture

Introduction

A new route on agricultural practices is required to ease the pressure on the environment
and human health (Adesemoye and Kloepper, 2009; Malusa et al,, 2012). In order to maintain
productivity and reduce the input of agrochemicals, the exploitation of plant beneficial microbes,
such as arbuscular mycorrhizal (AM) fungi and plant growth-promoting rhizobacteria (PGPR) is
of great potential (Kumar et al., 2007; Walker et al., 201 I; Couillerot et al., 2013).

The roles of AM fungi in agriculture are widely recognized, as they have the capacity to
improve plant fitness by enhancing uptake of nutrients and water, protecting plants against biotic
and abiotic stresses and improving soil quality and structure (Mader et al,, 2011; Njeru et al,,
2015; Oliveira et al., 2017a; 2017b). On the other hand, PGPR are responsible for promoting
growth and plant protection through mechanisms such as production of siderophores and

phytohormones, nitrogen fixation, reduction of ethylene levels, solubilization of nutrients and
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induction of pathogen resistance (Walker et al,, 201 |; Bhattacharyya and Jha 2012; Nadeem et
al,, 2014). Among all the mechanisms they may also stimulate the development of mycorrhiza.
Some mycorrhiza helper bacteria, such as P. fluorescens F113 can facilitate root colonization by
AM fungi, and at the same time display properties of plant growth promoting rhizobacteria
(Couiillerot et al., 2013).

In agricultural practice only 10 to 40% of the total applied chemical fertilizers are taken by
the plants, the remaining is lost by a variety of mechanisms or processes (Bhardwaj et al., 2014).
PGPR and AM fungi can greatly improve nutrient use efficiency, leading to a reduced need for
chemical fertilizers (Adesemoye and Kloepper, 2009; Bhardwaj et al., 2014; Oliveira et al., 201 6a;
2016b).

With over | billion ton harvested worldwide in 2013, maize is the world’s most cultivated
cereal crop, with indubitable economic and nutritional value (Berta et al., 2014; Zerbe, 2015).
To meet the growing demand for this cereal and to satisfy the need for a more sustainable
agriculture with lower agrochemical inputs, AM fungi and PGPR stand as promising tools (Malusa
et al., 2016). Recent studies demonstrated the efficiency of these beneficial microbes in
promoting maize growth and yield in field experiments (Adesemoye et al.,, 2008; Jarak et al.,
2012; Krey et al., 2013; Sangeetha et al., 2013; Berta et al., 2014) and in greenhouse trials (Wu
et al., 2005; Couillerot et al., 2013). Despite these promising results, the application of both AM
fungi and PGPR by broadcasting inocula in open agricultural fields is not economically feasible,
since non targeted spreading of inoculum over large areas results in high cost per plant (Vosatka
et al,, 2012; Oliveira et al., 2016b). In order to use minor amounts of inoculum, seed coating, a
technique in which a certain active compound is adhered around the seed, is here proposed as
an inoculation mechanism for maize seeds (Colla et al., 2015a; Ehsanfar and Modarres-Sanavy
2004; Oliveira et al., 201 6b).

The aims of the present study were to (i) assess the effectiveness of seed coating as a
delivery system of inocula of AM fungi and PGPR and (ii) evaluate whether the application of
microbial inoculants via seed coating could minimize the input of chemical fertilizer in maize

production.

Materials and Methods

Soil and Plant Material

The soil used in this study was a sandy loam with the following properties: 6.5 pH, 0.1 dS
m-! electrical conductivity, 1.2% organic matter, 3.8 g kg'! total N, 48.8 mg kg-! extractable P, 4.3
g kg'' K, 1.6 g kg! calcium (Ca), 66 mg kg'! Mg and 147 mg kg-! sodium (Na). The soil, collected
from an organic farm in northern Portugal, was sieved (4 mm) and autoclaved twice at 121 °C

for 25 min. Maize (Zea mays L.) seeds (ACC N°06694, free pollination) were obtained from
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Banco Portugués de Germoplasma Vegetal, of the National Institute for Agrarian and Veterinary
Research (INIAV).

Inoculum Preparation and Seed Coating

The AM fungus used was R. irregularis BEG 140 grown for 8 months in a multispore pot
culture containing a I:1 (v/v) mixture of zeolite and expanded clay with Trifolium pratense L. as
host plant. For the seed coating procedure, the R. irregularis inoculum was sieved through a 500
pum mesh and mixed with silicon dioxide (I:] w/w), which served as coating material (the
inoculum-coating material mixture was provided by Symbiom Ltd., Czech Republic). For plants
where the seeds were not coated, the same AM fungal inoculum was used without sieving.

P. fluorescens F113, a PGPR isolated from sugar beet rhizosphere by Fenton et al., (1992),
was purchased from the International Center for Microbial Resources from the Bacteria
Associated with Plants strain collection (CFBP 5935) in France
(http://wwwé.inra.fr/cirm_eng/CFBP-Plant-Associated-Bacteria). To obtain P. fluorescens inocula,
bacteria cells were grown on Luria Bertani (LB) medium supplemented with 0.25 g I!
MgSO4-7H,0O for 8 h at 30 °C and 200 rpm, according to the procedures from Couillerot et al.
(2013). For the seed coating, P. fluorescens grown in LB media was centrifuged at 7000 rpm for
10 min and resuspended in 10 mM MgSO4-7H,0O with 2% (w/w) glycerol, added as a protective
agent to the cell suspension to minimize the loss of cell viability during the coating process, and
mixed with the coating material (I:1 v/w). Both fungus and bacterium were also coated together
using the same procedure and proportions (1:1:1 w/v/w) as aforesaid. Maize seeds were coated
by gradually adding the inoculum-coating mixture and air dried at 22-23 °C for 72 h according
to the pan coating method (Scott et al., 1991) as described by Oliveira et al., (2016b). Non-

inoculated control seeds were coated only with silicon dioxide.

Experimental Design

This study was divided in two experiments (A and B), which were performed
simultaneously. Both trials were conducted in a greenhouse with a temperature and relative
humidity (RH) ranging from 14 to 42 °C (average 20 to 30 °C) and from 55 to 85%, respectively,
and with an average photoperiod of 12 h. Pots of 3 L were disposed in a fully randomized scheme
for both experiments and in order to minimize differences due to their location in the
greenhouse, their positions were periodically swapped.

Experiment A aimed at comparing conventional soil inoculation with seed coating
inoculation and encompassed seven treatments: (i) non-inoculated controls (control), (ii) R.
irregularis conventionally inoculated in the soil (Rlscil), (iii) R. irregularis inoculated through seed

coating (Rcoat), (iv) P. fluorescens conventionally inoculated in the soil (PFsoil), (v) P. fluorescens
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inoculated through seed coating (PFcoat), (vi) a consortium of R. irregularis and P. fluorescens
conventionally inoculated in the soil (RI+PFsoil), and (vii) a consortium of R. irregularis and P.
fluorescens inoculated through seed coating (R+PFcoat). Plants that were treated by conventional
soil inoculation with R. irregularis (Rlsoil), received 12 g of non-sieved inoculum placed 2 cm
below one uncoated seed, which corresponded to 4860 AM fungal propagules (viable inoculum)
per plant, estimated by the most probable number (MPN) method (Porter, 1979). Pots from the
Rcoat treatments received one maize seed coated with R. irregularis, which corresponded to 273
AM fungal propagules per plant, estimated by the MPN method after the coating procedure. For
the treatment PFsoil, | ml of bacterial suspension with a concentration of 107 CFU ml-! was
pipetted onto each pot that received one uncoated maize seed, while for the coated seed
treatment (PFcoat), the same CFU concentration was mixed with the coating material according
to the aforementioned procedure. After coating, a final bacterial concentration of 105 CFU per
coated seed was obtained. The CFU was estimated by placing one coated seed in | ml of ringer
solution followed by serial dilutions and plate count method. For the treatment RI+PFsoil, each
pot received one uncoated seed plus 12 g of fungal inoculum and | ml bacterial inoculum as
described above. Pots of non-inoculated control plants received one Z. mays seed coated only
with silicon dioxide. Each treatment combination was replicated 8 times. Each plant received 25
ml of full strength Hoagland solution (composition described below) with 20% of P twice a week.

Experiment B aimed at evaluating the growth and nutritional status of maize inoculated
with AM fungi and PGPR via seed coating, under 3 levels of fertilization (no fertilization, reduced
fertilization and full fertilization). Experimental pots were arranged in a 4 x 3 factorial design,
where the first factor was inoculation [non-inoculated controls (control), R. irregularis inoculated
through seed coating (Rcoat), P. fluorescens inoculated through seed coating (PFcoat) and a
consortium of R. irregularis and P. fluorescens inoculated through seed coating (R+PFcoat)] and
the second was fertilization [no fertilization (F0), 80% strength Hoagland solution with 20% of P
(FI) and full strength Hoagland solution (F2)]. Fertilized plants received 25 ml of the
corresponding Hoagland solution per pot twice per week and non-fertilized plants received 25
ml deionized water. The composition of the full strength Hoagland solution was: 224 mg I-!
KNO3, 235 mg |1 Ca(NO3).4H,0, 160 mg I NH4H,PO4, 62 mg |- MgSO4.7H,0, 1.77 mg |- KCI,
0.27 mg I'' H3BO3, 0.11 mg I MnSO4.H,O, 0.13 mg ' ZnSO4.7H,0O, 0.03 mg I' CuSO4.5H,0,
0.05 mg I'' H,MoO4 (85%Mo003), 3 mg I'! NaFeEDTA (10% Fe) (Taiz and Zeigher 2002). The
reductions of 80% strength and 20% of P were made to the full strength solution. The coating
procedure, amounts and concentrations of inocula used in experiment B were the same as those

in experiment A. Each treatment combination was replicated 8 times.

AM Fungal Analysis

In both experiments the presence of R. irregularis in the roots of maize was assessed by

microscopic methods. According to a modified Phillips and Hayman (1970) protocol (Oliveira et
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al,, 2005), the roots of maize were cut into |-cm pieces and stained with trypan blue for the
assessment of the percentage of root length colonized (RLC) and abundance of arbuscules and
vesicles. The RLC % by AM fungi in the mycorrhizal root segments was evaluated by the grid-
line intersect method (Giovannetti and Mosse 1980) under a stereomicroscope (Leica EZ4 HD,
Germany). Arbuscule and vesicle abundances were examined under a compound microscope
(Leica DM 5000-D, Germany) (x100—400) as described by Troulevout et al. (1986) and the
percentages determined with the software Mycocalc

(http://www.dijon.inra.fr/mychintec/Mycocalc-prg/download.html).

PGPR Analysis

After 70 days of growth, | g of maize roots and adhering soil was sampled and transferred
into a 50 ml tube and flash-frozen in liquid N. The extraction of DNA from P. fluorescens present
in the rhizosphere of maize was performed as described by Couillerot et al. (2010). The samples
were homogenized using Precellys24 (Bertin instruments, France) and 250-300 mg used for
DNA extraction, using the FastDNA® SPIN® kit for soil (MPBiomedicals, CA, USA). The DNA
quantification was made using Qubit fluorometric quantitation system (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's recommendations. The primers used,
FI13_I_for (CAAGAAAGGTGAGCCGAGACQ) and FIN3_I_rev
(CGACAACCAGCACTTGAGAA) were designed and previously tested, with attainment, for P.
fluorescens by Von Felten et al. (2010). The quantification by real-time polymerase chain reaction
(PCR) was based on the methodology described by Walker et al. (2011). A Step One Plus Real-
time PCR system (Applied Biosystems, Canada) was used with the following conditions: 20 pl
reaction volume with 0.5 uM of each primer, 2 pl of template DNA and 10 ul Fast Sybr Green
mix (Applied Biosystems, Canada). The two-step cycling program included an initial pre-
incubation of 20 s at 95 °C followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s.

Plant Analysis

In both experiments (A and B) plants were harvested after a growth period of 70 days,
the root system separated from the shoot and washed to remove adhered soil. In experiment
B, shoots were dried at 70 °C for 48 h and weighed. After drying, stems were grained and
digested according to the European Standard EN 13805 (2014). Total P, K, Ca, Mg, sulfur (S),
Fe, manganese (Mn) and Zn were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES; GBC Quantima, Australia). Operating conditions for ICP-OES
determinations were as follows: 1000 W RF power - 1000 WV, 15.0 | min-! plasma gas flow rate,

.2 | min-! auxiliary gas flow rate, 1.0 I min-! carrier gas flow rate, 50 scan/reading, 3 measurement
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replicates and dual detector. Total N was determined with a segmented flow analyzer (Skalar
Inc. SanPlus, The Netherlands).

Statistical Analysis

Normality and homogeneity of variances were confirmed and data analyzed using one-way
and two-way analysis of variance (ANOVA) for each dependent variable (plant and fungal
parameters) versus the independent variables (inoculation, in experiment A and inoculation and
fertilization in experiment B). For experiment B the main effects of the factors inoculation (C,
PFcoat, Rcoat and R+PFcoat), fertilization (FO, FI and F2) and their interaction were analyzed.
When a significant F-value was obtained (P < 0.05), treatment means were compared using
Duncan’s multiple range test. Fungal parameters data were analyzed without including the
respective non-inoculated control treatments and the bacteria inoculated treatments. All
statistical analyses were performed with the SPSS 23.0.0 software package (IBM SPSS Statistics,
USA).

Results
In both experiments, coated and non-coated seeds had a germination rate of 100%.

Efficiency of Seed Coating as an Inoculum Delivery System

In experiment A, after 70 days, non-inoculated plants formed no AM fungal root
colonization. All plants inoculated with AM fungi had root mycorrhizal colonization, with values
higher than 70% and presence of arbuscules and vesicles (Figure 2.1). The results showed no
significant differences in RLC %, arbuscule and vesicle abundances between plants conventionally
inoculated in the soil with R. irregularis and those inoculated via seed coating, regardless of
inoculation with P. fluorescens (Figure 2.1). Root length colonization was higher than 60% in all
treatments. In experiment B, all AM fungi inoculated plants showed root mycorrhizal
colonization, while control and bacteria inoculated treatments presented no AM fungal
colonization. The % of RLC, arbuscule and vesicle abundances in the mycorrhizal roots of plants
inoculated with R. irregularis, presented no significant differences across the different levels of
fertilization (Table 2.1). No effect of bacterial inoculation on root colonization by AM fungi was
observed in both experiments.

After the coating procedure and prior to sowing, seeds treated with P. fluorescens
presented a concentration of 105 CFU per coated seed, yet after the 70 days of plant growth, it
was not possible to detect the bacterial strain by the used molecular methods. Therefore, the

presence of P. fluorescens could not be confirmed in the roots and rhizosphere of maize.
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Figure 2.1. Experiment A - Percentage root length colonized (% RLC), arbuscule (A %) and vesicle (V %)
abundances in the roots of maize conventionally inoculated in the soil with Rhizophagus irregularis (Rsoil)
or R. irregularis + Pseudomonas fluorescens (R+PFsoil) or inoculated via seed coating (Rcoat and
R+PFcoat). Values are means + | SE. There were no significant differences according to Duncan’s
Multiple Range test at P < 0.05.

Table 2.1. Experiment B - Percentage of root length colonized (% RLC), arbuscule (A %) and vesicle (V
%) abundances of Rhizophagus irregularis (Rcoat) and R. irregularis and Pseudomonas fluorescens
consortium (R+PFcoat) inoculated via seed coating in the roots of maize under no fertilization (F0),
reduced fertilization (FI) and full fertilization (F2).

Inoculation Fertilization RLC (%) A (%) V (%)
FO 678+ 3.8 259+ 8.6 18.3+88
Rcoat Fl 622 %63 17.7 £ 6.3 10.7 £ 3.0
F2 69.7 £ 6.6 255+43 5.1 £ 3.1
FO 645+ 1.6 19.3 4.1 63+ 1.6
R+PFcoat Fl 768 £ 1.1 16.8 + 3.1 124 £2.0
F2 624 +5.6 7.1 £5.8 95+28

Values are means (+| SE). There were no significant differences according to Duncan’s Multiple Range
test at P < 0.05.
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Growth and Nutritional Status of Maize Inoculated via Seed Coating

In experiment B, both shoot and root dry weights of maize were positively affected by the
fertilization regime. For instance, roots and shoots had higher biomass at full fertilization and
lower biomass without fertilization, irrespective of the inoculation treatments (Figure 2.2 and
Table 2.2). Inoculation had a significant impact on root biomass and no influence on shoots, being
the interaction between inoculation and fertilization only significant regarding roots (Table 2.2).
Plants subjected to reduced fertilization and inoculated with R. irregularis presented lower root
biomass when compared with the remaining treatments. Overall, plants inoculated with
beneficial microbes showed no growth enhancement. Both inoculation and fertilization factors
influenced the final maize shoot nutrient concentrations (Tables 2.3 and 2.4). Plants inoculated
singly with P. fluorescens (PFCoat) increased their shoot concentration of N, K, Ca, Mg and Mn
by 40, 49, 60, 100 and 141%, respectively. Most of the increments were observed under full
fertilization regime. Treatments where only R. irregularis was added (Rcoat), showed substantial
increases in N and Zn shoot concentrations under all fertilization levels. Nevertheless, the higher
values of enhancement and the number of nutrients affected by the AM fungi inoculation where

obtained in the FO and FI fertilization levels.
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Figure 2.2. Experiment B - Shoot and root dry weight of maize obtained from coated seeds non-
inoculated (control), inoculated with Rhizophagus irregularis (Rcoat), Pseudomonas fluorescens (PFcoat) and
a consortium of R. irregularis and P. fluorescens (R+PFcoat) under no fertilization (F0), reduced fertilization
(FI) and full fertilization (F2). Values are means (x| SE) followed by letters that indicate significant
differences according to Duncan’s Multiple Range test at P < 0.05.
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In Rcoat treatment without fertilization (FO) N, P, K, Mg and Zn had increments of 110,
93, 88, 73 and 175%, respectively. In reduced fertilization regime (FI) the same nutrients had
increases of 44, 20, 68, 58 and 145%, respectively, while under full fertilization (F2) only N and
Zn concentrations were enhanced. Plants inoculated with R. irregularis + P. fluorescens (R+PFcoat)
showed a significant enhancement of N, Ca, Mg and Zn shoot concentration, mainly under FO
and FI fertilization levels. It is noteworthy that in plants inoculated with AM fungi, nutrient
content enhancement was higher in treatments under reduced fertilization than in those under
full fertilization. No influence by R. irregularis or P. fluorescens was noticed in S and Fe shoot
concentrations. The analyses of the main effects of microbial inoculation on maize shoot nutrient
concentration showed significant increases in all assessed nutrients, except for P and S in PFcoat,
Fe and Mn in Rcoat and K, S and Fe in R+PFcoat (Table 2.4). The main effects of fertilization only
showed significant differences in N and P shoot concentrations. Higher fertilization resulted in

increased N and reduced P shoot concentration (Table 2.4).

Table 2.2. Experiment B - Main effects of the factors inoculation and fertilization and two-way ANOVA
F-values and significances for shoot and root biomass of maize.

Main effects SDW (g) Root dry weight (g)
Control 2.74 a 0.63 b
PFcoat 2.6l a 0.61 ab
Inoculation (1)
Rcoat 251 a 0.50 a
R+PFcoat 2.77 a 0.62 ab
FO 1.52a 0.37a
Fertilization(F) Fl 3.06b 0.6l b
F2 3.88c¢ 0.95 ¢

Two-way ANOVA F-values and significances

Inoculation (1) 2.7 ns 3.5%
Fertilization (F) 218.1%k* 60.27%%*
IxF [.1 ns 3.4%

Letters indicate significant differences according to Duncan’s Multiple Range test. * and **¥ significant
effect at the level of P < 0.05 and P < 0.001, respectively; ns, non-significant effect. Control, non-
inoculated control; PFcoat, Pseudomonas fluorescens; Rcoat, Rhizophagus irregularis; R+PFcoat,
consortium of R. irregularis and P. fluorescens; FO, no fertilization; Fl, reduced fertilization; F2, full
fertilization. SDWV, shoot dry weight.
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Discussion

The seed coating process used in this study had no negative effect on seed germination.
Previously, the same seed coating method had been used with wheat seeds by Oliveira et al.
(2016b), also with a germination rate of 100%. Maize and wheat seeds have different sizes and
shapes, showing the applicability of this seed coating procedure to dissimilar types of seeds. Due
to the relatively high cost of AM fungi inocula per plant, the application in open agricultural fields,
apparently is not economically feasible (Vosatka et al., 2012). This study showed that in the case
of AM fungi, the use of minor amounts of inoculum through inoculation via seed coating is possible,
resulting in similar root colonization when compared with conventional soil inoculation.
Comparable results were also obtained by Oliveira et al. (2016b) with wheat seeds coated with
AM fungi. With the seed coating process, inoculated bacteria can suffer a loss of viability in the
seed, which consequently could have a negative effect on colonization and persistence of bacteria
in the soil (Pedrini et al., 2017). However, after the coating procedure and prior to sowing, seeds
treated with P. fluorescens presented a concentration of 105 CFU per coated seed, which is
sufficient for successful colonization (Weller, 1983; Tang et al., 1995; Landa et al., 2003). Yet, after
the 70 days of plant growth, it was not possible to detect the inoculated bacterial strain in the soil
samples by molecular methods, indicating that the concentration of P. fluorescens was possibly
below the detection limit for the real-time PCR analysis. That fact might be related with the
findings of Von Felton et al. (2010) who reported a decrease with time in the population density
of P. fluorescens FI13. This was also pointed out by Haas and Défago (2005), who showed that
introduced PGPR can colonize plant roots initially at levels of about 107—108 CFU g-! but these
levels always decline in a few weeks. The persistence in the soil of introduced rhizobacteria can
vary considerably from plant to plant (Landa et al., 2003). The decline can be related with several
factors such as direct growth inhibition, resource competition (root exudates utilization) or need
of a wider range of resources than other bacteria (Adee et al., 1990; Farrar et al,, 2014). Moreover,
in experiments with wheat and maize, Rosas et al. (2009) showed that Pseudomonas aurantiaca can,
in fact, decrease over time in rhizosphere soil yet, effects of the inoculated bacteria on plant
growth were shown during the whole cycle of the crop. Thus, in our study, the fact that the
presence of P. fluorescens FI 13 in the soil could not be confirmed after 70 days, should not lead
to the conclusion that there was no bacterial effect in different phases of plant development. In
future studies, it will be crucial to perform time course samplings throughout the development of
the roots in order to understand the behavior of the inoculated bacteria and also to comprehend
the impact on the target plants of changes in bacterial concentrations in the roots and rhizosphere.
Depending on the bacteria, the development of mycorrhiza can be negatively or positively affected.
In fact, most of these interactions are competitive, but some can be beneficial to the mycorrhizal

colonization process (Garbaye, 1994). P. fluorescens are of great predisposition to benefit
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mycorrhiza establishment and specifically strain FI13 proved to be capable of improving the
formation of AM associations, as previously shown for other rhizosphere microorganisms (Barea
etal,, 1998). However, the stimulatory effects by P. fluorescens on AM fungi root colonization was
not noticed in the present study, since no difference in maize mycorrhizal colonization was
observed.

Maize has a high demand for N and P and their soil concentrations can affect AM fungal
development. In fact, AM fungal colonization is often negatively correlated with soil P values
(Gianinazzi and Schuiepp, 1994; Liu et al., 2000). However, the results showed no significant
difference in AM fungal colonization between the treatments under different fertilization regimes.
P is critical for maximizing plant growth and crop yields, playing a key role in several plant functions
and making up to about 0.2% of the dry weight (Smith et al., 201 I). Consequently, its absence or
low amounts have negative consequences for plant development. The 80% decrease of P instead
of 20% of the remaining nutrients, in the treatment of reduced fertilization (FI), might contributed
to hamper maize growth. Both AM fungi and PGPR are extensively recognized for their role in
agriculture as biofertilizers (Vessey, 2003; Nadeem et al., 2014). Nonetheless, the application of
PBM may not always contribute to plant growth, having other beneficial effects on plants such as
nutritional enhancement (Ryan and Graham 2002). Even so, increases in plant nutrient
concentration may not always translate into enhanced growth and yield (Miller, 2000; Galvez et
al,, 2001). In this study no enhancement of biomass on plants inoculated with beneficial microbes
was observed, being plant growth mainly dictated by the fertilization regime. Although, no
significant improvement in plant growth was observed, there was a noteworthy augmentation on
nutrient shoot content by microbial inoculation including in the reduced (FI) or no fertilization
(FO) regimes. Plants require both macro and micronutrients which are generally obtained from
the soil (White and Brown, 2010). AM fungal roots can greatly enhance acquisition of mineral
nutrients in host plants, especially those that are of low mobility or sparingly soluble (Clark and
Zeto 2000). The N, P, K, Mg and Zn content on maize were positively affected by inoculation with
R. irregularis, particularly in treatments where fertilization was reduced or absent. The uptake of
micronutrients by mycorrhizal plants is considered to be negatively influenced by the availability
of P in the soil, which might explain the effect of mycorrhizal plants on Zn content (Lambert et
al,, 1979; Liu et al., 2000). The significance of AM fungi inoculation might be highest at low nutrient
availability, mainly P. In fact, even though no difference in mycorrhizal colonization was observed,
the efficiencies of AM fungi in increasing shoot nutrient concentrations varied according to the
fertilization regime. N shoot concentration was directly correlated with fertilization, and this might
be related with the high demand of N by maize plants (Schroder et al.,, 2000). On the other hand,
plants with single P. fluorescens inoculation presented most of the nutritional increments when full

fertilization was applied. This might indicate that the beneficial properties of the bacteria are
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stimulated by the presence of higher levels of nutrients in the soil. These results supported the
overall hypothesis that microbial inoculum can increase nutrient assimilation of plants and can be
used for integrating nutrient management strategies (Alloush and Clark 2001; Wu et al., 2005;
Adesemoye et al., 2008; Berta et al., 2014). This ability in enhancing the concentration of nutrients

provides an added value to food plants, which currently should be taken in great consideration.

Conclusions

The exploitation of beneficial microbes as biofertilizers appears to be a natural route.
Particularly in low agrochemical input systems, they can be responsible for maintaining long term
soil fertility and sustainability by improving the uptake efficiency and availability of macro and micro
nutrients to plants. Plants inoculated with AM fungi and PGPR via seed coating displayed enhanced
shoot concentration of macro and micronutrients, under different fertilization regimes. The
increments of maize nutrient contents suggest that PBM-based inoculants applied via seed coating
can be used and should be further evaluated as component of integrated nutrient management
strategies. To our knowledge this is the first report on successful coating of maize seeds with
inocula of AM fungi and PGPR. Seed coating for AM fungi inoculation had the same efficiency as
direct soil inoculation, showing that there is great potential for PBM inoculation in large-scale
agriculture, as it can allow the use of minor amounts of inocula and a more precise application.
Thus, seed coating can open the way for large-scale inoculation of beneficial microorganisms in
maize production. Additionally, field experiments with maize and other crops will be useful to

verify the efficacy of seed coating as a microbial delivery system and the benefits of the application.
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Chapter 3 - Growth and nutrition of cowpea (Vigna unguiculata) under water deficit as

influenced by microbial inoculation via seed coating

Abstract

Drought can drastically reduce cowpea biomass and grain yield. The application of plant
growth-promoting rhizobacteria and arbuscular mycorrhizal fungi can confer resistance to plants
and reduce the effects of environmental stresses, including drought. Seed coating is a technique
which allows the application of minor amounts of microbial inocula. Main effects of the factors
inoculation and water regime showed that: severe or moderate water deficit had a general
negative impact on cowpea plants; total biomass production, seed weight and seed yield were
enhanced in plants inoculated with P. putida; inoculation of R. irregularis significantly increased N
and P shoot concentrations; and R. irregularis enhanced both chlorophyll b and carotenoids
contents, particularly under severe water deficit. Plants inoculated with P. putida + R. irregularis
had an increase in shoot P concentration of 85% and 57%, under moderate and severe water
deficit, respectively. Singly inoculated P. putida improved potassium shoot concentration by 25%
under moderate water deficit. Overall, in terms of agricultural productivity the inoculation of P.
putida under water deficit might be promising. Seed coating has the potential to be used as a large-
scale delivery system of beneficial microbial inoculants.

Keywords: Arbuscular mycorrhizal fungi, Plant growth-promoting bacteria, Seed inoculation

Introduction

The agriculture sector is facing a real challenge against climate change (Vurukonda et al.,
2016). With the increase in heat waves, storms, droughts, floods or heavy precipitation, crop
productivity and food security are being endangered (Hansen et al.,, 2012; Sundstréom et al., 2014).
Among these climate change threats, drought is expected to dramatically hamper plant growth
and development for more than 50% of the arable lands by 2050, decreasing crop productivity
worldwide (Kasim et al., 2013; Li et al., 2014). From moderate and short to extremely severe and
prolonged periods, drought can disturb plant water potential and turgor and thus modify
physiological and morphological traits of plants (Rahdari and Hoseini, 2012). Some beneficial soil
microorganisms can help plants overcome problems caused by abiotic stress (Bardi and Malusa,
2012; Bhardwaj et al., 2014; Egamberdieva and Adesemoye, 2016; Vassilev et al., 2015). The
exploitation of plant beneficial microbes, such as plant growth-promoting rhizobacteria (PGPR)
and arbuscular mycorrhizal (AM) fungi for drought stress mitigation in plants, is gaining importance
(Li et al., 2014; Nadeem et al., 2014; Vurukonda et al., 2016). Besides their contribution to nutrient
acquisition and biocontrol, PGPR can also confer drought tolerance in plants by osmotic

adjustment, antioxidant metabolisms and phytohormone modulation (Rubin et al., 2017;
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Vurukonda et al,, 2016). AM fungal symbiosis can improve plant antioxidant activity, osmotic
regulation, photosynthetic rates and pigments, root water absorption and transport and uptake
of nutrients, especially phosphorus (P) (Li et al., 2014; Oliveira et al., 2016a; 2016b; Quiroga et al.,
2017).

Grain legumes are important for a variety of reasons, since they are a significant and cheap
source of protein, are able to fix N in agricultural ecosystems and can be used for industrial and
medicinal purposes (Farooq et al., 2017). Cowpea is an important seed crop legume for human
consumption (seeds and pods) and for soil amendment and fertilization (e.g. green manure and
organic material) (Manaf and Zayed, 2015). Plant biomass and grain yield of legumes can be
seriously hampered by moderate to severe drought stress (Farooq et al., 2017). Inoculation with
AM fungi and PGPR has been considered to be a promising strategy to increase plant drought
tolerance (Bhardwaj et al., 2014; Dodd and Ruiz-Lozano, 2012). Some studies presented the
effects of beneficial microbes on plant under water stress, such as improved grain yield and protein
content (Oliveira et al., 2017a, b) increment on nutrient (Ngakou et al., 2007) and water uptake
and increased transpiration and photosynthesis rates (Virakornphanich et al., 1994). Therefore, it
is imperative to develop feasible strategies for application of these beneficial microbes in open
agricultural fields using minor amounts of inoculum for precision agriculture. Seed coating is a
process where exogenous materials are applied to the surface of the seed and can be used for
delivering active ingredients, including beneficial microbes (Pedrini et al., 2017). This technique
intends to use minor amounts of inocula in a more precise application that should be as efficiently
as conventional soil inoculation. Seed coating could serve as a powerful tool for large-scale
inoculation of beneficial microorganisms (Oliveira et al., 2016b).

The main goal of the present study was to assess the impact of the application of PGPR and

AM fungi via seed coating in cowpea production under water stress.

Materials and Methods

Seeds and Soil Material

Seeds of cowpea [Vigna unguiculata (L.) Walp. cv. Fradel] were used in this study. The soil
used in the experiment presented a loam texture with pH (1:2.5 w/v water) 7.1, electrical
conductivity 0.045 dS m-!, 0.16% organic matter, 0.11 g kg! total N, 3,542 mg kg! extractable
(Egner-Riehm) P and 13 mg kg! K. Previous to use the soil was sieved through a 4-mm mesh and

autoclaved twice (121°C for 25 min) on consecutive days.

Microbial Inocula and Seed Coating

The AM fungus used was R. irregularis PH5 grown for 8 months in a multispore pot culture

containing a I:1 (v/v) mixture of zeolite and expanded clay with Zea mays L. as host plant.
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Regarding the seed coating procedure, the R. irregularis inoculum was sieved through a 500-um
mesh and mixed with starch/silicon dioxide mixture (coating material) in the proportion of I:|
(w/w) (the inoculum-coating material mixture was provided by Symbiom Ltd., Czech Republic). P.
putida strain GP was isolated from an agricultural soil in central Portugal used to grow Lupinus
albus L. and tested positively for indoleacetic acid (IAA) (Brick et al., 1991), ammonia (Cappuccino
and Sherman, 1992) and siderophores production (Schwyn and Neilands, 1987), phosphate
solubilization (Gaur, 1990), N fixation (Dobereiner et al., 1976), biofilm formation in the presence
of different salt concentrations, 0.5 to 2.5 M (Christensen et al., 1985) and water stress tolerance
(Ma et al., 2016). For the seed coating with bacteria, P. putida was grown in LB media for 17 hr at
28-30°C and 150 rpm, centrifuged at 3,500 rpm for |5 min and re-suspended in ringer solution
with 1% carboxy methylcellulose (as an adhesive agent). The bacterial suspension at a
concentration of 108 CFU ml-! was mixed with the coating material (1:1 v/w). Both AM fungus and
bacterium were also coated together using the same procedure and proportions (1:1:1 w/v/iw) as
aforesaid. For seeds coated with R. irregularis, the AM fungal propagules per seed estimated by
MPN were 21 (Porter, 1979). Cowpea seeds were coated by the pan coating method (Scott et
al,, 1991) as described by Oliveira et al. (2016). Non-inoculated control seeds were coated only

with the starch/silicon dioxide mixture.

Experimental Design

This study was conducted in a heated greenhouse (temperature ranging from 18 to 30°C) with an
average photoperiod of 12 hr using pots of 2 L disposed in a fully randomized scheme. Each pot
received | seed. The positions of the pots were periodically swapped to minimize differences
caused by their location in the greenhouse. All pots received 50 ml of microbial populations filtrate
(Whatman No. | filter) from the original non-sterile soil as described by Oliveira et al., (2006), in
order to provide a common soil microbiota for all the treatments. The experimental design
involved twelve treatments, resulting from the combination of four inoculation treatments via
seed coating [non-inoculated control (control); plants inoculated with R. irregularis PH5 (Rlcoat);
P. putida (PPcoat) and a mix of R. irregularis + P. putida (MIXcoat)] and three water regimes [no
water deficit, 80-75% of water holding capacity (D0); moderate water deficit, 60-55% of water
holding capacity (D1); and severe water deficit, 30-25% of water holding capacity (D2)]. Each
treatment had six replicates. During the first 3 weeks of plant growth, water was supplied daily to
reach 80% of water holding capacity in all treatments. Volumetric soil moisture was measured
with a ML2x ThetaProbe (AT Delta-T Devices Ltd, Cambridge, UK), where changes in the
apparent dielectric constant of moist soil allowed measuring the volumetric soil moisture content
(Roth et al.,, 1992; White et al., 1994). Before starting the experiment, measures were performed
to match the water holding capacity of the soil with the volumetric soil moisture. The 100%, 85—
80%, 60—55% and 30— 25% of soil water holding capacity corresponded to 22, 16, 10-9 and 6-5%
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volumetric soil moisture, respectively. In order to control water deficit and maintain it at the
desire level, the soil water content was measured daily with the ThetaProbe ML2x at the end of
the afternoon (5:00-6:00 p.m.) and the amount of water lost was added to each pot. For
fertilization, each plant received 20 ml of modified white mineral solution P2N3 (Gryndler et al.,

1992) twice a week.

Gas Exchange Parameters

The steady-state net photosynthesis A (Pn), stomatal conductance (gs), intercellular CO2
concentration (Ci) and transpiration rate (Tr) were determined using a Li-6400 IRGA (LI-COR,
Lincoln, NE, USA). A 300 umol s*! flow of non-contaminated air was provided to the leaves using
a leaf chamber and mass flow controllers. The analyzed leaves were exposed to a saturating
photosynthetic photon flux density of 1000 umol m=2 57!, block leaf temperature of 25°C and with
the RH of the air within the apparatus ranging between 45 and 55%. In all cases, only mature, fully
expanded leaves were selected for measurements from four different plants of each experimental
condition. The measurements for gas exchange were recorded between the late morning (9:00-
11:00 a.m.) and early afternoon (1:00—3:00 p.m.). The instantaneous water use efficiency (WUE)
(umol CO; per mmol H,O) was calculated by dividing the values of steady-state net

photosynthesis by the transpiration rate (Pn/Tr).

Chlorophylls and Carotenoids Content

Fresh cowpea leaves (about 0.2 g) were homogenized in chilled N, N-dimethylformamideand
stored overnight in the dark at 4°C (Moran and Porath, 1980). The absorptions were measured
at 664, 647 and 461 nm using a HACH DR/4000U spectrophotometer (HACH Company,
Loveland, CO, USA). Chlorophyll a and chlorophyll b were estimated using the equations of
Inskeep and Bloom (1985) and carotenoids using the equation of Chamovitz et al., (1993).

Biomass Production, Seed Yield and Nutrients Acquisition

At harvest, pods were separated and weighted to determine fresh weights. After recording the
weight of pods, seeds were collected and weighted. Shoots and roots were dried for 2 days at
75°C to obtain dry weights. Seed yield was calculated by multiplying the number of pod per plant
by the number of seeds per pod and the seed weight mean. After drying, shoots were grinded and
digested according to the EN 13805:2014. A segmented flow analyzer was used for total N
evaluation (Skalar Inc. SanPlus, The Netherlands) and inductively coupled plasma optical emission
spectrometry (ICP-OES; GBC Quantima, Australia) for total P and K. The ICP-OES operating
conditions were as follows: 1000 W RF power, 15.0 L min-! plasma gas flow rate, 1.2 L min-!
auxiliary gas flow rate, 1.0 L min-! carrier gas flow rate, 50 scan/reading, 3 measurement replicates

and dual detector.
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Mycorrhizal Development

Mycorrhizal colonization in the roots of cowpea was assessed by microscopic methods. The roots
were carefully washed and stained as described in a2 modified Phillips and Hayman (1970) protocol
(Oliveira et al., 2005). The percentage of RLC was evaluated by the grid-line intersect method

(Giovannetti and Mosse, 1980) under a stereomicroscope (Leica EZ4 HD, Germany).

Statistical Analysis

Normality and homogeneity of variances were confirmed and data analyzed by one-way and two-
way analysis of variance (ANOVA) for each dependent variable versus the independent variables
(inoculation and water regime). In some cases, transformation was performed before analysis, to
normalize skewed distributions before ANOVA. This was the case of data of mycorrhizal
colonization (x2), N shoot concentration (1/x), stomatal conductance (x1/3), transpiration rate
(Vx), water use efficiency (I/x) and carotenoids leaf content (Vx). The main effects of the factors
inoculation (Control, PPcoat, Rlcoat and MIXcoat), water regime (DO, DI and D2) and their
interaction were analyzed. When a significant F-value was obtained (P < 0.05), treatment means
were compared using Duncan's multiple range test. All statistical analyses were performed with
the SPSS 25.0.0 software package (IBM SPSS Statistics, USA).

Results

Plant Growth, Yield and Nutrients Concentration

Seeds coated with R. irregularis inoculum (singly or mix) took approximately 7 days to final
emergence from the soil, while those inoculated with bacteria and control took 4 days. Shoots,
roots and total dry weights of cowpea were negatively affected by water regime, especially by
severe water deficit (Tables 3.1 and 3.2). In general, the roots and total biomass were significantly
affected by the inoculation treatments, positively by P. putida and negatively by R. irregularis (Table
3.2). There was no significant effect of inoculation on SDW under the different water regimes
when compared with control (Table 3.1). Overall, PPcoat treatment had a significant enhancement
effect in total plant dry weight, seed weight and seed yield of cowpea (Table 3.2). Under moderate
water deficit, plants inoculated with P. putida presented a significant increase in seed yield (Table
3.1). Rlcoat treatments presented lower root biomass when compared with the PPcoat and
control treatments and consequently inferior values of root biomass over shoot (Table 3.2). The
seed yield was significantly impaired by the severe water deficit (Table 3.2). Inoculation and water
regime had significant main effects on cowpea shoot nutrients concentration (Table 3.2). In

general, the presence of R. irregularis increased N and P shoot concentrations when compared
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with control (Table 3.2). Yet, the interaction between water regime and inoculation showed only
significant increase of N in plants under no water deficit (Figure 3.1), with an increase of 38% in
shoot concentration. Comparing with the corresponding control, P shoot concentration was
significantly increased in the treatments of Rlcoat DO, Mix DI and D2 by 39%, 85% and 57%,
respectively. The accumulation of K in cowpea shoots was mainly affected by the water regime,
being increased by moderate and severe water deficits (Table 3.2). Singly inoculated P. putida

improved K shoot concentration by 25% under moderate water deficit (Figure 3.1).
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Figure 3.l. Effects of different inoculation treatments [non-inoculated (Control), with Rhizophagus
irregularis (Rlcoat), Pseudomonas putida (PPcoat) and the mix R. irregularis + P. putida (MIXcoat)] and water
regimes on N (A), P (B) and K (C) shoot concentration in cowpea. Values are means + | SE and letters
indicate significant differences (P < 0.05) according to Duncan's multiple range test.
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Mycorrhizal Root Colonization

Plants without R. irregularis inoculation (control and P. putida inoculation) had no root mycorrhizal
colonization. Treatments where R. irregularis was inoculated had root colonization that varied with
water regime (Figure 3.2). Both moderated and severe water restrictions negatively affected the
presence of R. irregularis in the roots. When no water deficit was imposed, the percentage of RLC
was higher than 50%. Inoculation with P. putida did not have a significant impact on root

colonization by R. irregularis.
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(bn)

Figure 3.2. Percentage of root length colonization (% RLC) in the roots of cowpea inoculated with
Rhizophagus irregularis (Rlcoat) or the mix R. irregularis + Pseudomonas Putida (MIXcoat) via seed coating
under different water regimes. Values are means + | SE and letters indicate significant differences (P <
0.05) according to Duncan's multiple range test.

Leaf Parameters

Both water regime and microbial inoculation influenced cowpea leaf gas exchange parameters
(Figure 3.3a—e and Table 3.3). Severe water deficit negatively affected the gas exchange parameters
in both non-inoculated and inoculated treatments (Figure 3.3 and Table 3.3). The presence of
mycorrhiza singly and in combination with P. putida significantly enhanced Pn when no water deficit
was imposed (Figure 3.3a). Also, under no water deficit, the treatment MIXcoat presented higher
values of gs and Tr (Figure 3.3b, d). Intercellular CO, concentration was adversely impacted by
severe water deficit (Table 3.3). Plants singly inoculated with P. putida showed the lower values of
Pn, gs and Tr in all water regimes. WUE (Figure 3.3e) was significantly higher in plants under
severe water deficit and in the presence of microbial inoculants.

Chlorophyll and carotenoids varied according to microbial inoculation and water regime (Figure
3.4 and Table 3.3). Plants under moderate and severe water deficit had significantly lower
concentrations the leaf pigments, irrespective of microbial inoculation (Table 3.3). In general,
plants inoculated with R. irregularis enhanced both chlorophylls and carotenoids contents, even

under severe water deficit, when compared with PPcoat and control treatments (Table 3.3).
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Figure 3.3. Effects of microbial inoculation [non-inoculated (control), Rhizophagus irregularis (Rlcoat),
Pseudomonas putida (PPcoat) and the mix of R. irregularis + P. putida (MIXcoat)] and water regime on Pn
(A), gs (B), Ci (C), Tr, (D) and water use efficiency (WUE) (E) of cowpea. Letters indicate significant
differences (P < 0.05) according to Duncan's multiple range test.
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Discussion

The frequency and intensity of drought can dramatically decrease plant biomass and grain yield
(Farooq et al., 2017). Ahmed and Suliman (2010) showed cowpea yield reductions of 34—66%
under water stress during the reproductive stage of crop development, and Akyeampong (1986)
revealed 29% of declination during pod filling. Our results showed that both moderate and severe
water deficit decreased shoots, roots and total biomass and that severe water deficit significantly
reduced seed yield (Table 3.2). The negative variation on gas exchange parameters such as
photosynthesis, stomatal conductance or transpiration imposed by water stress can hamper plant
growth (Farooq et al., 2008; Li et al., 2014), which was shown in our results (Table 3.1 and Figure
3.3). Equally, water deficit significantly decreased the content of chlorophyll a, chlorophyll b and
carotenoids in cowpea leaves (Table 3.3). Photosynthetic pigments are important for plants to
harvest light and produce reducing powers. Carotenoids play a key role in plant antioxidant
defense system by quenching singlet oxygen and peroxyl radicals, protecting the photosynthetic
tissue from oxidative damage (Jaleel et al., 2009).

Legume crops are able to establish symbiotic interactions with microbes (e.g. PGPR and AM fungi),
which help them cope with unfavorable environmental conditions such as drought (Oliveira et al.,
2017a; 2017b; Zahran, 2010). Cowpea is considered to be highly mycotrophic (Molla and Solaiman,
2009) which leads to enhancement of below and above ground biomass, nutrients accumulation,
protein content and grain yield under different water regimes (Kwapata and Hall, 1985; Oliveira
etal,, 2017a; Oruru et al., 2018; Rabie et al., 2005). However, our results showed that association
between AM fungi and cowpea did not result in increased plant growth or seed yield (Tables 3.1
and 3.2). Moreover, for root weight and root/shoot ratio the values of plants inoculated with R.
irregularis were lower than control. This can be related to the fact that the production of fungal
mycelium is much more cost-effective in terms of organic carbon (C) than the production of
equivalent root length (Table 3.2). Consequently, plants adjust belowground C allocation
contributing to the formation of a shorter mycorrhizal root system (Jacobsen et al., 2002), relying
on the fungal mycelium for nutrient uptake (Smith, 2000). In fact, there was a significant
enhancement in shoot nutrient content (Table 3.2), particularly N and P, which has also been
described in other studies with inoculated cowpea (Boby et al., 2008; Oruru et al., 2018; Sanginga
et al.,, 2000; Yaseen et al., 201 1). Still, this enhancement in nutrient content was not enough to
result in greater yields, fact perhaps associated with the sink of carbohydrates of the fungal
mycelium that the plant could not allocate to seed development and filling. Also, the observed
delay on seedling emergence of plants inoculated with AM fungi might have a negative influence
on cowpea Yield or even adaptation to the water deficit. Faster germination and establishment

increases the opportunity of seedlings to achieve a positive C and nutrient balance, which is crucial,
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especially under stress conditions (de Albuquerque and Carvalho, 2003). Further studies are,
therefore, needed to improve this limitation on the germination of cowpea seeds coated with AM
fungi. On the other hand, when compared with control, there was an overall enhancement on
chlorophyll and carotenoids contents in R. irregularis-inoculated plants (Table 3.3), particularly
under severe water deficit for chlorophyll a and b (Figure 3.4). WUE, one of the mechanisms of
plants to increase drought resistance (Vivas et al., 2003), was increased in plants inoculated with
R. irregularis and P. putida under severe water deficit (Figure 3.3). The presence of mycorrhiza
significantly enhanced photosynthetic rate, stomatal conductance and transpiration rate (Figure
3.3) under no water deficit, corresponding to the water regime where the colonization was higher
(Abdel-Salam et al., 2018). The increased rate of photosynthesis was probably a result of the
increased use of fixed C (Fitter, 1991) and/or higher chlorophyll content (Gusain et al., 2015),
under no water deficit (Figures 3.3 and 3.4). Under severe water deficit, this relationship between
photosynthesis and chlorophyll content was not so obvious. Water deficit affects various
physiological and biochemical processes of plants, limiting stomata and transpiration and resulting
in reduced photosynthesis (Farooq et al,, 2009). These physiological limitations and decreased
photosynthetic rate under water deficit possibly eliminated the compensatory effect of mycorrhiza
shown in plants without water deficit. In fact, under water deficit the decrease in photosynthetic
activity was also greater in mycorrhizal plants, as shown by Birhane et al. (2012). Thus, this
photosynthetic depression could have been responsible for the lower percentage of AM root
colonization. AM fungal colonization is negatively influenced by water deficit (Kaya et al., 2003;
Oliveira et al.,, 2017a; Wu and Xia, 2006), which, in the present study, might have been related to
the observed reduction of cowpea fitness and to the lower production of photosynthates,
meaningless C for the fungal symbiont.

PGPR singly or in combination with AM fungi play a significant role in alleviating drought stress in
plants (Vurukonda et al., 2016). In our results, the co-inoculation (PGPR + AM fungi) apparently
did not present any extra benefit to the plants. On the other hand, plants singly inoculated with
P. putida showed a significant increase in seed yield (Table 3.2), including under moderate water
deficit (Table 3.1). Overall, P. putida significantly enhanced total plant biomass (Table 3.2). The
accumulation of K in cowpea shoots was enhanced by 25% in plants singly inoculated with P. putida
under moderate water deficit (Figure 3.1). K is an essential nutrient for plants and plays an
important role in drought conditions, cell membrane stability, root growth and leaf area increase,
water uptake and water conservation improvement (Wang et al., 2013). The enhancement of K
under moderate water deficit might be one of the factors responsible for improving cowpea
tolerance to the stress and positively influencing seed yield, when comparing to the reaming
treatments under the same water regime. The ability of PGPR to increase plant biomass, yield and
protein content both under greenhouse and field conditions was shown before in legumes
(Oliveira et al,, 2017a; 2017b; Sindhu et al.,, 2010). Many studies with various crops showed a

positive relationship between PGPR inoculation and drought tolerance (Figueiredo et al., 2008;
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Gusain et al.,, 2015; Kohler et al., 2008; Naseem and Bano, 2014). In these studies, the production
of phytohormones and the production of exopolysaccharides helped with drought stress
alleviation and/or increased seed yield and protein content. The increase of drought stress
tolerance by PGPR can be related to several mechanisms, such as production of phytohormones
(abscisic acid, gibberellic acid, cytokinins and IAA); ACC deaminase; inducer of SAR; and
production of exopolysaccharides (Vurukonda et al., 2016). The P. putida strain used in the present
study is a strong IAA producer, which is physiologically the most active auxin in plant growth and
development. More studies on the microbial mechanisms behind the increase in drought stress

tolerance and yield are essential.

Conclusions

It is imperative to improve agricultural productivity, in a sustainable way, against unfavorable
environmental conditions. Understanding plant responses to drought is of great importance, since
this is one of the main constraints to crop yield. Microbial inoculation is known to confer drought
resistance to plants. In this study, results showed a general positive effect of bacterial inoculation
via seed coating on crop productivity under moderated water deficit, which might be relevant for
agricultural applications. AM fungal inoculation via seed coating had an overall positive influence
on cowpea regarding the uptake of nutrients, leaf pigments content and gas exchange parameters,
nonetheless mostly obtained under no water deficit. The application of PGPR and AM fungi
represents a key approach for agricultural systems and should be integrated with or without
drought stress, yet more studies concerning the microbe—plant interaction and the mechanisms
that confer the stress alleviating abilities are necessary. Selecting the microbe that better
potentiates plant tolerance is critical for the efficiency of microbial inoculation. On the other hand,
seed coating can be a promising tool for efficiently delivering microbial inocula. Nonetheless,
additional studies are needed to address the cowpea seed germination reduction and improve the
technique. Moreover, field studies under real agricultural context are indispensable to prove the

possible application of seed coating with PGPR and AM fungi in a large-scale approach.
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Chapter 4 - Seed coating with arbuscular mycorrhizal fungi for improved field

production of chickpea

Abstract

Although arbuscular mycorrhizal (AM) fungi are known to promote growth and yield of
agricultural crops, inoculation methods for effective scaling up from greenhouse to the field are
still underexplored. The application of single or mixed beneficial AM fungal isolates is hindered by
the lack of experimental reproducibility of findings at different scales and the cost-effectivity of
inoculation methods. Seed coating has been considered a feasible delivery system of AM fungal
inocula for extensive agricultural crops. In this study, the impact of single and multiple AM fungal
isolates applied via seed coating on chickpea productivity was evaluated under greenhouse and
field conditions. Overall, plants inoculated with multiple AM fungal isolates had better performance
than those inoculated with single AM isolate under greenhouse and field conditions. While plants
in greenhouse displayed higher SDW (14%) and seed individual weight (21%), in field, inoculation
with multiple AM isolates increased pod (160%), and seed (148%) numbers, and grain yield (140%).
Under field conditions, mycorrhizal root colonization was significantly higher in chickpea plants
inoculated with multiple AM fungal isolates compared to other treatments. These findings highlight
the potential of field-inoculation with multiple AM fungal isolates via seed coating as a sustainable
agricultural practice for chickpea production.

Keywords: Arbuscular mycorrhizal fungi; Cicer arietinum L.; Field crop production; Seed

coating.

Introduction

Chickpea (Cicer arietinum L.), one of the main legume crops consumed and cultivated
worldwide (Igbal et al., 2006; FAOSTAT, 2017), is considered an important and cheap source of
nutrients (Jukanti et al., 2012) as well as a key crop for soil fertility preservation, especially in
rainfed areas (Khan et al,, 201 1). Arbuscular mycorrhizal (AM) fungi are known to promote the
growth and yield of legumes, including chickpea (Farzaneh et al., 201 I; Pellegrino and Bedini, 2014;
Oliveira et al., 2017b; Hashem et al., 2018). According to Rillig (in press), the integration of AM
fungi in agricultural management strategies is recommended not only for their contribution to
crop yield increase, but also for the important roles in ecosystem functions (e.g. soil structure,
nutrient conservation, plant stability over changing environment) and potential to reduce the
amounts of fertilizer required to achieve cost-effectiveness. AM fungi are capable of increasing the
efficiency of agricultural systems through different mechanism such as nutrient uptake regulation,
water balances and plant resistance to biotic stresses (Kempel et al., 2010; Hameed et al., 2014;
Kumar et al.,, 2016; Oliveira et al., 2016a; Singh et al., 2016; Frew et al,, 2017). Additionally, AM

69



Seed coating with microbial inoculants: a path to sustainable agriculture

fungi can also have a positive and significant influence over grain/seed quality (Ryan and Graham,
2018; Rillig, 2019). However, factors such as host plant affinities, soil conditions and the use of
single versus multiple AM fungal isolates can have a great impact on the performance of these
beneficial microbes (Van Der Heijden et al,, 2015; Kim et al., 2017). According to Frew (2019),
agricultural crops can, in general, benefit from higher AM fungal diversity (multiple isolates) in the
soil, yet the growth and nutritional advantages depend on the plant-host species. On the other
hand, the application of AM fungi in agricultural systems is still restricted due to the lack of cost-
effective inoculation methods or the reproducibility of results from greenhouse and field tests
(Vosatka et al, 2012; Malusa et al, 2016; O’Callaghan, 2016). In this sense, strategies for
developing microbial inoculation methods for broad-scale agricultural production that effectively
apply low amounts of inoculants are required.

Seed coating is a process consisting on the application of exogenous materials (including
inoculants) onto the seed surface and it has been considered a precise tool with the potential to
deliver AM fungi to several agricultural crops, such as wheat, maize, artichoke and cowpea
(Oliveira et al., 2016b; Rouphael et al., 2017; Rocha et al., 2019; Rocha et al., in press; Ma et al,,
2019). Seed coating ensures the contact of AM fungal propagules with emerging roots assuring
colonization at the early plant development stage. Regardless of the potential to increase the
productivity and nutrition of different agricultural crops (Cely et al., 2016; Oliveira et al., 2016b,
Rocha et al,, 2019), inoculation of AM fungi via seed coating is still scarce. The scaling up from
laboratory tests, through greenhouse studies and finally to field conditions is a challenging task in
the selection or elaboration of effective mixtures and inoculation methods to apply beneficial
microbes (Lugtenberg and Kamilova, 2009). Studies that contemplate more than one experimental
scale are still scarce and it is crucial to understand the biases of inoculation performance, since
the beneficial effects of microbial inoculation obtained under greenhouse conditions are not always
achieved in the field (Hart et al., 2018). To our knowledge, no field studies focusing on seed coating
inoculation of chickpea with AM fungi have been reported so far.

In our study it is expected that inoculation of multiple AM fungal isolates results in superior
chickpea performance when compared to single AM fungal isolate under both greenhouse and
field conditions. Therefore, the objectives of this work were |) to compare the efficiency of
inoculation of single and multiple AM fungal isolates via seed coating and their effects on chickpea
yield and nutritional content under greenhouse and field conditions, and 2) to verify whether
results from AM fungal inoculation obtained under greenhouse conditions can serve as an indicator

of their potential benefits for field applications.
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Materials and Methods

Arbuscular Mycorrhizal Fungal Inocula and Seed Coating

Two different AM fungal inocula (provided by Symbiom Ltd, Czech Republic) were used,
one consisted of a single fungal isolate R. irregularis BEG 140 and the other was a mixture of equal
proportions of five R. irregularis isolates namely BEG 141, BEG236, DAOM 197198, KW and AS.
Both fungal inocula were grown for 8 months in a multispore pot culture containing a I:1 (v/v)
mixture of zeolite and expanded clay with Zea mays L. as the host plant.

For the seed coating treatment, seeds were dusted with R. irregularis inoculum (sieved
through 500 pm mesh) followed by biochar (0.25% of seed weight) (Ecochar, Ibero Massa
Florestal, Portugal). Gum arabic solution (2%) was used as a binding agent. Chickpea seeds were
dressed using a rotating pan according to Scott et al. (1991). Twenty AM fungal propagules were
applied per seed and estimated by the MPN (Porter, 1979).

Experimental Design

The experimental design involved three treatments, resulting from three different
inoculations including |) non-coated and non-inoculated controls (control), 2) plants coated with
R. irregularis BEG 140 (Rcoat), and 3) a mixture of R. irregularis isolates (MRcoat). The effect of seed
coating with different fungal combinations was evaluated under both greenhouse and field
conditions. Both experiments were conducted simultaneously from April to August 2018. The
seeds of chickpea (Cicer arietinum L. cv. Elixir) were obtained from the collection of the INIAV.

The field experiment was conducted at the INIAV station in Elvas, Portugal (38°55'07.8"
North, 7°05'33.2" West, 209 meters above sea level). The field had been used for chickpea and
oat production in a crop rotation system. The temperature fluctuated from 6 to 40 °C (average
I3 to 26 °C), 42 to 78% of RH and 0 to 8 mm of precipitation. The soil had a clay texture with
pH (1:2.5 w/v water) 7.5, electrical conductivity 0.30 mS cm-!, 2.1% organic matter, 168 mg kg-!
extractable (Egner-Riehm) P, >200 mg kg! extractable (Egner-Riehm) K, 7174 mg kg-! extractable
(ammonium acetate) Ca and 206 mg kg-! extractable (ammonium acetate) Mg. Eight months before
starting the field experiment, the soil was amended with 200 Kg ha-! of fertilizer with 20% N; 8%
P and 10% K (NERGETIC C-PRO 20-8-10®, ADP Fertilizantes, Portugal). Each experimental plot
consisted of three rows of 4 meters (with 30 seeds each and 60 cm between rows) that was
organized in a split-plot randomized block with three repetitions per treatment. After the seed
coating treatment, seeds were sown manually at 2 cm depth and separated by at least by |3cm.
During the experiment, plants were grown under natural rainfall conditions without receiving

further irrigation or fertilization.
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For the greenhouse experiment, soil was collected from the same field, sieved (2 mm) and
used in order to provide a similar soil microbiota and chemical properties. Ten replicates per
treatment were disposed in individual plastic pots of 3 L (14 x 14 x 23 cm) that received one seed
and were arranged in a fully randomized scheme. The pot positions were periodically swapped in
order to minimize specific differences related to microsite location in the greenhouse. During the
experiment, greenhouse temperature ranged from 14 to 42 °C (average 16 to 30 °C) and RH was
maintained between 40 to 85%, with an average photoperiod of 12 h. In order to maintain soil
humidity, pots were irrigated as frequently as required to restore water losses produced by

evapotranspiration, on average 3 times a week.

Plant Measurements

In both field and greenhouse experiments, plants were harvested approximately 120 days
after sowing (DAS). DAS required for germination, flowering (flowering of 50% of the plants) and
maturity (maturity of 50% of the plants) were recorded. Pods and seeds were collected, counted
and weighted to quantify grain yield per plant. Shoot samples from both experiments were dried
at 70 °C for 48 h and weighed. For plants grown under field conditions, the weight of 100 seeds,
harvest index of chickpea [Grain dry weight (GDW) / SDW] and the relative effectiveness (RE)
of inoculation (SDW of inoculated plants / SDW non inoculated plants) were also calculated

according to Maatallah et al. (2002)

Crude Protein and Fiber, Fat and Ash Grain Content Analyses

After collection, grain samples were dried at 70 °C for 48 h and finely ground. The protein
content was analyzed according to the Kjeldahl method [international standard (ISO) 20483:2006].
Crude protein was calculated by multiplying the N content by 6.25. The crude fiber content was
quantified using the method with intermediate filtration from the Portuguese Norm (NP) EN ISO
6865:2009. After acid and alkaline digestion of the sample, the crude fiber content was calculated
from the loss in mass resulting from ashing of the dried residue divided by the mass of the test
portion. Finally, the grain fat content was determined with ether ethylic using the extraction
apparatus Soxtec System HT1043 in accordance to the NP 876:2001. The ash yield was
determined by incineration and calculated as a fraction of the mass of ashing dish and incinerated

residue, divided by the mass of the test portion, according to the ISO 2171:2007.

Mycorrhizal Development

After harvest, roots from plants collected from greenhouse and field experiments were
separated from shoots, gently washed tap water, cut into |-cm pieces and stained with trypan
blue using a modified Phillips and Hayman (1970) protocol (Oliveira et al., 2005). The percentage
of RLC was assessed by the grid-line intersect method (Giovannetti and Mosse, 1980) under a

stereomicroscope (Leica EZ4 HD, Germany).
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Statistical Analysis

Normality and homogeneity of variances were confirmed and data analyzed using one-way
analysis of variance (ANOVA). In the case of pod number and the number of pods with 2 grains,
square (x2) and root (Vx) transformations were required to satisfy normality assumptions before
ANOVA When a significant F-value was obtained (P < 0.05), treatment means were compared
using Duncan’s multiple range test. When normality assumptions were not met (as in the case of
SDW, the weight of individual grains and ash content for field data and grain number and protein
content for greenhouse data), differences between groups were compared using non-parametric
Kruskal-Wallis test. SPSS 25.0.0 software package (IBM SPSS Statistics, USA) was used to perform

all the statistical analyses.

Results

Growth Parameters

In general, chickpea seeds took approximately double time to germinate in the field (15
DAS) compared to the germination observed in the greenhouse (7 DAS). Nevertheless, seed
coating with AM fungi did not affect germination rates of chickpea. Flowering and maturation times
of cowpea plants were similar under greenhouse and field conditions; in the greenhouse, flowering
and maturation took 46 and 10l DAS, whereas 42 and 102 DAS were necessary under field
conditions, with no significant differences between inoculation treatments.

Under greenhouse conditions, single inoculation of R. irregularis BEG140 (Rcoat) did not
show clear effects on chickpea plants when compared to control, with the exception of the grain
individual weight. However, seed coating with the mixture of R. irregularis isolates (MRcoat)
showed positive effects on chickpea productivity when compared with control treatment at both
experimental scales (Table 4.1). Under greenhouse conditions, plants treated with the MRcoat
treatment exhibited a significant increase in SDW (14%, P < 0.001) and also in the grain individual
weight per plant (21%, P < 0.05). In the field, the effect of the coating treatment containing the R.
irregularis consortia was much more noticeable. Here, MRcoat treatment produced a significant
increase in valuable agronomic parameters as the number of pods per plant, seeds per pod and
seeds per plant in comparison with the remaining treatments. Inoculation significantly enhanced
the number of pods and grains by 160% (P < 0.001) and 148% (P < 0.001), respectively.
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Table 4.1. Growth and productivity parameters of chickpea in different inoculation treatments [control,
Rhizophagus irregularis (Rcoat), a mixture of R. irregularis isolates (MRcoat) under greenhouse and field
conditions.

Number : Grain yield
Weight of
E : Number  of pods Number . =€ per plant
xperimental . : individual
Treatment SDW (g) of pods  with 2 of grains . (2)
scale : grains per
per plant  grains per per plant
plant (g)
plant
Control 1.4+£0.1 a 8+0.6 5+0.2 0.29+0.0a  1.5+0.0
Greenhouse Rcoat [.3+0.0a 7+0.1 NA 5+0.4 0.33+0.0b  1.5+0.1
MRcoat [.6£0.1 b 8+0.9 4+0.3 0.35+00b  1.5%0.1
Control 10.2+2.1 24+4.1 x 40.6 x 2738 x  0.30+0.0 8.4£1.4 x
Field Rcoat 6.0x1.1 25+7.6x 3%l4x 2579 x  0.33%0.0 7.9+2.5 x

MRcoat 89+09 62+l6y 9+19y  68+59y 030+00  20.1xl4y

Means (+ | SE) followed by letters that indicate significant differences between treatments within the same
experimental scales according to Duncan’s multiple range and Kruskal-Wallis test at P < 0.05. SDW,
shoot dry weight. NA, not applied.

The grain yield of chickpea was not affected by AM fungal inoculation when grown under
greenhouse (Table 4.1). On the other hand, MRcoat treatment significantly increased grain yield
per plant (140%, P < 0.001) under field conditions. Consequently, harvest index was also
significantly higher in the MRcoat treatment (Table 4.2). There were no significant differences

between treatments in the weight of 100 seeds (32 g for all treatments).

Table 4.2. Harvest index (ratio of grain dry weight to shoot dry weight) of chickpea and relative
effectiveness of inoculation (ratio of shoot dry weight of inoculated plant to shoot dry weight of non-
inoculated plants) under field conditions.

Treatment Harvest index (%) Relative effectiveness (%)
Control 103.7 x -

Rcoat 147.4 xy 66.0

MRcoat 2298y 107.0

Means followed by letters that indicate significant differences between treatments according to Duncan’s
multiple range test at P < 0.05. Rcoat (Rhizophagus irregularis), MRcoat (mixture of R. irregularis isolates).

A summary of the chickpea productivity parameters among the different treatments under

greenhouse and field conditions is presented in Figure 4.1.
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Figure 4.1. Representation of productivity parameters of chickpea in different inoculation treatments
[control, Rhizophagus irregularis (Rcoat), a mixture of R. irregularis isolates (MRcoat)], under greenhouse
and field conditions. Radial graphs represent results relative to the higher value (indicated as 100%) for

each productivity parameter.

Grain Quality

In terms of nutritional quality, no significant differences in crude protein, fat, crude fiber and

ash content of chickpea grains were detected in the greenhouse trial (Table 4.3). Under field

conditions, no significant differences in protein, fat and ash grain content were detected among

treatments with the exception of crude fiber that was significantly higher in non-inoculated plants.

Table 4.3. Chickpea grain content in different inoculation treatments [control, Rhizophagus irregularis

(Rcoat), mixture of R. irregularis isolates (MRcoat) under greenhouse and field conditions.

Experimental Scale Treatment Crude protein (%)  Fat (%)  Crude fiber (%) Ash (%)
Control 19.9+0.4 42+0.1 4.5+04 2.5 +0.1
Greenhouse Rcoat 19.3+0.3 46103 4.4+0.2 2.4+0.1
MRcoat 18.4+0.5 45+02 4.610.6 2.3+0.1
Control 20.8+0.5 3.9+0.1 4.1x0.2y 3.0+0.2
Field Rcoat 20.8+0.2 3.9+0.2 3.5%0.1 x 2.9+0.0
MRcoat 20.6%0.5 3.9+0.3  3.1%0.1 x 2.6+0.0

Means (+ | SE) followed by letters that indicate significant differences between treatments according to
Duncan’s multiple range test and Kruskal-Wallis test at P < 0.05.

Mycorrhizal Colonization

The percentage of RLC of plants grown in the greenhouse was not statistically different

among treatments, with values of 65, 66 and 74% for control, Rcoat and MRcoat, respectively
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(Figure 4.2). Under field conditions, MRcoat treatment showed higher rates of fungal colonization
in their roots, 69% of RLC in comparison with 54 and 42% in control and Rcoat treatments,

respectively.
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Figure 4.2. Percentage of root length colonization (% RLC) of chickpea non-inoculated (control) and
inoculated with Rhizophagus irregularis BEG140 (Rcoat) or mixture of R. irregularis isolates (MRcoat) via
seed coating in greenhouse (A) and field (B) trials. Columns are means + | SE and letters indicate
significant according to Duncan’s Multiple Range test at P < 0.05.

Discussion

Difficulties to replicate in the field the effects observed under controlled greenhouse
conditions are generally considered a major constrain to expand the use of beneficial microbes in
agriculture. In order to address this pitfall, experimental conditions such as time of the year, soil,
microbial inoculum and concentration, plant cultivar, seed origin and inoculation method were
kept identical in both greenhouse and field experiments. Our results showed that the use of R.
irregularis mixture (MRcoat) as a seed coating treatment has great potential to promote chickpea
production, with significant increases in grain yield of plants grown in the field. Previous studies
had already indicated that the inoculation of AM fungi can be used to improve biomass and
productivity of chickpea (Zaidi et al., 2003; Erman et al., 201 I; Pellegrino and Bedini, 2014), but
with lower grain yield and harvest index, when compared to those obtained in plants inoculated
with multiple R. irregularis isolates in our field trial. Harvest index is frequently used as an indicator
of yield efficiency and consequently as a selection criterion for crop breeding (Fan et al., 2017). In
our study, plants inoculated with the mixture of AM fungi were very effective and capable of
producing a higher amount of grains with less shoot biomass. Contrary to previous reports
(Weber et al., 1993; Erman et al., 201 1), AM fungal inoculation did not influence the weight of 100
seeds.

Taking into account the grain yields obtained in our study (see Table 4.1), the producer
price of chickpea in Portugal (1.10 USD Kg!, according to FAOSTAT, 2005) and the cost of seed

coating (132.34 USD ha-!, including materials and labor) we estimated the profit obtained for the
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different treatments. Since there was no cost of seed coating in the control treatment, the
obtained profit was 385.00 USD ha-!. For the Rcoat and MRcoat treatments the estimated profits
were 229.74 and 788.91 USD ha-!, respectively. This shows that, despite the inoculation costs,
choosing the right inoculum for seed coating can result in a substantial gain for the farmer.

Despite the common presence of AM fungi in agricultural soils, seed inoculation with
selected isolates can increase plant root colonization and crop productivity (Lekberg and Koide,
2005; Lehmann et al., 2012; Pellegrino and Bedini, 2014). All field-grown plants, including non-
inoculated controls, presented mycorrhizal root colonization, due to the ability of native fungi to
colonize plant hosts. However, when compared to non-inoculated controls or plants inoculated
with single fungal isolate, inoculation with multiple AM fungi increased root colonization and plant
productivity. It is well known that the interactions among different AM fungal isolates can be
synergistic, neutral or antagonistic (Koide, 2000; Jansa et al., 2008, 2009). Thus, inoculation of
plants with non-native AM fungal isolates does not necessarily produce beneficial effects, as
competition with native AM fungal species or even between selected species can occur. Soil
physicochemical properties can also have a strong impact on the symbiotic relationship between
plants and fungi (Kim et al., 2017). R. irregularis BEG140 was selected for this study due to the
promising effects in increasing chickpea biomass and grain yield obtained in previous greenhouse
trials (Oliveira et al., 2017b). Yet, the soil used in the above-mentioned experiment was sterilized
(free of native AM fungi and remaining soil biota) and had different physicochemical characteristics
from the soil used in this study, which had relatively high available P content. Our findings suggest
that competition with native AM fungi or soil physicochemical status might have influenced the
symbiotic relationship between R. irregularis BEG140 and chickpea, contrary to the MRcoat
treatment where the combined used of R. irregularis isolates produced larger beneficial effects on
plant growth. In general, it is considered that the combined use of soil microbes with different
attributes provide extra benefit due to the combination and complementarity of different
mechanisms of action (Malusa et al.,, 2016). Among other factors, the observed positive effects
could be also due to the expansion of environmental niche for mycorrhiza functioning (Koide,
2000; Hart and Klironomos, 2003). Further investigation would be needed to evaluate which AM
fungi isolates in the treatment MRcoat were active and responsible for the benefits.

Besides increasing plant productivity, inoculation of AM fungi can improve plant and/or seed
nutrient content (Farzaneh et al, 2011; Pellegrino and Bedini, 2014; Oliveira et al., 2017b).
However, our results showed no enhanced nutrient content of grains produced by inoculated
plants. The exception was the higher grain crude fiber content in non-inoculated chickpea grown
under field conditions, a fact that has been previously reported (Adewole and llesanmi, 201 I;
Masoero et al., 2018).

Despite the frequent demonstration of efficacy in laboratory and greenhouse experiments,

the inconsistency of effectiveness or the lack of field data regarding AM fungi inoculation is still
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one of the main restraints for its wide application (O’Callaghan, 2016; Thirkell et al., 2017; Lekberg
and Helgason, 2018). According to the meta-analysis of Zhang et al. (2019) there is a bias favoring
controlled conditions for AM fungi inoculation; laboratory studies including inoculated crops tend
to lead to higher grain yield increase in comparison with those studies carried out in the field.
Surprisingly, our work contrasts these data as it shows that the positive effect of multiple AM
fungi inoculation is maximized under field conditions

Although direct comparison between results obtained under greenhouse and field
conditions would be troublesome due to limiting aspects and interacting factors of the
experimental procedure (e.g. constraining of roots within pots, root density/root system
architecture and water requirements) (Poorter et al., 2012), both greenhouse and field scale are
necessary and can be used as an indicator of potential positive effects. For instance, in field trials,
Colla et al. (2015a) and Rouphael et al. (2017) successfully based their seed coating formulations
on results obtained under greenhouse conditions where the AM fungal isolates had a positive
influence on the growth, yield and nutrition of different plants species (zucchini, lettuce and winter
wheat). Our results showed that the same treatment (MRcoat) was able to benefit chickpea
performance both under greenhouse (plant SDW and seed weight increase) but especially under
field conditions (pod and grain yield improvement). The above mentioned limiting aspects such as
pot and root size/ depth or environmental factors (e.g. water, temperature) under greenhouse
conditions, might have exerted a different influence on the AM fungi colonizing chickpea roots
than in the field. This could have led to the observed differences in %RLC between treatments

obtained under greenhouse and field conditions (Figure 4.2).

Conclusions

The selection of AM fungal isolates that relates to host plant and crop growing conditions
is essential to achieve good mycorrhizal efficiency and to obtain economical profits from coated
crops. Summarizing the main results obtained in this study, the application of multiple AM fungal
isolates seemed to be a potential strategy to boost chickpea productivity, when compared to the
inoculation of single AM isolate. Seed coating can be an appropriate tool to deliver AM fungi and
the combined use of multiple isolates exhibited benefits for chickpea plants at different
experimental scales, but the effect was especially relevant under field conditions. To our
knowledge, this is the first field evidence of improved yield of chickpea inoculated with AM fungi
via seed coating. Although greenhouse trials represent a prospective indication of microbial field-
application potential, results are not necessarily representative in each case. In this sense,
information provided by the combination of greenhouse and field trials is highly valuable and the
simultaneous approach should be considered for further experimental designs. Integrating AM
fungi into agricultural systems via seed coating in order to increase grain yield of crops is a

potential valid approach for sustainable agriculture.
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Abstract

Plant growth promoting rhizobacteria (PGPR) and arbuscular mycorrhizal (AM) fungi have
the ability to enhance growth, fitness and quality of various agricultural crops, including cowpea.
Yet, field trials confirming benefits of microbes in large-scale application using economically viable
and efficient inoculation methods are still scarce. Microbial seed coating has a great potential for
large-scale agriculture through the application of reduced amounts of PGPR and AM fungi inocula.
Thus, in this study, the impact of seed coating with PGPR, P. libanensis TRI and AM fungus, R.
irregularis (single or multiple isolates) in grain yield and nutrient content of cowpea under low-
input field conditions was evaluated. Seed coating with P. libanensis + multiple isolates of R.
irregularis (coatPMR) resulted in significant increases in SDW (76%), pod and seeds number per
plant (52 and 56%, respectively) and grain yield (56%), when compared with non-inoculated
control plants. However, seed coating with P. libanensis + R. irregularis single-isolate (coatPR) did
not influence cowpea grain yield. Grain lipid content was significantly higher (25%) in coatPMR
plants in comparison with control. Higher soil organic matter and lower pH were observed in the
coatPMR treatment. Our findings indicate that cowpea field productivity can be improved by seed
coating with PGPR and AM fungi under low-input agricultural systems.

Keywords: Arbuscular mycorrhizal fungi; Agricultural sustainability; Cowpea; Field

experiment; Plant growth promoting rhizobacteria; Seed coating

Introduction

Agricultural production has been, for the last decades, largely centered on unsustainable
input of agrochemicals and water (FAO, 2018b). Currently, there is a demand for sustainable
agricultural practices that safeguard food, air, water and soil quality, ensuring a safer environment
for contemporary and future generations (Patil et al., 2014). Consequently, low-input and organic
agriculture are gaining position worldwide as a way to preserve agro-ecosystem functionality and
to reduce economic, environmental and health costs (Crowder et al., 2010; Postma-Blaauw et al.,
2010, Pellegrino and Bedini, 2014; Reganold and Watcher, 2016). The evolution to more
sustainable agriculture includes reducing or eliminating the use of non-renewable off-farm
anthropoid inputs and giving high importance to the soil and its inhabitants in order to preserve
and maintain ecosystem health (Gliessman, 2005; Royal Society, 2009).

Presently, there is a great interest in plant beneficial microbes such as arbuscular
mycorrhizal (AM) fungi and plant growth promoting rhizobacteria (PGPR), as they play an

important role in crop yield improvement and sustainable amelioration in agriculture (Nadeem et
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al,, 2014). Application of these microbes has been considered a key strategy to enhance legume
production and quality while reducing the excessive use of chemical fertilizers and pesticides (Khan
et al, 2010; Sindhu et al,, 2010; Malusa et al.,, 2016; Singh et al, 2016). Cowpea is one of the most
important edible grain legumes worldwide with great nutritional and nutraceutical properties and
offers several agronomic, environmental and economic advantages for both developed and
developing countries (Timko and Singh, 2008; Gongalves et al., 2016; da Silva et al.,, 2018).
Enhancement of biomass, grain yield and nutrient content in cowpea inoculated with AM fungi and
PGPR has been previously demonstrated (Andrade et al., 2013; Oliveira et al., 2017). Yet, the lack
of efficient inoculation methods of these microbes are a constraint for their large-scale application.
Broadcasting of inocula of AM fungi and PGPR in open agricultural fields can be costly (Vosatka et
al,, 2012; O’Callaghan, 2016). Seed coating is considered a viable tool for precise and broad
delivery of AM fungi and PGPR to different agricultural crops, and it has been explored in cowpea
under greenhouse conditions (Ma et al.,, 2019; Rocha et al., in press). This inoculation method
allows the application of low amounts of inocula in combination with other exogenous ingredients
onto the seed surface, resulting in close plant-microbe contact at the early plant development
stage. Despite the studies showing the great potential of AM fungi to enhance the nutritional status
and productivity of various crops (Colla et al,, 2015a; Cely et al,, 2016; Oliveira et al., 2016b;
Rouphael et al. 2017; Rocha et al,, 2019), the application of AM fungi (single or in consortia) via
seed coating is still scarce. Moreover, although greenhouse experiments provide important and
useful data regarding the benefits of microbial inoculation, validation of microbial effects under
field conditions across a range of environments is required (Ryan and Graham, 2018). In fact, the
lack of consistency in field performance can be a major restraint for wider use of microbial seed
coating (Nadeem et al.,, 2014; Thirkell et al., 2017). The aim of the present study was to evaluate
the effects of seed coating with the PGPR P. libanensis and the AM fungus R. irregularis (single or

multiple isolates) in cowpea productivity under low-input field conditions.

Materials and Methods

Seeds, Microbial Inocula and Coating

The seeds of cowpea [Vigna unguiculata (L.) Walp. cv. Fradel] used in this study were
acquired from the INIAV collection. P. libanensis TRI (GenBank accession no. KR051238),
previously isolated from Trifolium repens rhizosphere existing in serpentine soils in Braganca
(Portugal) was attained from the collection of the Centre for Functional Ecology, University of
Coimbra (Ma et al., 2016). P. libanensis TR1 exhibited tolerance to heat (38 °C), salinity (8%) and
severe drought (-1.5 Mpa) and it was tested positively for ACC-deaminase, indoleacetic acid (IAA),
siderophores and ammonia production, phosphate solubilization and N fixation (Ma et al,, 2019).

In order to prepare inoculum for seed coating, the bacterial strain was grown in LB media
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overnight at 28-30 °C and 200 rpm, according to Ma et al. (2016). Two AM fungal inocula were
used: 1) a single fungal isolate of R. irregularis (BEG140) and 2) a mixture of R. irregularis isolates
(BEG 141, BEG236, DAOM 197198, KW and AS). Previously, all AM fungi inocula (provided by
Symbiom Ltd, Czech Republic) were grown for 8 months with Zea mays L. as host plant, in a
multispore pot culture with |:1 (v/v) of zeolite and expanded clay. The AM Fungi inocula were
cultivated as single isolate cultures and then equal part of inocula were mixed to prepare the R.
irregularis mixture.

For the seed coating inoculation, cowpea seeds were previously immersed (for 45 min) in
a P. libanensis solution with a concentration of 107 CFU ml-!, then air-dried and dressed using a
rotating pan (Scott et al., 1991). Cowpea seeds were firstly dusted with sieved (500 um) R.
irregularis inoculum and secondly with biochar (0.25% per seed weight) (Ecochar, Ibero Massa
Florestal, Portugal), using a sticker solution of 2% gum arabic. Twenty AM fungal propagules were
applied per seed (for both inocula), estimated according to the MPN method by Porter (1979).
After coating, the final bacterial concentration was 106 CFU per coated seed. The CFU was

estimated as described in Rocha et al., (2019).

Field Experimental Conditions and Design

The experiment was conducted in an agricultural field located in Elvas, Portugal (latitude
38°53'16.3 North, longitude 7°08'16.8 West), between June and September 2018. The soil had a
clay texture and presented the following properties: 0.40 mS cm-! electrical conductivity, 8.1 pH
(1:2.5 wilv water), 0.08% N (Kjeldahl), >200 mg kg-! extractable (Egner-Riehm) P, 138 mg kg-!
extractable (Egner-Riehm) K, 2768 mg kg-! extractable (ammonium acetate) Ca and 417 mg kg-!
extractable (ammonium acetate) Mg. The field is normally used for cowpea and cereals (i.e. wheat
and triticale) production in a crop rotation system. Before the beginning of the field experiment
the site had been uncultivated for one year. The experimental design was based on three dissimilar
inoculations: i) non-coated/inoculated seeds, control; ii) coated seeds with P. libanensis + R.
irregularis BEG 140, coatPR; and iii) coated seeds with P. libanensis + the above described mixture
of R. irregularis, coatPMR. The experimental plot consisted of two rows of 3 m (with 10 seeds each
and distanced by 60 cm) in a total of three repetitions per set of treatment organized in a split-
plot randomized block. Seeds from different inoculation treatments were sown manually at 2-3
cm depth. No synthetic components were added to the soil (i.e. fertilizers or pesticides) before
or during the experiment. Watering was done according to the plants requirement (enough to
avoid water stress) using a drip irrigation system. During the experiment the temperature, RH

and precipitation ranged from 13 to 26 °C, 42 to 78% and 0 to 8 mm, respectively.
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Plant, Soil, and Grain Analyses

Approximately 83 DAS cowpea was harvested. Data regarding DAS to flowering (flowering
50% of the plants) and maturity (maturity of 50% of plants) were collected. Pods and seeds number
per plant were counted. Seeds were weighted and plant shoots dried at 70 °C for 48 h and
weighed. The grain yield (Kg ha'!), weight of 100 seeds (average of 300 seeds from each treatment)
and harvest index (the ratio of seed weight to SDW) were calculated.

At plant harvest, samples of the rhizosphere soil from the different treatments were
collected and analyzed for pH (I:5 v/v), organic matter (dry combustion at 590°C), N (Kjeldahl
method), P (Egner-Riehm) and K (Egner-Riehm) content. Samples of cowpea grains were dried
(70 °C for 48 h), finely ground and used for the determination of crude protein, fiber, fat and ash
content. Crude protein was analyzed by the Kjeldahl method according to 1ISO 20483:2006 and
the protein was calculated as Nconeenr X 6.25. Crude fiber content was obtained by the ratio
between the reduction in mass resulting from ashing of the dried digestion grain residue (acid and
alkaline digestion) and the mass of the test sample, according to the method of intermediate
filtration from the NP ISO 6865:2009. The determination of grain fat content was carried out
using the extraction apparatus Soxtec System HT 1043 with ether ethylic (NP 876:2001). The ash
yield was obtained by the ratio between the difference in mass of ashing dish and incinerated grain
residue, divided by the mass of the test sample (ISO 2171:2007).

Mycorrhizal Root Colonization

Roots were separated from shoots, washed, cut into |-cm pieces and stained in a trypan
blue solution in accordance with a modified Phillips and Hayman (1970) protocol (Oliveira et al.,
2005). The grid-line intersect method (Giovannetti and Mosse, 1980) was used to estimate the %
of RLC through observation of stained roots under a stereomicroscope (Leica EZ4 HD,

Germany).

Bacterial Detection in Cowpea Rhizosphere

During harvest, plants were gently uprooted and 2 g of soils firmly adhered to roots
(considered as rhizosphere soil) were collected and kept in small plastic bags. Bags were labelled,
maintained in cold conditions (4 °C) during transport to the laboratory, where they were frozen
at -20 °C. About 0.25 g of soil were used for DNA extraction using the NucleoSpin® soil
extraction kit (Macherey-Nagel). Extracted DNA was stored at -20 °C. DNA purity was verified
through absorbance (A260/A280) using a UVlvisible spectrophotometer (NanoVue Plus,
Biochrom). The presence of bacterial DNA was verified by amplification with the general primer
pair 27f (5-AGAGTTTGATCCTGGCTCAG-3') and 1492r (5'-GGTTACCTTGTTACGACTT-
3'), targeted at the 16S rRNA of eubacteria. Reaction mix contained 2.5 pM of each primer, 12.5
pL of DSF Taq Master Mix (BIORON) (2.5 pL of buffer, 200 uM of dNTPs, 0.5 U of DFS-Taq
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polimerase), and |pL of template DNA in a final volume of 25 yL. A rapid amplification cycle was
carried out with the following conditions: an initial denaturation step of 2 min at 95 °C, followed
by 25 cycles of 20 s at 94 °C, 30 s at 57 °C, and | min at 72 °C, with a final extension step of 10
min at 72 °C.

Once the presence of bacteria was positively confirmed, the presence of P. libanensis TRI
in cowpea rhizosphere was studied using a nested-PCR approach. Initially, the specific primer pair
GyrBF (5'-AGCATCAAGGTGCTGAAAGG-3") GyrBR (5-GGTCATGATGATGATGTTGTG-
3'), targeted at the gyrB gene (Agaras and Valverde, 2018), was used to detect the presence of
Pseudomonas using the following PCR conditions: an initial denaturation step of 5 min at 94 °C,
followed by 35 cycles of 30 s at 94 °C, 30 s at 57 °C, and | min at 72 °C, with a final extension
step of 5 min at 72 °C. Reaction mix contained 2.5 pM of each primer, 12.5 pL of DSF Taq Master
Mix (BIORON) (2.5 pL of buffer, 200 uM of dNTPs, 0.5 U of DFS-Taq polimerase), and luL of
template DNA. Amplification produced a PCR product of approximately 1460 bp that was used
for the specific identification of our strain. On the basis of the nucleotide sequence of the GyrB
gene of P. libanensis TR, we designed a set of specific primers targeted to unique regions within
this sequence (Souza-Alonso et al. in preparation). In this study, two primer pairs designed to
amplify  specific regions of our strain were tested, including PsTRlaFor (5'-
CGACGACATCAGCATTATCA-3') and PsTRIbRev (5'-CAGTGAGGATCAGTTCTTCG-3'), as
well as  PsTRlafor (5'-CGACGACATCAGCATTATCA-3") and PsTRIcRev (5'-
CGGACAGTGAGGATCAGTTC-3'). PCR products (5 pl) of the first round were further used
for the nested-PCR using specific primers. In this case, reaction mix contained 2.5 yM of each
primer, 10 yuL of DSF Taq Master Mix (BIORON) (2.5 pL of buffer, 200 yM of dNTPs, 0.5 U of
DFS-Tagq polimerase), and 5pL of amplified DNA (using GyrB primers) as template. In both cases,
amplification conditions were as follows: an initial denaturation step of 5 min at 95 °C, followed
by 30 cycles of 30 s at 95 °C, 45 s at 52 °C, and 30 s at 72 °C, with a final extension step of 5 min
at 72 °C.

In all cases, 5ul of the obtained PCR products were analyzed using agarose (1%) gel
electrophoresis stained with GreenSafe Premium (NZYTech). DNA extracted from pure culture
of P. libanensis TRI served as positive control. Amplified DNA was visualized by GelDoc™ XR+
system with the Image Lab software (2.0.1, BIO-RAD).

Statistical Analysis

Data was analyzed using one-way analysis of variance (ANOVA) for each dependent variable
versus the independent variable (inoculation), when normality and homogeneity of variances were
confirmed. Duncan’s multiple range test was use to compare treatment means, when F-values
were significant (P < 0.05). When normality assumptions of parametric tests were not met,

differences between groups of data were tested for significance using a non-parametric Kruskal—
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Wallis test with a sequential Bonferroni correction for multiple comparisons, at a = 0.05/n with
n the number of pairwise comparisons. All statistical analyses were carried out using the IBM SPSS
Statistics 25.0 software package (IBM SPSS Statistics, USA).

Results

Seed coating did not hinder cowpea germination. Seeds took approximately 6 DAS to
germinate, 50 DAS to flowering and 69 DAS to maturation, showing no significant differences

between the different treatments.

Cowpea Productivity and Grain Quality

In general, seed coating with P. libanensis and the mixture of R. irregularis isolates (CoatPMR)
increased cowpea productivity when compared with control treatment (Table 5.1). The coatPMR
treatment showed a significant increase of 76% in SDW, 52% in the number of pods, 56% in the
number of seeds per plant and grain yield. No differences were obtained in the weight of 100

seeds among treatments.

Table 5.1. Growth and productivity parameters of cowpea in different treatments [control, Pseudomonas
libanensis + Rhizophagus irregularis (coatPR), P. libanensis + mixture of R. irregularis (coatPMR) under field
conditions.

Number of  Number of ,\:{:\I,%g:,:;f Weight of  Grain
Treatment SDW (g) pods per seeds per seeds per 100 seeds  yield (kg
-
plant plant plant (g) (g) ha™)
Control 23.7+29a 342+39a  254.6%289a 0.18+0.003b 18.5+0.3 25372a
CoatPR 31.2+33ab  34.6%¥32a  2645+269a 0.17+0.004a 18.8+0.4 24893 a
CoatPMR 415+48b 52.1+50b  396.1£25.7b  0.18+0.004b  19.3+0.3 3952.2b

Mean (+ SE) followed by letters that indicate significant differences between treatments according to
Duncan’s multiple range test at P < 0.05. SDW, shoot dry weight.

CoatPR treatment had a negative influence in the seed individual weight when compared
with control and CoatPMR, and lower harvest index percentage, comparing to CoatPMR (Table
5.1 and Figure 5.1).
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Figure 5.1. Harvest index (ratio of seeds to shoot dry weight) of cowpea in different inoculation treatments

[control, Pseudomonas libanensis + Rhizophagus irregularis (coatPR), P. libanensis + mixture of R. irregularis
(coatPMR).

A summary of cowpea harvesting productivity parameters among the different treatments

is presented in Figure 5.2.
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Figure 5.2. Representation of harvesting productivity parameters of cowpea in different inoculation
treatments [control, coated with Pseudomonas libanensis + Rhizophagus irregularis (coatPR) or coated with
P. libanensis + a mixture of different R. irregularis isolates (coatPMR)]. Radial graphs represent results
relative to the higher value (indicated as 100%) for each productivity parameter-.
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Protein and crude fiber grain contents were not influenced by microbial coating (Table 5.2).
In addition, fat content was significantly higher in seeds of coatPMR treatment in comparison to

control and coatPR treatments. Ash content increased 6% in plants from the coatPR treatment.

Table 5.2. Cowpea grain content in different inoculation treatments [control, Pseudomonas libanensis +
Rhizophagus irregularis (coatPR), P. libanensis and a mixture of R. irregularis isolates (coatPMR)]

Treatment Crude protein Fat (%) Crude fiber (%) Ash (%)

Control 20.8+0.3 1.0£0.03 a 3.840.1 3.2+0.05 a
CoatPR 20.8+0.5 [.1£0.04 a 3.9+0.1 3.4+0.06 b
CoatPMR 21.1x04 1.3£0.02 b 3.7£0.1 3.2+0.05 a

Mean (x SE) followed by letters that indicate significant differences between treatments according to
Duncan’s multiple range test and Kruskal-WVallis test at P < 0.05.

Soil Physicochemical Properties

Soil organic matter (SOM) and pH (Table 5.3) were significantly influenced by coatPMR
inoculation. In terms of SOM, the values were higher in CoatPMR when compared with control.
pH was lower in CoatPMR than that in control and coatPR. Both P and K had similar

concentrations among different treatments.

Table 5.3. Soil physicochemical properties after plant growth.

Treatment pH (H20) SOM (%) N (%) P (mgP205 kg-1) K (mg K20 kg-1)

Control 8.2+0.03a 0.8+0.06a 0.07+0.00 358+27 1753
CoatPR 8.2+0.03a 0.910.03ab 0.08+£0.03 35411 1661
CoatPMR  8.1£0.00b 1.1+0.00b 0.08+0.03 355+5 173+4

Mean (+ SE) followed by letters that indicate significant differences between treatments according to
Duncan’s multiple range test and Kruskal-Wallis test at P < 0.05. CoatPR (Pseudomonas libanensis +
Rhizophagus irregularis), coatPMR (P. libanensis + mixture of R. irregularis isolates), nitrogen (N), soil organic
matter (SOM), phosphorus (P) and potassium (K).

Microbial Colonization

Mycorrhizal colonization was significantly lower in coatPMR plants, which had a percentage
of RLC of 29%, a substantial reduction in comparison with the 41% of colonization observed in
control roots (Figure 5.3). Although coatPR treatment also showed a reduced percentage of RLC
(37%), in this case the difference was not significant. After 83 days of plant growth, the presence
of P. libanensis TR1 could not be confirmed in the roots and rhizosphere of coated cowpea. The

presence of general bacteria and the Pseudomonas genus were positively confirmed in cowpea
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rhizosphere by PCR detection using general primers (27f-1492r and GyrBF-GyrBR). However, the

use of specific primers did not evidence the presence of our strain by the end of the assay.
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Figure 5.3. Mycorrhizal colonization, expressed as percentage of root length colonization (% RLC) in the
roots of cowpea non-inoculated (control) and inoculated with Pseudomonas libanensis + Rhizophagus
irregularis BEG 140 (coatPR) or Pseudomonas libanensis + mixture of R. irregularis BEG 141, BEG236, DAOM
197198, KW and AS (coatPMR) via seed coating. Columns are means + | SE and letters indicate significant
differences (P < 0.05) according to Duncan’s Multiple Range test.

Discussion

Previous greenhouse studies reported benefits from AM fungi and PGPR either inoculated
in the soil (Dastager et al., 201 |; Omirou et al., 2016; Oliveira et al., 2017a, Oruru et al., 2018) or
inoculated through seed coating (Rocha et al., in press) in cowpea performance. Nevertheless,
there is still lack of information on microbial field performance particularly AM fungi, which can
represent a significant barrier to up-scale microbial applications (Thirkell et al., 2017; Lekberg and
Helgason, 2018). Our results indicate that seed coating with multiple AM fungal isolates and PGPR
can be a promising tool to enhance cowpea productivity under field conditions, depending on the
combination of beneficial microbes. According to Malusa et al. (2016), consortia of beneficial
microbes can be more efficient than single-strain inoculants, due to the combination of various
mechanisms of action of the different microorganisms present. In the field, plant global response
should be considered multi-factorial and so, versatile consortia of microbes that harbor different
characteristics can complement each other and become more functional. Yet, host specificity of
microbial strains and growing conditions (e.g. soil properties, native microbiota, nutrition) can
greatly affect the efficacy of beneficial microbes in improving the productivity of agricultural crops
(Pellegrino and Bedini, 2014). In our study, coating with P. libanensis + multiple isolates of R.
irregularis showed maximum cowpea growth and yield among treatments, while P. libanensis + R.
irregularis single-isolate coating did not bring any advantage to cowpea performance. Despite having
the same shoot biomass, plants from coatPR treatment produced fewer seeds than control,

resulting in lower harvest index. The absence of beneficial effects of co-inoculation of P. libanensis

90



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

+ R. irregularis BEG 140 coated onto cowpea seeds have already been shown in a greenhouse trial
conducted by Ma et al. (2019). In the study, improvement in plant growth was only observed when
P. libanensis was singly inoculated. Inoculation of a consortium of P. libanensis and R. irregularis
showed no growth improvement on cowpea.

An estimation of the production cost of seed coating with microbial inoculants and the grain
yield obtained in our study (see Table 5.1), showed that, choosing the right inoculum is crucial to
obtain substantial profits for the farmer. Considering the producer price of chickpea in United
States of America as 0.824 USD Kg-! (FAOSTAT, 2005) and the cost of seed coating 154.67 USD
ha-! (estimation from the price of inocula and seed coating procedure, including coating materials
and labor) the obtained profit for the farmer would be of 2090.65, 1896.13 and 3101,56 USD ha-
I for the control treatment, PRcoat and PMRcoat, respectively. This corresponds to an increase
of 48% in profit brought by the use of seeds coated with the mixture of R. irregularis isolates.

Besides yield and growth promotion, PGPR and AM fungi can improve the nutritional quality
of leaves, fruits or seeds of different crops (Berta et al., 2014; Hernandez et al., 2016; Bona et al.,
2017) and soil properties (Wu et al., 2008; Nadeem et al., 2014). In our study, lipid content and
ash were increased by coatPMR and coatPR, respectively. Soil physicochemical properties were
slightly modified after the growth of plants inoculated with P. libanensis + multiple AM fungi isolates.
After plant harvest, soil pH was slightly reduced (0.l units) and SOM experienced a significant
increase (37.5%) when compared with control. It is well known that soil parameters such as SOM
and pH strongly affect soil functions and nutrient bioavailability (Lehmann et al., 2014; Lehmann
and Rillig, 2015). SOM contribute significantly to improving soil structure and aggregation, soil
fertility, water retention and soil biodiversity. Usually, increases in SOM correspond to higher
plant productivity (Lehmann and Kleber, 2015). The influence of inoculation of P. libanensis +
multiple AM fungi isolates in soil physicochemical properties may have helped to increase cowpea
productivity.

Not always high AM fungi root colonization corresponds to great crop yield (Marulanda et
al., 2009; Ryan and Graham, 2018). Inoculation with AM fungi can significantly influence (e.g.
promoting or hampering) the development of rhizobacteria and other fungi in plant roots and
rhizosphere soils (Koch et al., 201 I; Pellegrino and Bedini., 2014). Our results showed that cowpea
coated with P. libanensis + multiple isolates of AM fungi had the highest productivity, but the lowest
mycorrhizal root colonization. Possibly interspecific competition decreased the presence of native
AM fungi, reducing overall colonization in cowpea roots. AM colonization can be highly dependent
on their host, and in the symbiotic relationship plants can mediate competition to favor the high-
quality interactions (Knegt et al., 2016). By providing different amounts of resources to fungal
species, plants can affect the outcome of fungal competition (Pearson et al,, 1993, Werner and
Kiers, 2015). For instance, Bever et al. (2009) showed that plants can allocate resources in their
roots in a selective way, giving preference and supporting the fungal species that provide more

nutrients. Thus, either AM fungi mixture was more competitive than native AM fungi or a specific
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AM fungal isolate presented better host specificity with cowpea, thereby prevailing over native.
Consequently, it is possible that the reduction in the extent of mycorrhizal root colonization
resulted in lower carbon cost for host plant and thus improved plant yield.

The presence of P. libanensis TR in the roots and rhizosphere of cowpea was not confirmed
at the end of the field experiment. The decline of PGPR colonization in roots and rhizosphere of
host plants can vary from high concentrations to low in a short time (Haas and Défago, 2005),
depending on plant species (Landa et al., 2003). Nevertheless, the absence of the inoculated
bacterial strain does not necessarily imply the absence of its effects as demonstrated by Rosas et
al. (2009), who found that the concentration of the inoculated P. aurantiaca can decrease over

time in the rhizosphere yet, with benefits in plant growth during the entire cycle of the crop.

Conclusions

To our knowledge, this is the first report of the improved yield of cowpea inoculated with
AM fungi and PGPR via seed coating under field condition. In this study seed coating of multiple
AM fungal isolates + P. libanensis improved cowpea productivity and seed quality in the field, when
compared to non-inoculated plants. Apart from the increase in grains ash content, inoculation of
single R. irregularis + P. libanensis did not influence cowpea performance, indicating that the right
microbial combination is essential to achieve improved crop productivity. Substantial profit for
farmers can be obtained through seed coating of cowpea with effective consortia of beneficial
microbes. Seed coating can be a valid approach to deliver beneficial microbes into low-input and

sustainable agricultural systems, aiming at improving soil properties, grain yield and quality.
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In this final chapter the main findings of the previous data chapters are summarized and discussed
in a general context. Future perspectives and potential research lines of microbial seed coating for

sustainable agriculture are also presented.
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General Conclusions

Agriculture is a sector of great importance that is currently facing various pressures (e.g.
environmental degradation, climate change, water and energy scarcity). Thus, a proper and
sustainable management of agricultural systems is required (FAO, 2018a). PBM, such as PGPR and
AM fungi, will play a key role in the future of agriculture (Lesueur et al., 2016; Mahanty et al,,
2017). Yet, despite the well-known and proven benefits of these beneficial microbes, few studies
have been focused on feasible delivery systems to inoculate them in large-scale (Bhardwaj et al.,
2014; O’Callaghan, 2016). In this thesis seed coating was proposed as a viable tool for PGPR and
AM fungi inoculation under greenhouse and field conditions.

The literature review (Chapter 1) shows that the demand for microbial inoculants is rising
and seed coating has the potential to be a cost-competitive and time-saving approach to deliver
PBM. Yet, research on microbial seed coating still has some gaps that limit its broader use.
Inoculant formulation is crucial for microbial survival onto the coated seeds yet, data on this topic
is scarce. Studies comparing inoculant formulations (e.g. coating ingredients, cost) and seed coating
with other inoculation methods are lacking. Inconsistency of results (e.g. biomass or yield increase,
root mycorrhizal colonization, establishment of introduced microbes in the rhizosphere or in
rhizoplane, nutrients enhancement) under field conditions is also a limitation. Finally, for better
improvement of the technique, more clarity regarding the equipment and methodological details

of microbial seed coating is required.
Seed Coating as a Microbial Deliver System

This thesis intended to explore the potential of seed coating as a delivery system for AM
fungi and PGPR, using three major agricultural crops. Maize, cowpea and chickpea are some of the
most cultivated and consumed crops worldwide and were selected due to their economic,
nutritional and environmental importance in agriculture (Zerbe, 2015; Igbal et al., 2006; da Silva
et al,, 2018). Seeds from these crops have different sizes, shapes and germination patterns, which
mean that the seed coating process must be adjusted to the seed type in order to avoid negative
impacts in germination and plant development. Results showed no adverse effect of seed coating
in the germination of maize and chickpea seeds (Chapters 2 and 4, respectively) yet, cowpea seeds
coated with inocula of R. irregularis (singly inoculated or in consortia with P. putida) took longer
time to germinate when compared with seeds singly coated with P. putida and non-coated seeds
(Chapter 3). The AM fungal inocula mixed with coating material hampered the germination which
delayed cowpea development and adaptation to the growing conditions. Thereby, in Chapter 5,
an alternative coating procedure was developed in order to overcome the undesirable delay in
cowpea germination. Hence, improving seed coating and creating new formulations according to

the target crop was shown to be a crucial task to attain a feasible inoculation method.
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As expected seed coating reduced the amount of AM fungi inoculum needed for an effective
inoculation (Chapter 2). The comparison between seed coating and direct soil inoculation of R.
irregularis BEG 140 showed similar root colonization, proving that the use of minor amounts of
inoculum through seed coating is viable. Similar results were published by researchers involved in
this PhD program (Oliveira et al., 2016b) using wheat seeds also coated with R. irregularis BEG 140
and the same coating procedure. Wheat seeds are smaller and thinner than maize seeds and yet,
the technique was successful, showing the potential of seed coating for AM fungi inoculation.
Despite the delay in germination, AM fungi were successfully delivered by seed coating to cowpea
seeds (Chapter 3). In this study, sterile soil was used, and only plants inoculated with AM fungi
presented root AM colonization. On the other hand, in Chapters 4 and 5, notwithstanding the
use of non-sterile agricultural soil (with the presence of native AM fungi), significant differences
after inoculation were detected. Under field conditions, root colonization of chickpea coated with
a mixture of R. irregularis isolates was higher than that of plants inoculated with a single-isolate of
R. irregularis and non-inoculated controls (Chapter 4). The greater root colonization corresponded
to enhanced crop productivity (increased number of pods, seeds and grain yield) for chickpea. The
same mixture of AM fungal isolates was coated onto cowpea seeds together with P. libanensis
which also resulted in improved plant productivity (Chapter 5). However, mycorrhizal
colonization of cowpea coated with P. libanensis + multiple isolates of R. irregularis was significantly
lower when compared to non-inoculated seeds, and seeds coated with P. libanensis + a single
isolate of R. irregularis. The differences between AM root colonization in these two studies could
be related to the host plant, the specificity of the AM fungal isolate, competition with native AM
fungal species and soil physicochemical properties (Pellegrino et al.,, 2014; Kim et al., 2017). These
results indicate that the selection of PBM must be adjusted to the growing conditions and target
plant.

The presence of the PGPR P. fluorescens (Chapter 2) and P. libanensis (Chapter 5) in the
rhizosphere and roots of maize and cowpea, respectively, could not be confirmed by Real Time-
PCR and PCR detection, respectively, at plant harvest. Yet, despite the absence of the bacteria,
prior to sowing, coated seeds had a concentration of 105and 106 CFU per seed for P. fluorescens
and P. putida, respectively, amounts considered sufficient for successful colonization (Weller, 1983;
Tang et al.,, 1995; Landa et al., 2003). The decline of inoculated PGPR in the rhizosphere could
have been related with several factors, including the ability of the bacteria to compete for nutrients
with native microbial community, to adapt to soil conditions (e.g. physicochemical properties,
water availability), and the compatibility with the plant host species, since plants can promote the
presence of some bacteria in detriment of others (Landa et al., 2003; Farrar et al., 2014). Overall,
these findings highlight the need to monitor the survival of inoculated PGPR over time and not

only at plant harvest.
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Microbial Influence According to Fertilization and Water Deficit Regime

About 60% or more of the total applied synthetic fertilizers is lost and not used by plants
(Bhardwaj et al., 2014). PGPR and AM fungi can assist plants by increasing nutrients availability
and/or by preventing nutrients from leaching out (Adesemoye and Kloepper, 2009). One of the
goals of this thesis was to evaluate the role of AM fungi and PGPR inoculation via seed coating in
reducing the input of chemical fertilizers. Maize coated with microbial inoculants displayed
enhanced shoot concentration of macro and micronutrients, under different fertilization regimes
(Chapter 2). N, P, K, Mg and Zn contents in maize shoots were significantly increased in plants
obtained from seeds coated with R. irregularis, particularly in treatments where fertilization was
reduced or absent. On the other hand, plants coated with P. fluorescens presented most of the
nutritional increments when full fertilization was applied. No biomass enhancement was observed
in plants inoculated with P. fluorescens or R. irregularis (single or mixed isolates). These results
confirm the utility of PBM to increase nutrient uptake of crops and improve their nutritional value.
PBM seed coating can be of great interest in nutrient management strategies, especially for low
agrochemical input systems and sustainable agriculture.

Besides nutrients, water is essential for plant development and growth. Water scarcity is a
major constraint for crop productivity, and tends to be intensified by the future climate change
scenario (Misra et al., 2014). The role of microbial inoculants in increasing plant tolerance to
drought is gaining relevance (Li et al., 2014; Vurukunda et al., 2016; Oliveira et al.,, 2017a; b). The
results presented in Chapter 3 showed a general positive effect of AM fungi on cowpea regarding
nutrient uptake, leaf pigments content and leaf gas exchange parameters mostly obtained without
water deficit. However, there was no increase in plant productivity of inoculated plants. This could
be associated with the sink of carbohydrates of the fungal mycelium and the delay on seedling
emergence of AM plants. Moreover, the fact that AM fungal treatments took longer to germinate
could have negatively influenced their relationship with the host plant by affecting the C and
nutrient balance, which can be essential for crop yield and adaptation to water stress. On the
other hand, when singly coated, P. putida increased cowpea root biomass and seed yield under
moderate water deficit. The results obtained in Chapter 3 highlight the importance of selecting

microbial inoculants according to their ability to confer drought tolerance to the target-plant.
Microbial Seed Coating for Field Application

Data regarding benefits of PGPR and AM fungi to crops in real agricultural field conditions
is essential to evaluate the viability of large-scale applications. Especially, for seeds coated with AM
fungi, data on their benefits for crop production, under field conditions, are very scarce. In
Chapters 4 and 5 field trials showed that selection of AM fungal isolates can be determinant for
improving crop productivity. Application of multiple AM fungal isolates was considered the best
strategy to boost chickpea and cowpea productivity, when compared to single AM isolate

inoculation and non-inoculated controls. The use of multiple isolates exhibited benefits under both
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greenhouse and field conditions (Chapter 4). Inoculation may influence soil physicochemical
properties which can consequently improve cowpea productivity (Chapter 5). The findings
indicate that PBM can have an indirect contribution to plants, by altering soil conditions in their
behalf.

An estimation of the production cost of seed coating with microbial inoculants, showed
that, seed coating can be a feasible method for field-delivering PBM with significant economic gains
(Chapters 4 and 5). Nevertheless, the profits are only possible if the applied inocula are best
adapted to the farmer’s needs (target crops, growing conditions and agricultural practices). These
studies increased the knowledge on AM fungi performance under field conditions and were the
first evidence of improved yield of chickpea and cowpea under field conditions through seed

coating inoculation of AM fungi.

Briefly, this PhD thesis contributed to a better understanding of the role of microbial seed
coating in agriculture, by reviewing the work developed so far and by studying seed coating
inoculation on several agricultural crops, with various microbial combinations, under greenhouse
and field conditions. Results confirmed that seed coating is capable to efficiently deliver low
amounts of AM fungi inocula, when compared with direct soil inoculation and assure sufficient
root colonization. Therefore, seeds coating has potential to reduce inoculation costs and
application efforts for farmers (Chapter 2). Coating formulations can be critical for seed
germination, and thus it is important to improve the seed coating technique, not only to be best
adapted to seed germination, but also to ensure the survival of the inoculated PBM (Chapter 3).
Overall, the obtained data confirms the potential of microbial inoculants in improving plant
nutritional status, resistance to water deficit and crop productivity under greenhouse and field
conditions. Yet, results also show that benefits can be highly dependent on the selection and
combination of microbial inoculants and crop growing conditions (Chapters 2, 3, 4 and 5).
Furthermore, field studies are paramount to corroborate the benefits of microbial seed coating
and validate its feasibility for large-scale applications. With the present demand for sustainable
practices, inoculation of AM fungi and PGPR via seed coating can be regarded as a path to

sustainable agriculture.

Future Work

As a tool with great potential to deliver microbial inoculants, such as PGPR and AM fungi,
seed coating can be further explored in order to allow a wider application and integration in
agricultural management strategies. Therefore, the following research lines are proposed for the
progress of microbial seed coating:

. Development of new microbial seed coating formulations. Use of microbial inoculants based

on native isolates that are best adapted to the local edaphoclimatic conditions (e.g.
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temperature, precipitation, soil properties) and agricultural practices (e.g. irrigation,
fertilization). Improvement of viability of inocula for seed coating and reducing the
inoculant-cost using in vitro propagules of AM fungi. Testing novel formulations with low-
cost and alternative coating materials (e.g. binders, fillers/carriers) such as compost and
residues from forestry and agriculture for more environmentally friendly and economical
ingredients.

2. Evaluation of microbial seed coating under various agricultural scenarios. Comparison between
seed coating and other inoculation methods in conventional and organic agricultural fields
by testing the influences of practices such as inter-cropping, reduced fertilization or
irrigation. Further testing of microbial seed coating under stress conditions, such as
drought and salinity, as well as the related mechanisms used by PBM to increase stress
tolerance and crop yield.

3. Improvement of microbial detection. Greenhouse and field studies for evaluating the survival
of PGPR after inoculation, namely the presence in the rhizosphere/roots of the target-
plant over time. Besides detection, it would be of great interest to understand the impact
of the presence/concentration of the bacteria in the plant, by collecting samples of
rhizosphere/roots while performing simultaneous measurements of growth (e.g. shoot
dry weight, number of seeds per plant) and physiological (e.g. photosynthesis, respiration,
plant hormone functions) parameters, in different stages of the plant cycle. Further, the
impact of AM fungi and PGPR inoculation on the native microbial community should be
evaluated.

4. Evaluation of economic feasibility of seed coating. Studies comprising costs and gains for
farmers (e.g. increased yield, reduction of fertilizers/pesticides and irrigation costs) are

required for further assessing profits of seed coating.

PGPR and AM fungi have certainly a place in the future of sustainable agriculture. Therefore,
it is important to assure that they are successfully applied. Seed coating is a tool that, with the
right development and investment, may allow the application of these beneficial microbes at large-

scale in sustainable agricultural systems.

100






References







References

Abdel-Salam, E., Alatar, A. and El-Sheikh, M. A. (2018). Inoculation with arbuscular mycorrhizal
fungi alleviates harmful effects of drought stress on damask rose. Saudi Journal of Biological
Sciences, 25(8), 1772-1780.

Accinelli, C., Abbas, H. K. and Shier, W. T. (2018b). A bioplastic-based seed coating improves
seedling growth and reduces production of coated seed dust. Journal of Crop Improvement,
32(3), 318-330.

Accinelli, C., Abbas, H. K., Little, N. S., Kotowicz J. K., Mencarelli M. and Shier WT (2016). A
liquid bioplastic formulation for film coating of agronomic seeds. Crop Protection, 89, 123-128.

Accinelli, C., Abbas, H. K., Little, N. S., Kotowicz, J. K. and Shier, W. T. (2018a). Biological control
of aflatoxin production in corn using non-aflatoxigenic Aspergillus flavus administered as a
bioplastic-based seed coating. Crop Protection, 107, 87-92.

Adams, A. F. R. and Lowther, W. L. (1970). Lime, inoculation, and seed coating in the
establishment of oversown clovers. New Zealand Journal of Agricultural Research, 13(2), 242-
251.

Adee, S. R,, Pfender, W. F. and Hartnet, D. C. (1990). Competition between Pyrenophora tritici-

repentis and Septoria nodorum in the wheat leaf as measured with de Wit replacement series.
Phytopathology, 80(11), 1177-1182.

Adesemoye, A. O. and Kloepper, . W. (2009). Plant-microbes interactions in enhanced
fertilizer-use efficiency. Applied microbiology and biotechnology, 85(1), 1-12.

Adesemoye, A. O., Torbert, H. A. and Kloepper, J. W. (2008). Enhanced plant nutrient use
efficiency with PGPR and AMF in an integrated nutrient management system. Canadian Journal
of Microbiology, 54(10), 876—886.

Adewole, M. B. and llesanmi, A. O. (2011). Effects of soil amendments on the nutritional quality
of okra (Abelmoschus esculentus [L.] Moench). Journal of Soil Science and Plant Nutrition, 11(3),
45-55.

Adholeya, A., Tiwari, P. and Singh, R. (2005). Large-scale inoculum production of arbuscular
mycorrhizal fungi on root organs and inoculation strategies. In S. Declerck, J. A. Fortin, D. G.
Strullu (Eds.). In vitro culture of mycorrhizas (315-338). Berlin, Springer.

Agaras, B. and Valverde, C. A. (2018). Novel Oligonucleotide Pair for Genotyping Members of
the Pseudomonas Genus by Single-Round PCR Amplification of the gyrB Gene. Methods and
Protocols, 1(3), 24.

Ahammed, G. ], and Yu, J. Q. (Eds.). (2016). Plant hormones under challenging environmental factors.
Heidelberg, Germany, Springer.

Ahmad, I., Ahmad, F., and Pichtel, J. (Eds.). (2011). Microbes and microbial technology, agricultural
and environmental applications. New York: Springer-Verlag.

Ahmed, A. Q,, Javed, N., Khan, S. A., Abbas, H., and Kamran, M. (2016a). Efficacy of rhizospheric
organism Rhizobium leguminosarum against Meloidogyne incognita in soybean. Pakistan Journal of
Agricultural Sciences, 53(02), 377-381.

104



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Ahmed, F. E,, and Suliman, A. S. H. (2010). Effect of water stress applied at different stages of
growth on seed yield and water-use efficiency of cowpea. Agriculture and Biology Journal of
North America, 1(4), 534-540.

Ahmed, M. F,, Zayan, A. S., and Rashed, M. S. (2016b). Evaluation of seed coating with certain
bio-agents against damping-off and root rot diseases of fennel under organic farming system.
Journal of Phytopathology and Pest Management, 3(3), | 1-23.

Akyeampong, E. (1986). Some responses of cowpea to drought stress. In I. Haque, S. Jutzi and
P. ). H. Neate (Eds.) Potentials of Forage Legumes in Farming Systems of Sub-Saharan Africa:
Proceedings of a Workshop Held at ILCA, Addis Ababa, Ethiopia, 16-19 September 1985.

Alloush, G. A, and Clark, R. B. (2001). Maize response to phosphate rock and arbuscular
mycorrhizal fungi in acidic soil. Communications in Soil Science and Plant Analysis, 32(1), 231-
254.

Amutha, M. (2017). Establishment of Beauveria bassiana (Balsamo) Vuillemin as an Endophyte in
Cotton. International Journal of Current Microbiology and Applied Sciences, 6(6), 2506-2513.

Andrade, M. M. M,, Stamford, N. P., Santos, C. E. R, Freitas, A. D. S., Sousa, C. A,, and Junior, M.
A. L. (2013). Effects of biofertilizer with diazotrophic bacteria and mycorrhizal fungi in soil
attribute, cowpea nodulation yield and nutrient uptake in field conditions. Scientia
Horticulturae, 162, 374-379.

Anis, M., Zaki, M. ., and Dawar, S. (2012). Development of a Na-alginate-based bioformulation
and its use in the management of charcoal rot of sunflower (Helianthus annuus L.). Pakistan
Journal of Botany, 44(3), 1167-1170.

Anjaiah, V., Thakur, R. P., and Koedam, N. (2006). Evaluation of bacteria and Trichoderma for
biocontrol of pre-harvest seed infection by Aspergillus flavus in groundnut. Biocontrol Science
and Technology, 16(4), 431-436.

Antoun, H. and Kloepper, J. W. (2001). Plant growth promoting rhizo-bacteria. In S. Brenner
and J. H. Miller (Eds). Encyclopedia of Genetics (pp 1477-1480). New York: Academic.

Augé, R. M., Toler, H. D. and Saxton, A. M. (2015). Arbuscular mycorrhizal symbiosis alters
stomatal conductance of host plants more under drought than under amply watered
conditions: a meta-analysis. Mycorrhiza, 25(1), 13-24.

Babychan, M. and Simon, S. (2017). Efficacy of Trichoderma spp. against Fusarium oxysporum f. sp.
lycopersici. (FOL) infecting pre-and post-seedling of tomato. Journal of Pharmacognosy and
Phytochemistry, 6(4), 616-619.

Bacilio-Jiménez, M., Aguilar-Flores, S., Ventura-Zapata, E., Pérez-Campos, E., Bouquelet, S. and
Zenteno, E. (2003). Chemical characterization of root exudates from rice (Oryza sativa) and
their effects on the chemotactic response of endophytic bacteria. Plant and Soil, 249, 271-277.

Backer, R., Rokem, |. S., llangumaran, G., Lamont, |., Praslickova, D., Ricci, E., Subramanian S. and
Smith, D. L. (2018). Plant growth-promoting rhizobacteria: context, mechanisms of action,
and roadmap to commercialization of biostimulants for sustainable agriculture. Frontiers in
Plant Science, 9(2),1473.

Bakker, P. A., Pieterse, C. M. and Van Loon, L. C. (2007). Induced systemic resistance by
fluorescent Pseudomonas spp. Phytopathology, 97(2), 239-243.

105



References

Bardgett, R. D. and Van der Putten, W. H. (2014). Belowground biodiversity and ecosystem
functioning. Nature, 515, 505-551.

Bardi, L. and Malusa, E. (2012). Drought and nutritional stresses in plant: Alleviating role of
rhizospheric microorganisms. In N. Haryana and S. Punj (Eds.) Abiotic stress: New research (pp.
1-57). New York: Nova Science Publishers Inc.

Barea, . M., Andrade, G., Bianciotto, V. V., Dowling, D., Lohrke, S., Bonfante, P., O’Gara, F. and
Azcon-Aguilar, C. (1998). Impact on arbuscular mycorrhiza formation of Pseudomonas strains

used as inoculants for biocontrol of soil-borne fungal plant pathogens. Applied and
Environmental Microbiology, 64(6), 2304-2307.

Bashan, Y. (1986). Alginate beads as synthetic inoculant carriers for slow release of bacteria that
affect plant growth. Applied and Environmental Microbiology, 51(5), 1089-1098.

Bashan, Y. (1998). Inoculants of plant growth-promoting bacteria for use in agriculture.
Biotechnology Advances, 16(4), 729-770.

Bashan, Y., de-Bashan, L. E., Prabhu, S. R., and Hernandez, J. P. (2014). Advances in plant growth-
promoting bacterial inoculant technology: formulations and practical perspectives (1998-
2013). Plant and Soil, 378(1-2), 1-33.

Bender, S. F., Wagg, C., and van der Heijden, M. G. (2016). An underground revolution:
biodiversity and soil ecological engineering for agricultural sustainability. Trends in ecology and
evolution, 31(6), 440-452.

Berg, G. (2009). Plant-microbe interactions promoting plant growth and health: perspectives for
controlled use of microorganisms in agriculture. Applied Microbiology and Biotechnology, 84(1),
1-18.

Berninger, T., Mitter, B., and Preininger, C. (2016). The smaller, the better? The size effect of
alginate beads carrying plant growth-promoting bacteria for seed coating. Journal of
Microencapsulation, 33(2), 127-136.

Berruti, A., Lumini, E., Balestrini, R. and Bianciotto, V. (2016). Arbuscular mycorrhizal fungi as
natural biofertilizers: Let's benefit from past successes. Frontiers in Microbiology, 6, 1559.

Berta, G., Copetta, A., Gamalero, E., Bona, E., Cesaro, P., Scarafoni, A., and D’Agostino, G.
(2014). Maize development and grain quality are differentially affected by mycorrhizal fungi
and a growth-promoting pseudomonad in the field. Mycorrhiza, 24(3), 161-170.

Berta, G., Fusconi, and A,, Hooker, J. E. (2002). Arbuscular mycorrhizal modifications to plant
root systems. In S. Gianinazzi and H. Schuepp (Eds). Mycorrhizal technology: from genes to
bioproducts — achievement and hurdles in arbuscular mycorrhizal research (pp 71-101). Basel:
Birkhauser.

Bever, . D., Richardson, S. C., Lawrence, B. M., Holmes, J., and Watson, M. (2009). Preferential
allocation to beneficial symbiont with spatial structure maintains mycorrhizal mutualism.
Ecology Letters, 12(1), 13-21.

Bever, J. D., Schultz, P. A, Pringle, A., and Morton, J. B. (2001). Arbuscular Mycorrhizal Fungi:
More Diverse than Meets the Eye, and the Ecological Tale of Why: The high diversity of
ecologically distinct species of arbuscular mycorrhizal fungi within a single community has
broad implications for plant ecology. BioScience, 51(11), 923-931.

106



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Bhardwaj, D., Ansari, M., Sahoo. R., and Tuteja, N. (2014). Biofertilizers function as key player
in sustainable agriculture by improving soil fertility, plant tolerance and crop productivity.
Microbial Cell Factories, 13, 66.

Bhattacharyya, P. N., and Jha, D. K. (2012). Plant growth-promoting rhizobacteria (PGPR):
emergence in agriculture. World Journal of Microbiology and Biotechnology, 28(4), 1327-1350.

Birhane, E., Sterck, F. J., Fetene, M., Bongers, F., and Kuyper, T. W. (2012). Arbuscular
mycorrhizal fungi enhance photosynthesis, water use efficiency, and growth of frankincense
seedlings under pulsed water availability conditions. Oecologia, 169(4), 895-904.

Boby, V. U., Balakrishna, A. N., and Bagyaraj, D. . (2008). Interaction between Glomus mosseae
and soil yeasts on growth and nutrition of cowpea. Microbiological Research, 163(6), 693—-700.

Bona, E., Cantamessa, S., Massa, N., Manassero, P., Marsano, F., Copetta, A, Lingua, G,
D'Agostino, G., Gamalero, E., and Berta, G. (2017). Arbuscular mycorrhizal fungi and plant
growth-promoting pseudomonads improve yield, quality and nutritional value of tomato: a field
study. Mycorrhiza, 27(1), 1-11.

Brick, J. M., Bostock, R. M., and Silverstone, S. E. (1991). Rapid in situ assay for indoleacetic acid
production by bacteria immobilized on nitrocellulose membrane. Applied and Environmental
Microbiology, 57(2), 535-538.

Brockwell, J., and Phillips, L. J. (1970). Studies on seed pelleting as an aid to legume seed
inoculation. 3. Survival of Rhizobium applied to seed sown into hot, dry soil. Australian Journal
of Experimental Agriculture, 10(47), 739-744.

Biicking, H., and Kafle, A. (2015). Role of arbuscular mycorrhizal fungi in the nitrogen uptake of
plants: Current knowledge and research gaps. Agronomy, 5(4), 587-612.

Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., and Schulze-Lefert, P. (2013).
Structure and functions of the bacterial microbiota of plants. Annual Review of Plant Biology,
64, 807-838.

Busby, P. E., Soman, C., Wagner, M. R, Friesen, M. L., Kremer, J., Bennett, A., Morsy, M., Eisen,
J. A, Leach, J. E,, and Dangl, ]. L. (2017) Research priorities for harnessing plant microbiomes
in sustainable agriculture. PLoS Bioliology, 15(3), €2001793.

Cappuccino, . C., and Sherman, N. (1992). Negative staining. In J. C. Cappuccino and N. Sherman
(Eds.). Microbiology: A laboratory manual (3rd ed., pp. 125-179). Redwood City:
Benjamin/Cummings Publishing Co., Inc.

Cely, M. V,, de Oliveira, A. G,, de Freitas, V. F,, de Luca, M. B., Barazetti, A. R., dos Santos, |. M.,
Gionco, B., Garcia G. V., Prete, C. E, and Andrade, G. (2016). Inoculant of arbuscular
mycorrhizal fungi (Rhizophagus clarus) increase yield of soybean and cotton under field
conditions. Frontiers in Microbiology, 7, 720.

Chamovitz, D., Sandmann, G., and Hirschberg, J. (1993). Molecular and biochemical
characterization of herbicide-resistant mutants of cyanobacteria reveals that phytoene
desaturation is a rate-limiting step in carotenoid biosynthesis. Journal of Biological Chemistry,
268(23), 17348-17353.

107



References

Chen, C. R,, Condron, L. M., and Xu, Z. H. (2007). Impacts of grassland afforestation with
coniferous trees on soil phosphorus dynamics and associated microbial processes: A review.
Forest Ecology Management, 255(3-4), 396—409.

Chen, S., Zhao, H., Zou, C,, Li, Y., Chen, Y., Wang, Z,, Jiang, Y., Liu, A., Zhao, P., Wang, M., and
Ahammed, G. J. (2017). Combined inoculation with multiple arbuscular mycorrhizal fungi

improves growth, nutrient uptake and photosynthesis in cucumber seedlings. Frontiers in
Microbiology, 8, 2516.

Choi, E. S., Sukweenadhi, J., Kim, Y. |, Jung, K. H,, Koh, S. C,, Hoang, V. A, and Yang, D. C.
(2016). The effects of rice seed dressing with Paenibacillus yonginensis and silicon on crop
development on South Korea’s reclaimed tidal land. Field Crops Research, 188, 121-132.

Christensen, G. D., Simpson, W. A, Younger, |. ]., Baddour, L. M., Barrett, F. F,, Melton, D. M.,
and Beachey, E. H. (1985). Adherence of coagulase negative Staphylococci to plastic tissue

culture plates: A quantitative model for the adherence of Staphylococci to medical devices.
Journal of Clinical Microbiology, 22(6), 996—1006.

Chun, S. C,, and Chandrasekaran, M. (2018). Proline Accumulation influenced by Osmotic stress
in Arbuscular Mycorrhizal symbiotic plants. Frontiers in Microbiology, 9, 2525.

Clark, R. B., Zeto, S. K. (2000). Mineral acquisition by arbuscular mycorrhizal plants. Journal of
Plant Nutrition, 23(7), 867—902.

Colla, G., Rouphael, Y., Bonini, P., and Cardarelli, M. (2015a). Coating seeds with endophytic
fungi enhances growth, nutrient uptake, yield and grain quality of winter wheat. International
Journal of Plant Production, 9(2), 171-190.

Colla, G, Rouphael, Y., Di Mattia, E., EI-Nakhel, C., and Cardarelli, M. (2015b). Co-inoculation
of Glomus intraradices and Trichoderma atroviride acts as a biostimulant to promote growth,
yield and nutrient uptake of vegetable crops. Journal of Science and Food Agriculture, 95(8),
1706—1715.

Compant, S., Duffy, B., Nowak, J., Clément, C., and Barka, E. A. (2005). Use of plant growth-
promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action, and
future prospects. Journal of Applied Environmental Microbiology, 71(9), 4951-4959.

Conway, G. R, and Barbier, E. B. (2013). After the green revolution: sustainable agriculture for
development. London: Earthscan.

Couillerot, O., Bouffaud, M. L., Muller, D., Caballero-Mellado, J., and Moénne-Loccoz, Y. (2010).
Development of a real-time PCR method to quantify the PGPR strain Azospirillum lipoferum
CRTI on maize seedlings. Soil Biology and Biochemistry, 42(12), 2298-2305.

Couillerot, O., Ramirez-Trujillo, A., Walker, V., Von Felten, A, Jansa, ., Maurhofer, M., Défago,
G., Prigent-Combarte, C., Comte, G., Caballero-Mellado, J., Moénne-Loccoz, Y. (2013).
Comparison of prominent Azospirillum strains in Azospirillum-Pseudomonas-Glomus consortia
for promotion of maize growth. Applied Microbiology and Biotechnology, 97, 4639-4649.

Crowder, D. W.,, Northfield, T. D., Strand, M. R., and Snyder, W. E. (2010). Organic agriculture
promotes evenness and natural pest control. Nature, 466, 109.

108



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Da Silva, A. C., da Costa Santos, D., Junior, D. L. T., da Silva, P. B., dos Santos, R. C., and Siviero,
A. (2018). Cowpea: A Strategic Legume Species for Food Security and Health. In J. Jimenez-
Lopez and A. Clemente (eds.). Legume Seed Nutraceutical Research. London: IntechOpen.

Dal Cortivo, C., Barion, G., Visioli, G., Mattarozzi, M., Mosca, G., and Vamerali, T. (2017).
Increased root growth and nitrogen accumulation in common wheat following PGPR
inoculation: assessment of plant-microbe interactions by ESEM. Agriculture, Ecosystems and
Environment, 247, 396-408.

Dastager, S. G., Deepa, C. K., and Pandey, A. (2011). Plant growth promoting potential of
Pontibacter niistensis in cowpea (Vigna unguiculata (L.) Walp.). Applied Soil Ecolology, 49, 250-
255.

Dawar, S., Hayat, S., Anis, M., and Zaki, M. J. (2008). Effect of seed coating material in the efficacy
of microbial antagonists for the control of root rot fungi on okra and sunflower. Pakistan
Journal of Botany, 40(3), 1269-1278.

De Albuquerque, F. M. C,, and de Carvalho, N. M. (2003). Effect of type of environmental stress
on the emergence of sunflower (Helianthus annuus L.), soyabean (Glycine max (L.) Merril) and
maize (Zea mays L.) seeds with different levels of vigor. Seed Science and Technology, 31(2),
465-467.

De Souza, R., Ambrosini, A., and Passaglia, L. M. P. (2015). Plant growth-promoting bacteria as
inoculants in agricultural soils. Genetic and Molecular Biology, 38(4), 404-419.

Deaker, R., Hartley, E., and Gemell, G. (2012). Conditions affecting shelf-life of inoculated legume
seed. Agriculture, 2, 38-51.

Deaker, R., Roughley, R. ], and Kennedy, I. R. (2004). Legume seed inoculation technology - a
review. Soil Biology and Biochemistry, 36(8), 1275-1288.

Diniz, K. A., Oliveira, J. A, Guimaraes, R. M., Carvalho, M. L. M. D., and Machado, . D. C. (2006).
Incorporagio de microrganismos, aminoacidos, micronutrientes e reguladores de

crescimento em sementes de alface pela técnica de peliculizagao. Revista Brasileira de Sementes,
28(3), 37-43.

Diniz, K. A, Silva, P. D. A,, Oliveira, J. A., and Evangelista, J. R. E. (2009). Sweet pepper seed
responses to inoculation with microorganisms and coating with micronutrients, aminoacids
and plant growth regulators. Scientia Agricola, 66(3), 293-297.

Dobereiner, |., Marriel, I. E., and Nery, M. (1976). Ecological distribution of Spirillum lipoferum
Beijerinck. Canadian Journal of Microbiology, 22(10), 1464—1473.

Dodd, I. C,, and Ruiz-Lozano, J. M. (2012). Microbial enhancement of crop resource use
efficiency. Current Opinion in Biotechnology, 23(2), 236— 242.

Domaradzki, M., Kaniewska, J., and Weiner, W. (2012). The Application of agglomerative
granulation for seeds. Part 2. Pelleting of organic seeds. Chemik, 66(5), 473-478.

Duarah, 1., Deka, M., Saikia, N., and Boruah, H. D. (201 I). Phosphate solubilizers enhance NPK
fertilizer use efficiency in rice and legume cultivation. 3 Biotech, |(4), 227-238.

Egamberdieva, D., and Adesemoye, A. O. (2016). Improvement of crop protection and yield in
hostile agroecological conditions with PGPRbased biofertilizer formulations. In Arora, N,

109



References

Mehnaz, S. and Balestrini, R. (Eds.). Bioformulations: For sustainable agriculture (pp. 199-211).
New Delhi, India, Springer.

Egamberdieva, D., Wirth, S. J., Alqarawi, A. A., Abd-Allah, E. F.,, and Hashem, A. (2017).
Phytohormones and beneficial microbes: essential components for plants to balance stress
and fitness. Frontiers in Microbiology, 8, 2104.

Egberongbe, H. O., Akintokun, A. K., Babalola, O. O., and Bankole, M. O. (2010). The effect of
Glomus mosseae and Trichoderma harzianum on proximate analysis of soybean (Glycine max (L.)

Merrill.) seed grown in sterilized and unsterilized soil. Journal of Agricultural Extension and Rural
Development, 2(4), 54-58.

Ehsanfar, S., and Modarres-Sanavy, S. A. (2005). Crop protection by seed coating. Communications
in agricultural and applied biological sciences, 70(3), 225-229.

Ehteshamul-Haque, S., Sultana, V., Ara, J., and Athar, M. (2007). Cultivar response against root-
infecting fungi and efficacy of Pseudomonas aeruginosa in controlling soybean root rot. Plant
Biosystems, 141(1), 51-55.

Elzein, A., Heller, A., Ndambi B., De Mol, M., Kroschel, ., and Cadisch, G. (2010). Cytological
investigations on colonization of sorghum roots by the mycoherbicide Fusarium oxysporum f.
sp. strigae and its implications for Striga control using a seed treatment delivery system.
Biological Control, 53(3), 249-257.

Elzein, A., Kroschel, J., and Leth, V. (2006). Seed treatment technology: an attractive delivery
system for controlling root parasitic weed Striga with mycoherbicide. Biocontrol Science and
Technology, 16(1), 3-26.

EN 13805. (2014). Foodstuffs — Determination of trace elements — Pressure digestion. Brussels,
Belgium: European Committee for Standardization.

Erman M., Demir S., Ocak E., Tufenkgi, $., Oguz F., and Akkopru A. (201 I). Effects of Rhizobium,
arbuscular mycorrhiza and whey applications on some properties in chickpea (Cicer arietinum

L.) under irrigated and rainfed conditions. |- Yield, yield components, nodulation and AMF
colonization. Field Crop Research, 122(1), 14-24.

Evelin, H., Giri, B., and Kapoor, R. (2012). Contribution of Glomus intraradices inoculation to
nutrient acquisition and mitigation of ionic imbalance in NaCl-stressed Trigonella foenum-
graecum. Mycorrhiza, 22(3), 203-217.

Fahad, S., Hussain, S., Matloob, A., Khan, F. A, Khalig, A, Saud, S, ... and Faig, M. (2015).
Phytohormones and plant responses to salinity stress: a review. Plant growth regulation, 75(2),
391-404.

Fan, J., McConkey, B., Janzen, H., Townley-Smith L., and Wang, H. (2017). Harvest index—yield
relationship for estimating crop residue in cold continental climates. Field Crop Research, 204,
153-157.

FAO, Food and Agriculture Organization of the United Nations. (2018a). Building a common
vision for sustainable food and agriculture. Principles and Approaches. Rome: Food and

Agriculture Organization of the United Nations.

FAO, Food and Agriculture Organization of the United Nations. (2018b). More people, more
food, worse water?: a global review of water pollution from agriculture. . Mateo-Sagasta, S.

110



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

M. Zadeh, and H. Turral (Eds). Rome: FAO Colombo, Sri Lanka: International WWater
Management Institute. CGIAR Research Program on Water, Land and Ecosystems.

FAOSTAT, Food and Agriculture Organization of the United Nations, Statistics Division. (2016).
Retrieved from: http://www .fao.org/faostat/en/#data/EL/visualize,
http://www.fao.org/faostat/en/#data/QV [accessed July 2018]

FAOSTAT, Food and Agriculture Organization of the United Nations, Statistics Division. (2017).
Retrieved from: http://www.fao.org/faostat/en/#data/QC [accessed March 2019]

FAOSTAT, Food and Agriculture Organization of the United Nations. (2005) Retrieved from:
http://www.fao.org/faostat/en/#data/PP [accessed 20 June 2019]

FAOSTAT. Food and Agriculture Organization of the United Nations, Statistics Division. (2005).
Retrieved from: http://www.fao.org/faostat/en/#data/PP [accessed 10 June 2019]

Farooq, M., Basra, S. M. A,, Wahid, A., Cheema, Z. A., Cheema, M. A,, and Khalig, A. (2008).
Physiological role of exogenously applied glycinebetaine in improving drought tolerance of
fine grain aromatic rice (Oryza sativa L.). Journal of Agronomy and Crop Science, 194(5), 325-
333.

Farooq, M., Gogoi, N., Barthakur, S., Baroowa, B., Bharadwaj, N., Alghamdi, S. S., and Siddique,
K. H. M. (2017). Drought stress in grain legumes during reproduction and grain filling. Journal
of Agronomy and Crop Science, 203(2), 81-102.

Faroog, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). Plant drought stress:
Effects, mechanisms and management. Agronomy for Sustainable Development, 29(1), 185-212.

Farrar, K., Bryant, D., and Cope-Selby, N. (2014). Understanding and engineering beneficial
plant-microbe interactions: plant growth promotion in energy crops. Plant Biotechnology
Journal, 12(2), 1193-1206.

Farzaneh, M., Vierheilig, H., Lossl, A., and Kaul, H. P. (2011). Arbuscular mycorrhiza enhances
nutrient uptake in chickpea. Plant Soil and Environment, 57(10), 465-470.

Fatima, Z., Zia, M., and Chaudhary, M. F. (2006). Effect of Rhizobium strains and phosphorus on
growth of soybean Glycine max and survival of Rhizobium and P solubilizing bacteria. Pakistan
Journal of Botany, 38(2), 459-464.

Fenton, A. M., Stephens, P. M., Crowley, J., O’Callaghan, M., and O’Gara, F. (1992). Exploitation
of gene (s) involved in 2,4-diacetylphloroglucinol biosynthesis to confer a new biocontrol
capability to a Pseudomonas strain. Applied and Environmental Microbiology, 58(12), 3873-3878.

Fierer N., Leff ]. W., Adams B. J,, Nielsen U. N., Bates S. T., Lauber C. L., Owens S., Gilbert J.
A, Wall D. H,, and Caporaso J. G. (2012). Cross-biome metagenomic analyses of soil
microbial communities and their functional attributes. Proceedings of the National Academy of
Sciences, 109(52), 21390-21395

Figueiredo, M. V., Burity, H. A,, Martinez, C. R., and Chanway, C. P. (2008). Alleviation of drought
stress in the common bean (Phaseolus vulgaris L.) by co-inoculation with Paenibacillus polymyxa

and Rhizobium tropici. Applied Soil Ecology, 40(1), 182-188.

Fitter, A. H. (1991). Costs and benefits of mycorrhizas: Implications for functioning under natural
conditions. Experientia, 47(4), 350-355.



References

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, ]. S., Johnston, M., ... Zaks,
D. P. M. (201 1). Solutions for a cultivated planet. Nature, 478, 337-342.

Frew, A., Powell, J. R., Hiltpold, 1., Allsopp, P. G., Sallam, N., and Johnson, S. N. (2017). Host
plant colonisation by arbuscular mycorrhizal fungi stimulates immune function whereas high
root silicon concentrations diminish growth in a soil-dwelling herbivore. Soil Biology and
Biochemistry, 112, 117-126.

Frew, A. (2019). Arbuscular mycorrhizal fungal diversity increases growth and phosphorus
uptake in C3 and C4 crop plants. Soil Biology and Biochemistry, 135, 248-250.

Galvez, L., Douds, ). D. D., Drinkwater, L. E., Wagoner, P. (2001). Effect of tillage and farming
system upon VAM fungus populations and mycorrhizas and nutrient uptake of maize. Plant
and Soil, 228(2), 299-308.

Gamalero, E., Berta, G., Massa, N., Glick, B. R., and Lingua, G. (2008). Synergistic interactions
between the ACC deaminase-producing bacterium Pseudomonas putida UW4 and the AM
fungus Gigaspora rosea positively affect cucumber plant growth. FEMS Microbiology Ecology,
64(3), 459-467.

Garbaye . 1994. Helper bacteria: a new dimension to the mycorrhizal symbiosis. New Phytologist
128(2),197-210.

Garcia, K., and Zimmermann, S. D. (2014). The role of mycorrhizal associations in plant
potassium nutrition. Frontiers in Plant Science, 5, 337.

Gault, R. R, and Brockwell, J. (1980). Studies of seed pelleting as an aid to legume inoculation.
5. Effects of incorporation of molybdenum compounds in the seed pellet on inoculant survival,
seedling nodulation and plant growth of lucerne and subterranean clover. Australian Journal of
Experimental Agriculture, 20(102), 63-71.

Gaur, A. C. (1990). Physiological functions of phosphate solubilizing micro- organisms. In A. C.
Gaur (Ed.), Phosphate solubilizing micro-organisms as biofertilizers (pp. 16—72). New Delhi:
Omega Scientific Publishers.

Geetha, V. V., and Balamurugan, P. (201 I). Organic seed pelleting in mustard. Research Journal of
Seed Science, 4(3), 174-180.

Georgakopoulos, D. G., Fiddaman, P, Leifert, C., and Malathrakis, N. E. (2002). Biological control
of cucumber and sugar beet damping-off caused by Pythium ultimum with bacterial and fungal

antagonists. Journal of Applied Microbiology, 92(6), 1078-1086

Gianinazzi S, and Schiepp H. (1994). Impact of Arbuscular mycorrhizas on substainable
agriculture and natural ecosystems. Basel: Birkhauser.

Giovannetti, M., and Mosse, B. (1980). An evaluation of techniques for measuring vesicular
arbuscular mycorrhizal infection in roots. New Phytologist, 84, 489-500.

Glick, B. R. (2012). Plant growth-promoting bacteria: mechanisms and applications. Scientifica,
2012, 1-15.

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant growth and help to feed
the world. Microbiological Research, 169(1), 30-39.

112



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Glick, B. R. (2018). Soil microbes and sustainable agriculture. Pedosphere, 28(2), 167-169.

Gliessman, SR. (2005). Agroecology and agroecosystems. In J. Pretty (Ed) The earthscan reader in
sustainable agriculture (pp. 104-114). Boca Raton, United States of America, CRC Press.

Gtodowska, M., Husk, B., Schwinghamer, T., and Smith, D. (2016). Biochar is a growth-promoting
alternative to peat moss for the inoculation of corn with a pseudomonad. Agronomy for
Sustainable Development, 36, 1-21.

Gtodowska, M., Schwinghamer, T., Husk, B., and Smith, D. (2017). Biochar based inoculants
improve soybean growth and nodulation. Agricultural Sciences, 8(09), 1048-1064.

Gongalves, A., Goufo, P, Barros, A., Dominguez-Perles, R., Trindade, H., Rosa, E. A,, Ferreira,
L. and Rodrigues, M. (2016). Cowpea (Vigna unguiculata L. Walp), a renewed multipurpose
crop for a more sustainable agri-food system: nutritional advantages and constraints. Journal
of Science and Food Agriculture, 96(9), 2941-2951.

Goswami, D., Thakker, |. N., and Dhandhukia, P. C. (2016). Portraying mechanics of plant growth
promoting rhizobacteria (PGPR): A review. Cogent Food and Agriculture, 2(1), 1127500.

Grafton, R.Q., Daugbjerg, C., and Qureshi, M.E. (2015). Towards food security by 2050. Food
Security, 7(2), 179.

Gryndler, M., Vejsadova, H., and Vancura, V. (1992). The effect of magnesium-ions on the
vesicular arbuscular mycorrhizal infection of maize roots. New Phytologist, 122, 455-460.

Gusain, Y. S, Singh, U. S., and Sharma, A. K. (2015). Bacterial mediated amelioration of drought
stress in drought tolerant and susceptible cultivars of rice (Oryza sativa L.). African Journal of
Biotechnology, 14(9), 764-773.

Haas, D., and Défago, G. (2005). Biological control of soil-borne pathogens by fluorescent
pseudomonads. Nature Reviews Microbiolology, 3(4), 307-331.

Hadar, Y., Harman, G. E,, and Taylor, A. G. (1984). Evaluation of Trichoderma koningii and T.
harzianum from New York soils for biological control of seed rot caused by Pythium spp.
Phytopathology, 74, 106-110.

Haikal, N. Z. (2008). Control of Rhizoctonia solani in Soybean (Glycine max L.) by seed-coating
with Trichoderma viride and Gliocladium virens spores. Journal of Applied Biosciences, 1(2), 34-39.

Hajiboland, R., Aliasgharzadeh, N., Laiegh, S. F., and Poschenrieder, C. (2010). Colonization with
arbuscular mycorrhizal fungi improves salinity tolerance of tomato (Solanum lycopersicum L.)
plants. Plant and Soil, 331(1-2), 313-327.

Halmer, P. (2000). Commercial seed treatment technology. In M. Black, and D. Bewley,
(Eds.), Seed technology and its biological basis (pp. 257—283). England: Sheffield Academic Press.
Halmer, P. (2008). Seed technology and seed enhancement. Acta Horticulturae, 771, 17-26.

Hameed, A., Wu, Q.S., Abd-Allah, E.F., Hashem, A., Kumar, A., Lone, H.A., Ahmad, P.
(2014). Role of AM fungi in alleviating drought stress in plants. In M. Miransari (Eds.), Use of
microbes for the alleviation of soil stresses (pp. 55-75). New York: Springer.

3



References

Hameeda, B., Harini, G., Rupela, O. P,, Rao, J. K., and Reddy, G. (2010). Biological control of
chickpea collar rot by co-inoculation of antagonistic bacteria and compatible Rhizobia. Indian
Journal of Microbiology, 50(4), 419-424.

Hanjra, M. A, and Qureshi, M. E. (2010). Global water crisis and future food security in an era
of climate change. Food Policy, 35(5), 365-377.

Hansen, |, Sato, M., and Ruedy, R. (2012). Perception of climate change. Proceedings of the
National Academy of Sciences, 109 (37), E2415-E2423.

Hart, M. M., and Klironomos, J. N. (2003). Diversity of arbuscular mycorrhizal fungi and
ecosystem functioning. In M.G.A. van der Heijden, |.R. Sanders (Eds.) Mycorrhizal ecology.
Berlin, Heidelberg, Springer.

Hart, M. M., Antunes, P. M., Chaudhary, V. B, and Abbott, L. K. (2018). Fungal inoculants in the
field: Is the reward greater than the risk?. Functional Ecology, 32, 126-135.

Hartley, E. J., Gemell, L. G., and Deaker, R. (2013). Some factors that contribute to poor survival
of rhizobia on preinoculated legume seed. Crop and Pasture Science, 63(9), 858-865.

Hartley, E., Gemell, L. G., and Herridge, D. F. (2004). Lime pelleting inoculated serradella
(Ornithopus spp.) increases nodulation and yield. Soil Biology and Biochemistry, 36(8), 1289-1294.

Hartmann, A., Rothballer, M., and Schmid, M. (2008). Lorenz Hiltner, a pioneer in rhizosphere
microbial ecology and soil bacteriology research. Plant and Soil, 312(1-2), 7-14.

Hartz, T. K., and Caprile, J. (1995). Germination of sh2 sweet corn following seed disinfestation,
solid-matrix priming, and microbial seed treatment. HortScience, 30(7), 1400-1402.

Hashem, A., Kumar, A., Al-Dbass, A. M., Alqarawi, A. A,, Al-Arjani, A.B.F., Singh, G., Farooq, M,,
Abd_Allah, E.F. (2018). Arbuscular mycorrhizal fungi and biochar improves drought tolerance
in chickpea. Saudi Journal of Biological Sciences, 26(3), 614-624.

Heo, K. R, Lee, K. Y, Lee, S. H,, Jung, S. |, Lee, S. W., and Moon, B. J. (2008). Control of
crisphead lettuce damping-off and bottom rot by seed coating with alginate and Pseudomonas
aeruginosa LY-11. The Plant Pathology Journal, 24(1), 67-73.

Hernandez, |. L. G., Hernandez-Montiel, L. G., Zulueta-Rodriguez, R., Cordoba-Matson, M. V.,
Ortega-Garcia, ., Murillo-Amador, ... and Puente, E. O. R. (2016). Effect by plant growth
promoting bacteria (Azospirillum halopraeferens and Klebsiella pneumoniae) on lipid value in
seed of the halophyte Salicornia bigelovii Torr. In M. Khan, B. Boér, M. Ozturk, M. Cliisener-
Godt, B. Gul, S. W. Breckle (Eds) Sabkha Ecosystem V: The Americas (pp. 397-403). Cham:
Springer.

Herrmann, L., and Lesueur, D. (2013). Challenges of formulation and quality of biofertilizers for
successful inoculation. Applied Microbiology and Biotechnology, 97(20), 8859-8873.

Howell, C. R. (1991). Biological control of Pythium damping-off of cotton with seed-coating
preparations of Gliocladium virens. Phytopathology, 81(7), 738-741.

Ingraffia, R., Amato, G., Frenda, A. S., and Giambalvo, D. (2019). Impacts of arbuscular

mycorrhizal fungi on nutrient uptake, N2 fixation, N transfer, and growth in a wheat/faba
bean intercropping system. PLoS One, 14(3), e0213672.

14



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Inskeep, W. P., and Bloom, P. R. (1985). Extinction coefficients of chlorophyll a and b in N, N-
dimethylformamide and 80% acetone. Plant Physiology, 77(2), 483-485.

IPCC. (2014). Climate Change 2014: Mitigation of Climate Change. Contribution of Working
Group lll to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, ... and J.C.
Minx (Eds.). Cambridge: Cambridge University Press.

IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups |, Il
and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
R.K. Pachauri and L.A. Meyer (eds.). Geneva: IPCC.

IPCC. (2018). Global Warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate change,

sustainable development, and efforts to eradicate poverty. Masson-Delmotte, V., P. Zhai, H.-
O. Portner, D. Roberts, . Skea, P.R. Shukla, ... and T. Waterfield (eds.). In Press.

Igbal, A, Ateeq, N. Khalil, I. A, Perveen, S. Saleemullah, S. (2006). Physicochemical
characteristics and amino acid profile of chickpea cultivars grown in Pakistan. Journal of
Foodservice banner, 17(2), 94—101.

ISO 20483. (2006). Cereals and pulses — Determinations of the nitrogen content and calculation
of the crude protein content: Kjeldahl method. International Organization for
Standardization.

ISO 2171. (2007). Cereals, pulses and by-products — Determination of ash yield by incineration.
International Organization for Standardization.

Jacob, S. R., Kumar, M. A,, Varghese, E., and Sinha, S. N. (2016). Hydrophilic polymer film coat
as a micro-container of individual seed facilitates safe storage of tomato seeds. Scientia
Horticulturae, 204, 116-122.

Jacobsen, I., Smith, S. E., and Smith, F. A. (2002). Function and diversity of arbuscular mycorrhizae
in carbon and mineral nutrition. In M. G. A. Van der Heijden and I. R. Sanders (Eds.),
Mycorrhizal ecology (Ist ed., pp. 75-92). Berlin: Springer.

Jacoby, R., Peukert, M., Succurro, A., Koprivova, A., and Kopriva, S. (2017). The role of soil
microorganisms in plant mineral nutrition—current knowledge and future directions. Frontiers
in Plant Science, 8, 1617.

Jaleel, C. A,, Manivannan, P, Wahid, A., Farooq, M., Somasundaram, R., and Panneerselvam, R.
(2009). Drought stress in plants: A review on morphological characteristics and pigments
composition. International Journal of Agriculture and Biology, 11(1), 100—105.

Jambhulkar, P. P., Sharma, P., and Yadav, R. (2016). Delivery systems for introduction of microbial
inoculants in the field. In D. Singh, H. Singh, and R. Prabha (Eds.), Microbial inoculants in
sustainable agricultural productivity (pp. 199-218). New Delhi: Springer.

Jansa, J., Smith, F. A., and Smith, S. E. (2008). Are there benefits of simultaneous root colonization
by different arbuscular mycorrhizal fungi? New Phytologist, 177(3), 779-789.

Jansa, J., Thonar, C., Frossard, E. (2009). Enhancement of symbiotic benefits through
manipulation of the mycorrhizal community composition. Aspects of Applied Biology, 98, 9-15.

15



References

Jarak, M., Mrkovacki, N., Bjeli¢, D., Josi¢, D., Hajnal-Jafari, T., and Stamenov, D. (2012). Effects of
plant growth promoting rhizobacteria on maize in greenhouse and field trial. African Journal of
Microbiology Research, 6(27), 5683-5690

Jeffries, P., Gianinazzi, S., Perotto, S., Turnau, K., and Barea, ). M. (2003). The contribution of

arbuscular mycorrhizal fungi in sustainable maintenance of plant health and soil fertility. Biology
and Fertility of Soils, 37(1), 1-16.

Jensen, B., Knudsen, I. M., and Jensen, D. F. (2000). Biological seed treatment of cereals with
fresh and long-term stored formulations of Clonostachys rosea: Biocontrol efficacy against
Fusarium culmorum. European Journal of Plant Pathology, 106(3), 233-242.

John, R. P., Tyagi, R. D., Brar, S. K, and Prévost, D. (2010). Development of emulsion from
rhizobial fermented starch industry wastewater for application as Medicago sativa seed coat.
Engineering in Life Sciences, 10(3), 248-256.

John, R. P,, Tyagi, R. D., Brar, S. K., Surampalli, R. Y., and Prevost, D. (201 1). Bio-encapsulation
of microbial cells for targeted agricultural delivery. Critical Reviews in Biotechnology, 31(3), 21 1-
226.

Johnson, D., Vandenkoornhuyse, P. J., Leake, . R., Gilbert, L., Booth, R. E., Grime, J. P., Young,
P. W.,, and Read, D. ]. (2003). Plant communities affect arbuscular mycorrhizal fungal diversity
and community composition in grassland microcosms. New Phytologist, 161(2), 503-515

Jukanti, A K., Gaur P.M., Gowda, C.L., and Chibbar, R.N. (2012). Nutritional quality and health
benefits of chickpea (Cicer arietinum L.): a review. The British Journal of Nutrition, 108, | 1-26.

Junges, E., Toebe, M., Santos, R. F. D,, Finger, G., and Muniz, M. F. B. (2013). Effect of priming
and seed-coating when associated with Bacillus subtilis in maize seeds. Revista Ciéncia
Agronomica, 44(3), 520-526.

Kanianska, R. (2016). Agriculture and its impact on land-use, environment, and ecosystem
services. In A. Almusaed (Ed.), Landscape ecology - The influences of land use and anthropogenic
impacts of landscape creation. Rijeka: InTech.

Kasim, W. A, Osman, M. E.,, Omar, M. N,, El-Daim, I. A. A, Bejai, S., and Meijer, J. (2013).
Control of drought stress in wheat using plant-growth- promoting bacteria. Journal of Plant
Growth Regulation, 32(1), 122—-130.

Kaufman, G. (1991). Seed coating: a tool for stand establishment; a stimulus to seed quality.
HortTechnology, 1(1), 98-102.

Kay, S. J., and Stewart, A. (1994). Evaluation of fungal antagonists for control of onion white rot
in soil box trials. Plant Pathology, 43(2), 371-377.

Kaya, C., Higgs, D., Kirnak, H., and Tas, I. (2003). Mycorrhizal colonization improves fruit yield
and water use efficiency in watermelon (Citrullus lanatus Thunb) grown under well-watered
and water-stressed conditions. Plant and Soil, 253(2), 287-292.

Kazempour, M. N. (2004). Biological control of Rhizoctonia solani, the causal agent of rice sheath

blight by antagonistics bacteria in greenhouse and field conditions. Plant Pathology Journal, 3(2),
88-96.

Ié



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Kempel, A., Schmidt, A. K., Brand|, R., and Schadler, M. (2010). Support from the underground:
Induced plant resistance depends on arbuscular mycorrhizal fungi. Functional Ecology, 24(2),
293-300.

Khan, M. S,, Zaidi, A., and Musarrat, J. (2010). Microbes for legume improvement. Vienna: Springer.

Khan, N., Mishra, A., Chauhan, P. S., and Nautiyal, C. S. (2011). Induction of Paenibacillus
lentimorbus biofilm by sodium alginate and CaCl2 alleviates drought stress in chickpea. Annals
of Applied Biology, 159(3), 372-386.

Khush, G. S. (2001). Green revolution: the way forward. Nature reviews genetics, 2(10), 815.

Kim, S. ., Eo, J.K,, Lee, E.H,, Park, H., Eom, A. H. (2017). Effects of arbuscular mycorrhizal fungi
and soil conditions on crop plant growth. Mycobiology, 45(1), 20-24.

Klironomos, J. N. (2000). Host-specificity and functional diversity among arbuscular mycorrhizal
fungi. Microbial biosystems: New Frontiers, |, 845-851.

Klironomos, J. N. (2003). Variation in plant response to native and exotic arbuscular mycorrhizal
fungi. Ecology, 84(9), 2292-2301

Kloepper, |., and Schroth, M. N. (1978). Plant growth-promoting rhizobacteria on radishes. IV
international conference on plant pathogenic bacteria. France, 2, 879-882.

Knegt, B., Jansa, |., Franken, O., Engelmoer, D. |., Werner, G. D., Biicking, H., and Kiers, E. T.

(2016). Host plant quality mediates competition between arbuscular mycorrhizal fungi. Fungal
Ecology, 20, 233-240.

Knight, D. J. (2007). Evaluation of Rhizobium inoculant formulations for alfalfa yield and N fixation.
Canadian Journal of Plant Science, 87(2), 267-272.

Koch, A. M., Antunes, P. M,, Barto, E. K., Cipollini, D., Mummey, D. L., and Klironomos, J. N.
(2011). The effects of arbuscular mycorrhizal (AM) fungal and garlic mustard introductions
on native AM fungal diversity. Biological Invasions, 13(7), 1627-1639.

Kohler, |, Hernandez, J. A, Caravaca, F., and Roldan, A. (2008). Plant-growth- Promoting
rhizobacteria and arbuscular mycorrhizal fungi modify alleviation biochemical mechanisms in
water-stressed plants. Functional Plant Biology, 35(2), 141-151.

Koide, R.T. (2000). Functional complementarity in the arbuscular mycorrhizal symbiosis. New
Phytologist, 147(2), 233-235.

Korir, H., Mungai, N. W., Thuita, M., Hamba, Y., and Masso, C. (2017). Co-inoculation effect of
rhizobia and plant growth promoting rhizobacteria on common bean growth in a low
phosphorus soil. Frontiers in Plant Science, 8, 141.

Krey, T., Vassilev, N., Baum, C., and Eichler-Lobermann, B. (2013). Effects of long-term
phosphorus application and plant-growth promoting rhizobacteria on maize phosphorus
nutrition under field conditions. European Journal of Soil Biolology, 55, 124—130.

Kubota, A., Hoshiba, K., and Bordon, J. (2008). Effect of fertilizer-N application and seed coating

with rhizobial inoculants on soybean yield in eastern Paraguay. Revista Brasileira de Ciéncia do
Solo, 32(4), 1627-1633.

17



References

Kumar P., Desai S., Reddy, G., Leo Daniel Amalraj, E., Rasul, A., and Mir Hassan Ahmed, S. K.
(2015). Seed Bacterization with Fluorescent Pseudomonas spp. Enhances Nutrient Uptake and
Growth of Cajanus cajan L. Communications in Soil Science and Plant Analysis, 46(5), 652-665.

Kumar, B., Trivedi, P., and Pandey, A. (2007). Pseudomonas corrugata, a suitable bacterial inoculant
for maize grown under rainfed conditions of Himalayan region. Soil Biology and Biochemistry,
39(12), 3093-3110.

Kumar, M., Singh, D. P., Prabha, R., Rai, A. K., Sharma, L. (2016). Role of Microbial Inoculants in
Nutrient Use Efficiency. In D. Singh, H. Singh, and R. Prabha (Eds.), Microbial inoculants in
sustainable agricultural productivity. New Delhi: Springer.

Kwapata, M. B., and Hall, A. E. (1985). Effects of moisture regime and phosphorus on mycorrhizal
infection, nutrient uptake, and growth of cowpeas (Vigna unguiculata (L.) Walp.). Field Crops
Research, 12, 241-250.

Kyei-Boahen, S., Slinkard, A. E., and Walley, F. L. (2001). Rhizobial survival and nodulation of
chickpea as influenced by fungicide seed treatment. Canadian Journal of Microbiology, 47(6),
585-589.

Lally, R. D., Galbally, P., Moreira, A. S., Spink, J., Ryan, D., Germaine, K. ., and Dowling, D. N.
(2017). Application of endophytic Pseudomonas fluorescens and a bacterial consortium to
Brassica napus can increase plant height and biomass under greenhouse and field conditions.
Frontiers in Plant Science, 8, 2193.

Lambert, D. H., Baker, D. E., and Cole H. (1979). The role of mycorrhizae in the interactions of
phosphorus with zinc, copper, and other elements. Soil Science Society of America Journal, 43(5),
976-980.

Landa, B. B., Mavrodi, D. M., Thomashow, L. S., Weller, D. M. (2003). Interactions between
strains of 2,4-diacetylphloroglucinolproducing Pseudomonas fluorescens in the rhizosphere of
wheat. Phytopathology, 93(8), 982—994.

Lehmann, A,, and Rillig, M. C. (2015). Arbuscular mycorrhizal contribution to copper, manganese

and iron nutrient concentrations in crops—A meta-analysis. Soil Biology and Biochemistry, 81,
147-158

Lehmann, A,, Barto, E. K., Powell, J. R,, Rillig, M. C. (2012). Mycorrhizal responsiveness trends in
annual crop plants and their wild relatives-a meta-analysis on studies from 1981 to 2010. Plant
and Soil, 355(1-2), 231-250.

Lehmann, A. Veresoglou, S. D., Leifheit, E. F.,, Rillig, M. C. (2014). Arbuscular mycorrhizal
influence on zinc nutrition in crop plants e a meta-analysis. Soil Biology and Biochemistry, 69,
123-131

Lehmann, J., and Kleber, M. (2015). The contentious nature of soil organic matter. Nature, 528,
60-68.

Lekberg, Y., and Helgason, T. (2018). In situ mycorrhizal function — knowledge gaps and future
directions. New Phytologist, 220(4), 956-961.

Lekberg, Y., and Koide, R.T. (2005). Is plant performance limited by abundance of arbuscular

mycorrhizal fungi? A meta-analysis of studies published between 1988 and 2003. New
Phytologist, 168(1), 189-204.

118



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Lekberg, Y., Gibbons, S. M., Rosendahl, S., Rawsey, P. W. (2013) Severe plant invasions can
increase mycorrhizal fungal abundance and diversity. The ISME Journal, 7(7), 1423—1433.

Li, T, Lin, G., Zhang, X, Chen, Y., Zhang, S., and Chen, B. (2014). Relative importance of an
arbuscular mycorrhizal fungus (Rhizophagus intraradices) and root hairs in plant drought
tolerance. Mycorrhiza, 24(8), 595-602.

Li, W, Roberts, D. P., Dery, P. D., Meyer, S. L. F,, Lohrke, S., Lumsden, R. D., and Hebbar, K. P.
(2002). Broad spectrum anti-biotic activity and disease suppression by the potential
biocontrol agent Burkholderia ambifaria BC-F. Crop Protection, 21(2), 129-135.

Lichtfouse. E., Navarrete. M., Debaeke. P., Souchére. V., Alberola. C., and Ménassieu J. (2009)
Agronomy for Sustainable Agriculture: A Review. In E. Lichtfouse, M. Navarrete, P. Debaeke,
S. Véronique, and C. Alberola (Eds.), Sustainable Agriculture. Dordrecht: Springer.

Lifshitz, R., Windham, M. T., and Baker, R. (1986). Mechanism of biological control of
preemergence damping-off of pea by seed treatment with Trichoderma spp. Phytopathology, 76,
720-725.

Liu, A., Hamel, C., Hamilton, R. I, and Smith, D. L. (2000). Mycorrhizae formation and nutrient
uptake of new corn (Zea mays L.) hybrids with extreme canopy and leaf architecture as
influenced by soil N and P levels. Plant and Soil, 221(2), 157-166.

Lopisso, D. T., Kiihlmann, V., and Siebold, M. (2017). Potential of soil-derived fungal biocontrol
agents applied as a soil amendment and a seed coating to control Verticillium wilt of sugar
beet. Biocontrol Science and Technology, 27(9), 1019-1037.

Lugtenberg, B., and Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annual Review of
Microbiology, 63, 541-556.

Lupwayi, N. Z., Lafond, G. P., Ziadi, N., and Grant, C. A. (2012). Soil microbial response to
nitrogen fertilizer and tillage in barley and corn. Soil and Tillage Research, 118, 139-146.

Ma, Y., Latr, A, Rocha, |, Freitas, H., Vosatka, M., and Oliveira, R. S. (2019). Delivery of Inoculum
of Rhizophagus irregularis via Seed Coating in Combination with Pseudomonas libanensis for
Cowpea Production. Agronomy, 9(1), 33.

Ma, Y., Rajkumar, M., Zhang, C., and Freitas, H. (2016). Inoculation of Brassica oxyrrhina with
plant growth promoting bacteria for the improvement of heavy metal phytoremediation
under drought conditions. Journal of Hazardous Materials, 320, 36-44.

Maatallah, |., Berraho, E. B., Sanjuan, J., Lluch, C. (2002). Phenotypic characterization of rhizobia
isolated from chickpea (Cicer arietinum L.) growing in Moroccan soils. Agronomy for Sustainable
Development, 22, 321-329.

Mader, P., Kaiser, F., Adholeya, A, Singh, R., Uppal, H. S., Sharma, A. K,, Srivastava, ... V., Aragno,
M. (2011). Inoculation of root microorganisms for sustainable wheat-rice and wheat—black

gram rotations in India. Soil Biology and Biochemistry, 43(3), 609-619.

Mahmood, A., Turgay, O. C,, Farooq, M., and Hayat, R. (2016). Seed biopriming with plant
growth promoting rhizobacteria: a review. FEMS Microbiology Ecology, 92(8), fiwl 12.

19



References

Mahmood, Y., Khan, M. A,, Javed, N., and Arif, M. J. (2015). Comparative efficacy of fungicides
and biological control agents for the management of chickpea wilt caused by Fusarium
oxysporum f. sp. ciceris. Journal of Animal and Plant Sciences, 25(4), 1063-1071.

Malbreil, M., Tisserant, E., Martin, F., and Roux, C. (2014). Genomics of arbuscular mycorrhizal
fungi: out of the shadows. Advances in Botanical Research, 70, 259-290.

Malusa, E., Pinzari, F., Canfora, L. (2016). Efficacy of biofertilizers: challenges to improve crop
production. In D. Singh, H. Singh, and R. Prabha (Eds), Microbial inoculants in sustainable
agricultural productivity (pp. 17-40). New Delhi: Springer.

Malusa, E., Sas-Paszt, L., and Ciesielska, J. (2012). Technologies for beneficial microorganisms
inocula used as biofertilizers. The Scientific World Journal, 2012(1), 491206

Manaf, H. H., and Zayed, M. S. (2015). Productivity of cowpea as affected by salt stress in
presence of endomycorrhizae and Pseudomonas fluorescens. Annals of Agricultural Sciences,
60(2), 219-226.

Markets and Markets (2018). Market reports biological seed treatment market. Retrieved from:
https://www.marketsandmarkets.com/Market-Reports/biological-seed-treatment-market-
162422288.html [accessed in January 2019]

Marschner, H., and Dell, B. (1994). Nutrient uptake in mycorrhizal symbiosis. Plant and Soil,
159(1) 89-102.

Marulanda, A, Barea, |. M., and Azcon, R. (2009). Stimulation of plant growth and drought
tolerance by native microorganisms (AM fungi and bacteria) from dry environments.
Mechanisms related to bacterial effectiveness. Journal of Plant Growth Regulation, 28(2), |15-
124.

Masoero, G, Peiretti, P. G., Cugnetto, A., and Giovannetti, G. (2018). Raw pH fall-out as a sign
of a mycorrhizal modifier of sorghum Sudanensis. Journal of Agronomy Research, 1(2), 1-11.

Massoud, S., Meyer, S. L., Roberts, D., and Chitwood, D. (2000). Evaluation of Trichoderma virens
and Burkholderia cepacia for antagonistic activity against root-knot nematode, Meloidogyne
incognita. Nematology, 2(8), 871-879.

McLean, K. L., Swaminathan, J., Frampton, C. M., Hunt, J. S, Ridgway, H. J., and Stewart, A.
(2005). Effect of formulation on the rhizosphere competence and biocontrol ability of
Trichoderma atroviride C52. Plant Pathology, 54(2), 212 — 218.

McQuilken, M. P., Whipps, J. M., and Cooke, R. C. (1990). Control of damping-off in cress and
sugar-beet by commercial seed-coating with Pythium oligandrum. Plant Pathology, 39(3), 452 —
462.

Meena, S. K., Rakshit, A., Singh, H. B., and Meena, V. S. (2017). Effect of nitrogen levels and seed
bio-priming on root infection, growth and yield attributes of wheat in varied soil type.
Biocatal. Biocatalysis and Agricultural Biotechnology, 12, 172-178.

Mihuta-Grimm, L., and Rowe, R. C. (1986). Trichoderma spp. as biocontrol agents of Rhizoctonia

damping-off of radish in organic soil and comparison of four delivery systems. Phytopathology,
76(3), 306-312.

120



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Miller, M. H. (2000). Arbuscular mycorrhizae and the phosphorus nutrition of maize: a review
of Guelph studies. Canadian Journal of Plant Science, 80(1), 47-52.

Miransari, M. (201 1). Arbuscular mycorrhizal fungi and nitrogen uptake. Archives of Microbiology,
193(2), 77-81.

Mohamed, A. A., Eweda, W. E., Heggo, A. M., and Hassan, E. A. (2014). Effect of dual inoculation
with arbuscular mycorrhizal fungi and sulphur-oxidising bacteria on onion (Allium cepa L.) and

maize (Zea mays L.) grown in sandy soil under greenhouse conditions. Annals of Agricultural
Sciences, 59(1), 109-118.

Molla, M. N,, and Solaiman, A. R. M. (2009). Association of arbuscular mycorrhizal fungi with
leguminous crops grown in different agro-ecological zones of Bangladesh. Archives of Agronomy
and Soil Science, 55(3), 233-245.

Moran, R., and Porath, D. (1980). Chlorophyll determination in intact tissues using n,n-
dimethylformamide. Plant Physiology, 65(3), 478—479.

Moussa, T. A., Almaghrabi, O. A,, and Abdel-Moneim, T. S. (2013). Biological control of the
wheat root rot caused by Fusarium graminearum using some PGPR strains in Saudi Arabia.
Annals of Applied Biology, 163(1), 72-81

Mukherjee, K., and Sen, B. (1998). Biological control of Fusarium wilt of muskmelon by
formulations of Aspergillus niger. Israel Journal of Plant Sciences, 46(1), 67-72.

Miiller, H., and Berg, G. (2008). Impact of formulation procedures on the effect of the biocontrol
agent Serratia plymuthica HRO-CA48 on Verticillium wilt in oilseed rape. BioControl, 53(6), 905-
9leé.

Murphy, B. R., Doohan, F. M., and Hodkinson, T. R. (2017). A seed dressing combining fungal
endophyte spores and fungicides improves seedling survival and early growth in barley and
oat. Symbiosis, 71(1), 69-76.

Nadeem, S. M., Ahmad, M., Zahir, Z. A, Javaid, A,, and Ashraf, M. (2014). The role of mycorrhizae
and plant growth promoting rhizobacteria (PGPR) in improving crop productivity under
stressful environments. Biotechnology Advances, 32(2), 429-448.

Naseem, H., and Bano, A. (2014). Role of plant growth-promoting rhizobacteria and their
exopolysaccharide in drought tolerance of maize. Journal of Plant Interactions, 9(1), 689—701.

Nath, B. C,, Bora, L. C., Kataki, L., Talukdar, K., Sharma, P., Dutta, J., and Khan, P. (2016). Plant
Growth Promoting Microbes, their compatibility analysis and utility in biointensive
management of bacterial wilt of tomato. International Journal of Current Microbiology and Applied
Sciences, 5(6), 1007-1016

Nawar, L. S. (2007). Pathological and rhizospherical studies on root-rot disease of squash in
Saudi Arabia and its control. African Journal of Biotechnology, 6(3), 219-226.

Ngakou, A., Nwaga, D., Nebane, C. L. N., Ntonifor, N. N., Tamo, M., and Parh, I. A. (2007).
Arbuscular-mycorrhizal fungi, rhizobia and Metarhizium anisopliae enhance P, N, Mg, K, and
Ca accumulations in fields grown cowpea. Journal of Plant Sciences, 2(5), 518-529.

121



References

Njeru, E., Avio, L., Bocci, G., Sbrana, C., Turrini, A., Barberi, P., and Oehl, F. (2015). Contrasting
effects of cover crops on “hot spot” arbuscular mycorrhizal fungal communities in organic
tomato. Biology and Fertility of Soils, 51(2), 151-166.

NP 876. (2001). Animal feeding stuffs — Determination of fat content.

NP EN ISO 6865. (2009). Animal feeing stuffs — Determinations of crude fiber content: method
with intermediate filtration. International Organization for Standardization.

Nzanza, B., Marais, D., and Soundy, P. (2012). Yield and nutrient content of tomato (Solanum
lycopersicum L.) as influenced by Trichoderma harzianum and Glomus mosseae inoculation.
Scientia Horticulturae, 144, 55-59.

O’Callaghan, M. (2016). Microbial inoculation of seed for improved crop performance: issues
and opportunities. Applied Microbiology and Biotechnology, 100(13), 5729-5746.

Olanrewaju, S. O., Glick, B. R., and Babalola, O. O. (2017). Mechanisms of action of plant growth
promoting bacteria. World Journal of Microbiology and Biotechnology, 33(11), 197.

Oliveira, R. S., Carvalho, P., Marques, G., Ferreira, L., Nunes, M., Rocha, ., ... Freitas, H. (2017b).
Increased protein content of chickpea (cicer arietinum L.) Inoculated with arbuscular

mycorrhizal fungi and nitrogen-fixing bacteria under water deficit conditions. Journal of Science
and Food Agriculture, 97(13), 4379-4385.

Oliveira, R. S., Carvalho, P., Marques, G, Ferreira, L., Pereira, S., Nunes, M., Rocha, ., ... Freitas,
H. (2017a). Improved grain yield of cowpea (Vigna unguiculata) under water deficit after
inoculation with Bradyrhizobium elkanii and Rhizophagus irregularis. Crop Pasture Science, 68(1 1),
1052-1059.

Oliveira, R. S., Castro, P. M,, Dodd, J. C., and Vosatka, M. (2006). Different native arbuscular
mycorrhizal fungi influence the coexistence of two plant species in a highly alkaline
anthropogenic sediment. Plant and Soil, 287(1), 209-221.

Oliveira, R. S., Ma, Y., Rocha, ., Carvalho, M. F,, Vosatka, M., and Freitas, H. (2016a). Arbuscular
mycorrhizal fungi are an alternative to the application of chemical fertilizer in the production

of the medicinal and aromatic plant Coriandrum sativum L. jJournal of Toxicology and
Environmental Health A, 79(7), 320-328.

Oliveira, R. S., Rocha, I, Ma, Y., Vosatka, M., and Freitas, H. (2016b). Seed coating with arbuscular
mycorrhizal fungi as an ecotechnological approach for sustainable agricultural production of

common wheat (Triticum aestivum L.). Journal of Toxicology and Environmental Health A, 79(7),
329-337.

Oliveira, R. S., Vosatka, M., Dodd, J. C., and Castro, P. M. L. (2005). Studies on the diversity of
arbuscular mycorrhizal fungi and the efficacy of two native isolates in a highly alkaline
anthropogenic sediment. Mycorrhiza, 16(1), 23-31.

Omirou, M., Fasoula, D. A, and loannides, I. M. (2016). Bradyrhizobium inoculation alters
indigenous AMF community assemblages and interacts positively with AMF inoculum to
improve cowpea performance. Applied Soil Ecology, 108, 381-389.

Oruru, M. B,, Njeru, E. M., Pasquet, R., and Runo, S. (2018). Response of a wild-type and modern

cowpea cultivars to arbuscular mycorrhizal inoculation in sterilized and non-sterilized soil.
Journal of Plant Nutrition, 41(1), 90-101.

122



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Padhi, P. P., Pattanayak, S. K. and Purushottam (2018). Effect of lime coating and molybdenum
seed treatment on productivity and nutrient uptake of different pulses grown in Alfisols.
International Journal of Chemical Studies, 6(1), 1503-1507.

Palupi, T., llyas, S., Machmud, M., and Widajati, E. (2017). Effect of seed coating with biological
agents on seed quality of rice. Biodiversitas, 18(2), 727-732.

Parnell, J. J., Berka, R., Young, H. A,, Sturino, J. M., Kang, Y., Barnhart, D. M., and DilLeo, M. V.
(2016). From the lab to the farm: an industrial perspective of plant beneficial microorganisms.
Frontiers in Plant Science, 7, 1110.

Patil, S., Reidsma, P., Shah, P., Purushothaman, S., and Wolf, J. (2014). Comparing conventional
and organic agriculture in Karnataka, India: Where and when can organic farming be
sustainable?. Land Use Policy, 37, 40-51.

Pawar, P. B., Melo, J. S., Kotkar, H. M., and Kulkarni, M. V. (2018). Role of indigenous mycorrhizal
species in enhancing physiological and biochemical status, nutrient acquisition and yield
pattern of groundnut (Arachis Hypogaea L.). Journal of Crop Science and Biotechnology, 21(1),
23-33.

Pearson, J. N., Abbott, L. K., and Jasper, D. A. (1993). Mediation of competition between
colonizing VA mycorrhizal fungi by the host plant. The New Phytologist, 123(1), 93-98

Pedrini, S., Merritt, D. J., Stevens, J., and Dixon, K. (2017). Seed coating: science or marketing
spin? Trends in Plant Science, 22(2), 106-116.

Pellegrino, E., and Bedini, S. Enhancing ecosystem services in sustainable agriculture:
biofertilization and biofortification of chickpea (Cicer arietinum L.) by arbuscular mycorrhizal
fungi. Soil Biology and Biochemistry, 68, 429-439.

Pereira, P., Nesci, A., and Etcheverry, M. (2007). Effects of biocontrol agents on Fusarium
verticillioides count and fumonisin content in the maize agroecosystem: Impact on rhizospheric
bacterial and fungal groups. Biological Control, 42(3), 281-287.

Perelld, A. E., and Dal Bello, G. M. (201 I). Suppression of tan spot and plant growth promotion
of wheat by synthetic and biological inducers under field conditions. Annals of Applied Biology,
158(3), 267-274.

Perelld, A. E., Monaco, C. I, Moreno, M. V., Cordo, C. A,, and Simon, M. R. (2006). The effect
of Trichoderma harzianum and T. koningii on the control of tan spot (Pyrenophora tritici-repentis)
and leaf blotch (Mycosphaerella graminicola) of wheat under field conditions in Argentina.
Biocontrol Science and Technology, 16(8), 803-813.

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and Van der Putten W. H. (2013). Going back to
the roots: the microbial ecology of the rhizosphere. Nature Reviews Microbiology, 11(11), 789—
799.

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing and staining parasitic
and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Transactions of
the British Mycological Society, 55(1), 158-161.

Pii, Y., Mimmo, T., Tomasi, N., Terzano, R., Cesco, S., and Crecchio, C. (2015). Microbial

interactions in the rhizosphere: beneficial influences of plant growth-promoting rhizobacteria
on nutrient acquisition process. A review. Biology and Fertility of Soils, 51(4), 403-415.

123



References

Pill, W. G., Collins, C. M., Goldberger, B., and Gregory, N. (2009). Responses of non-primed or
primed seeds of ‘Marketmore 76’cucumber (Cucumis sativus L.) slurry coated with Trichoderma
species to planting in growth media infested with Pythium aphanidermatum. Scientia
Horticulturae, 121(1), 54-62.

Podile, A. R., and Kishore, G. K. (2006) Plant growth-promoting rhizo-bacteria. In S. S.
Gnanamanickam (Ed.), Plant-Associated Bacteria (pp. 195-230). Dordrecht: Springer.

Poorter, H., Buhler, J., Van Dusschoten, D., Climent J., and Postma, J. A. (2012). Pot size matters:

a meta-analysis of the effects of rooting volume on plant growth. Functional Plant Biology,
39(10-11), 839-850.

Porcel, R., and Ruiz-Lozano, J. M. (2004). Arbuscular mycorrhizal influence on leaf water
potential, solute accumulation, and oxidative stress in soybean plants subjected to drought
stress. Journal of Experimental Botany, 55(403), 1743-1750.

Porter W. (1979). The “most probable number” method for enumerating infective propagules
of vesicular arbuscular mycorrhizal fungi in soil. Australian Journal of Soil Research, 17(3), 515—
519.

Postma-Blaauw, M. B., de Goede, R. G. M., Bloem, ., Faber, J. H., and Brussaard, L. (2010). Soil
biota community structure and abundance under agricultural intensification and
extensification. Ecology, 91(2), 460-473.

Power, A. G. (2010). Ecosystem services and agriculture: tradeoffs and synergies. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365(1554), 2959-2971.

Prashar, P., and Shah, S. (2016). Impact of fertilizers and pesticides on soil microflora in
agriculture. In E. Lichtfouse (Ed.) Sustainable agriculture reviews (pp. 331-361). Cham,
Heidelberg, New York, Dordrecht, London: Springer.

Quiroga, G, Erice, G., Aroca, R., Chaumont, F., and Ruiz-Lozano, J. M. (2017). Enhanced drought
stress tolerance by the arbuscular mycorrhizal symbiosis in a drought-sensitive maize cultivar
is related to a broader and differential regulation of host plant aquaporins than in a drought-
tolerant cultivar. Frontiers in Plant Science, 8, 1056.

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., and Moénne-Loccoz, Y. (2009).
The rhizosphere: a playground and battlefield for soilborne pathogens and beneficial
microorganisms. Plant and Soil, 321(1-2), 341-361.

Rabie, G. H., Aboul-Nasr, M. B., and Al-Humiany, A. (2005). Increased salinity tolerance of
cowpea plants by dual inoculation of an arbuscular mycorrhizal fungus Glomus clarum and a
nitrogen-fixer Azospirillum brasilense. Mycobiology, 33(1), 51-60.

Rahdari, P., and Hoseini, S. M. (2012). Drought stress: A review. International Journal of Agronomy
and Plant Production, 3(10), 443-446.

Rao, M. S. L., Kulkarni, S., Lingaraju, S., and Nadaf, H. L. (2009). Bio-priming of seeds: a potential
tool in the integrated management of alternaria blight of sunflower. Helia, 32(50), 107-114.

Ratti, N., Kumar, S., Verma, H. N., and Gautam, S. P. (2001). Improvement in bioavailability of

tricalcium phosphate to Cymbopogon martini var. motia by rhizobacteria, AMF and Azospirillum
inoculation. Microbiolological Research, 156(2), 145—149.

124



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Reganold, J. P., and Wachter, J. M. (2016). Organic agriculture in the twenty-first century. Nature
Plants, 2(2), 15221.

Rehman, A,, Farooq, M., Naveed, M., Nawaz, A, and Shahzad, B. (2018). Seed priming of Zn with
endophytic bacteria improves the productivity and grain biofortification of bread wheat.
European Journal of Agronomy, 94(2), 98-107.

Rillig, M. C., and Mummey, D. L. (2006). Mycorrhizas and soil structure. New Phytologist, 171(1),
41-53.

Rillig, M. C., Aguilar-Trigueros, C. A., Camenzind, T., Cavagnaro, T.R., Degrune, F., Hohmann,
P, Lammel, D. R, ... Yang, G. (in press). Why farmers should manage the arbuscular
mycorrhizal symbiosis. New Phytologyst. https://doi.org/10.1 11 1/nph.15602.

Robani, H. (1994). Film-coating of horticultural seed. HortTechnology, 4(2), 104-105.

Robertson, P. G., Gross, K. L., Hamilton, S. K., Landis, D. A., Schmidt, T. M., Snapp, S. S., and
Swinton, S. M. (2014). Farming for ecosystem services: An ecological approach to production
agriculture. BioScience, 64(5), 404-415.

Rocha, 1., Ma, Y., Carvalho, M. F., Magalhdes, C., Janouskova, M., Vositka, M., Freitas, H., and
Oliveira, S. (2019). Seed coating with inocula of arbuscular mycorrhizal fungi and plant growth
promoting rhizobacteria for nutritional enhancement of maize under different fertilization
regimes. Archives of Agronomy and Soil Science, 65(1), 31-43.

Rocha, I, Ma, Y., Vosatka, M., Freitas, H., and Oliveira, R. S. (in press). Growth and nutrition of
cowpea (Vigna unguiculata) under water deficit as influenced by microbial inoculation via seed
coating. Journal od Agronony and Crop Science. https://doi.org/10.1111/jac.12335

Rodriguez-Echeverria, S., Teixeira, H., Correia, M., Timoteo, S., Heleno, R., Opik, M., and Moora,
M. (2017). Arbuscular mycorrhizal fungi communities from tropical Africa reveal strong
ecological structure. New Phytologist, 213(1), 380-390.

Roesti, D., Gaur, R,, Johri, B. N., Imfeld, G., Sharma, S., Kawaljeet, K., and Aragno, M. (2006).
Plant growth stage, fertiliser management and bio-inoculation of arbuscular mycorrhizal fungi
and plant growth promoting rhizobacteria affect the rhizobacterial community structure in
rain-fed wheat fields. Soil Biology and Biochemistry, 38(5), 1 111-1120.

Rosas, S. B., Avanzini, G., Carlier, E., Pasluosta, C., Pastor, N., and Rovera, M. (2009). Root
colonization and growth promotion of wheat and maize by Pseudomonas aurantiaca SR1. Soil
Biology and Biochemistry, 41(9), 1802-1806.

Roth, C. H., Malicki, M. A,, and Plagge, R. (1992). Empirical evaluation of the relationship between
soil dielectric constant and volumetric water content as the basis for calibrating soil moisture
measurements. European Journal of Soil Science, 43(1), 1-13.

Rouphael, Y., Colla, G., Graziani, G., Ritieni, A., Cardarelli, M., and De Pascale, S. (2017). Phenolic
composition, antioxidant activity and mineral profile in two seed-propagated artichoke
cultivars as affected by microbial inoculants and planting time. Food Chemistry, 234, 10-19.

Royal Society of London. (2009). Reaping the Benefits: Science and the Sustainable Intensification of
Global Agriculture. London: Royal Society.

125



References

Rozier, C., Hamzaoui, ., Lemoine, D., Czarnes, S., and Legendre, L. (2017). Field-based
assessment of the mechanism of maize yield enhancement by Azospirillum lipoferum CRTI.
Scientific Reports, 7(1), 7416.

Rubin, R. L., van Groenigen, K. J., and Hungate, B. A. (2017). Plant growth promoting
rhizobacteria are more effective under drought: A meta-analysis. Plant and Soil, 416(1-2), 309-
323.

Ruiz-de-La-Cruz, G., Aguirre-Mancilla, C. L., Godinez-Garrido, N. A., Osornio-Flores, N. M., and
Torres-Castillo, J. A. (2017). Chitosan mixed with beneficial fungal conidia or fungicide for
bean (Phaseolus vulgaris 1.) seed coating. Interciencia, 42(5), 307-312.

Ruiz-Lozano J. M., Porcel R, Azcon C., and Aroca R. (2012). Regulation by arbuscular
mycorrhizae of the integrated physiological response to salinity in plants: new challenges in
physiological and molecular studies. Journal of Experimental Botany, 63(11), 4033—4044.

Ryan M. H., and Graham J. H. (2002). Is there a role for arbuscular mycorrhizal fungi in
production agriculture? Plant and Soil, 244 (1-4), 263-271.

Ryan, M. H., and Graham, J. H. (2018). Little evidence that farmers should consider abundance

or diversity of arbuscular mycorrhizal fungi when managing crops. New Phytologist, 220(4),
1092-1107.

Sabaratnam, S., and Traquair, J. A. (2002). Formulation of a Streptomyces biocontrol agent for the
suppression of Rhizoctonia damping-off in tomato transplants. Biological Control, 23(3), 245-
253.

Sangeetha, J., King, S. E., Natarajan, K., and Rajeshkannan, V. (2013). Efficacy of AMF and PGPR
inoculants on maize (Zea mays L.) plant growth and their rhizosphere soil properties. In R. K.
Velu (Ed.), Microbiological research in agroecosystem management (pp. 155—173). India: Springer.

Sanginga, N., Lyasse, O., and Singh, B. B. (2000). Phosphorus use efficiency and nitrogen balance
of cowpea breeding lines in a low P soil of the derived savanna zone in West Africa. Plant and
Soil, 220(1), 119-128.

Santi, C., Bogusz, D., and Franche, C. (2013). Biological nitrogen fixation in non-legume plants.
Annals of botany, 111(5), 743-767.

Schoina, C,, Stringlis, I. A., Pantelides, . S., Tjamos, S. E., and Paplomatas, E. J. (201 1). Evaluation
of application methods and biocontrol efficacy of Paenibacillus alvei strain K-165, against the
cotton black root rot pathogen Thielaviopsis basicola. Biological Control, 58(1), 68-73.

Schroder, ). J., Neeteson, J. J., Oenema, O., and Struik, P. C. (2000). Does the crop or the soil
indicate how to save nitrogen in maize production?: reviewing the state of the art. Field Crops
Research, 66(2), 151-164.

Schwyn, B., and Neilands, J. B. (1987). Universal chemical assay for the detection and
determination of siderophores. Analytical Biochemistry, 160(1), 47-56.

Scott, J. M. (1989). Seed coatings and treatments and their effects on plant establishment.
Advances in Agronomy, 42, 43-83.

126



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Scott, J. M., Hill, C. B., and Jessop, R. S. (1991). Growth chamber study of phosphorus applied as
drilled granules or as seed coatings to wheat sown in soils differing in P-sorption capacity.
Fertilizer Research, 29(3), 281-287.

Seguel, A., Cumming, J. R, Klugh-Stewart, K., Cornejo, P., and Borie, F. (2013). The role of
arbuscular mycorrhizas in decreasing aluminium phytotoxicity in acidic soils: a review.
Mycorrhiza, 23(3), 167-183.

Sessitsch, A., and Mitter, B. (2015). 21st century agriculture: integration of plant microbiomes
for improved crop production and food security. Microbial Biotechnology, 8(1), 32-33.

Shaharoona, B., Arshad, M., and Zahir, Z. A. (2006). Effect of plant growth promoting
rhizobacteria containing ACC-deaminase on maize (Zea mays L.) growth under axenic
conditions and on nodulation in mung bean (Vigna radiata L.). Letters in Applied Microbiology,
42(2), 155-159.

Shaharoona, B., Naveed, M., Arshad, M., and Zahir, Z. A. (2008). Fertilizer-dependent efficiency
of Pseudomonads for improving growth, yield, and nutrient use efficiency of wheat (Triticum
aestivum L.). Applied Microbiology and Biotechnology, 79(1), 147-155.

Shahzad, S., Khan, M. Y., Zahir, Z. A,, Asghar, H. N., and Chaudhry, U. K. (2017). Comparative
effectiveness of different carriers to improve the efficacy of bacterial consortium for
enhancing wheat production under salt affected field conditions. Pakistan Journal of Botany,
49(4), 1523-1530.

Shamshiri, M. H., and Fattahi, M. (2016). Effects of arbuscular mycorrhizal fungi on photosystem
Il activity of three Pistachio rootstocks under salt stress as probed by the OJIP-test. Russian
Journal of Plant Physiology, 63(1), 101-110.

Sharma, A., Johri, B. N., Sharma, A. K., and Glick, B. R. (2003). Plant growth-promoting bacterium
Pseudomonas sp. strain GRP3 influences iron acquisition in mung bean (Vigna radiata L.
Wilzeck). Soil Biology and Biochemistry, 35(7), 887-894.

Siddiqui, Z. A. (Ed.). (2006). PGPR: biocontrol and biofertilization. Dordrecht: Springer.

Sikes, B. A. (2010). When do arbuscular mycorrhizal fungi protect plant roots from pathogens?
Plant Signaling and Behavior, 5(6), 763-765.

Sim, J. B., Chung, I. M., Ku, H. M., Choi, H. W,, Lee, J. M., and Chun, S. C. (2008). Enhancing the
biological control of rice seedling disease by adding specific carbon sources into the Bacillus
cereus D324 formulation in water-seeded rice. The Plant Pathology Journal, 24(1), 58-62.

Sindhu, S. S, Dua, S., Verma, M. K,, and Khandelwal, A. (2010). Growth promotion of legumes
by inoculation of rhizosphere bacteria. In M. S. Khan, J. Musarrat, and A. Zaidi (Eds.), Microbes
for legume improvement (pp. 195-235). Vienna: Springer.

Singh, A,, Jain, A,, Sarma, B. K., Upadhyay, R. S., and Singh, H. B. (2014). Rhizosphere competent
microbial consortium mediates rapid changes in phenolic profiles in chickpea during Sclerotium
rolfsii infection. Microbiological Research, 169(5-6), 353-360.

Singh, D. P., Singh, H. B, and Prabha, R. (Eds.). (2016). Microbial inoculants in sustainable agricultural
productivity. New York: Springer.

127



References

Singh, D. P,, Singh, H. B, and Prabha, R. (Eds.). (2017). Plant-microbe interactions in agro-ecological
perspectives. New Delhi: Springer.

Singh, V., Mawar, R, and Lodha, S. (2012). Combined effects of biocontrol agents and soil
amendments on soil microbial populations, plant growth and incidence of charcoal rot of
cowpea and wilt of cumin. Phytopathologia Mediterranea, 51(2), 307-316.

Sivan, A,, and Chet, I. (1986). Biological control of Fusarium spp. in cotton, wheat and muskmelon
by Trichoderma harzianum. Journal of Phytopathology, 116, 39-47.

Sivan, A, Elad, Y., and Chet, I. (1984). Biological control effects of a new isolate of Trichoderma
harzianum on Pythium aphanidermatum. Phytopathology, 74(4), 498-501.

Sivan, A, Ucko, O., and Chet, I. (1987). Biological control of Fusarium crown rot of tomato by
Trichoderma harzianum under field conditions. Plant Disease, 71(3), 587-592.

Smith, S. E., Read, D. J. (2008) Mycorrhizal symbiosis (3rd ed). London: Academic Press.
Smith, F. A. (2000). Measuring the influence of mycorrhizas. New Phytologist, 148(1), 4-6.

Smith, R. S. (1992). Legume inoculant formulation and application. Canadian Journal of
Microbiology, 38(6), 485-492.

Smith, S. E, Jakobsen, I., Grenlund, M., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas
in plant phosphorus nutrition: interactions between pathways of phosphorus uptake in
arbuscular mycorrhizal roots have important implications for understanding and manipulating
plant phosphorus acquisition. Plant Physiology, 156(3), 1050-1057.

Souza, T. (2015). Handbook of arbuscular mycorrhizal fungi. Cham: Springer.

Srivastava, R., Khalid, A., Singh, U. S, and Sharma, A. K. (2010). Evaluation of arbuscular
mycorrhizal fungus, fluorescent Pseudomonas and Trichoderma harzianum formulation against
Fusarium oxysporum f. sp. lycopersici for the management of tomato wilt. Biological Control, 53(1),
24-31.

Sundstrom, ). F., Albihn, A., Bogpvist, S., Ljungvall, K., Marstorp, H., Martiin, C., ... Magnusson, U.
(2014). Future threats to agricultural food production posed by environmental degradation,
climate change, and animal and plant diseases — A risk analysis in three economic and climate
settings. Food Security, 6(2), 201-215.

Swaminathan, J., Van Koten, C., Henderson, H. V., Jackson, T. A., and Wilson, M. J. (2016).
Formulations for delivering Trichoderma atroviridae spores as seed coatings, effects of

temperature and relative humidity on storage stability. Journal of Applied Microbiology, 120(2),
425-431.

Taiz, L., and Zeiger, E. (2002). Plant physiology (3rd ed). Sunderland: Sinauer Associates Publishers.
Tang, W., Pasternak, J. J., and Glick, B. R. (1995). Persistence in soil of the plant growth
promoting rhizobacterium Pseudomonas putida GR12-2 and genetically manipulated derived

strains. Canadian Journal of Microbiology, 41(6), 445-451.

Taylor, A. G., Eckenrode, C. |, and Straub, R. W. (2001). Seed coating technologies and
treatments for onion: challenges and progress. HortScience, 36(2), 199-205.

128



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Taylor, A. G, Min, T. G, Harman, G. E, and Jin, X. (1991). Liquid coating formulation for the
application of biological seed treatments of Trichoderma harzianum. Biological Control, 1(1), 16-
22.

Thirkell, T. J., Charters, M. D,, Elliott, A. J., Sait, S. M., and Field, K. J. (2017). Are mycorrhizal
fungi our sustainable saviours? Considerations for achieving food security. Journal of Ecology,
105(4), 921-929.

Timko, M. P, and Singh, B. B. (2008). Cowpea, a multifunctional legume. In P. H. Moore, and R.
Ming (eds), Genomics of Tropical Crop Plants (pp. 227-258). New York: Springer.

Timmusk, S., Behers, L., Muthoni, ., Muraya, A., and Aronsson, A. C. (2017). Perspectives and
challenges of microbial application for crop improvement. Frontiers in Plant Science, 8, 49.

Trouvelot, A., Kough, J. L., and Gianinazzi-Pearson, V. (1986). Mesure du taux de mycorhization
VA d’un systeme radiculaire. Recherche de methodes d’estimation ayant une signification
fonctionnelle. In V. Gianinazzi- Pearson, and S. Gianinazzi (Eds.), Physiological and genetical
aspects of mycorrhizae (pp. 217-221). Paris: INRA Press.

Tsiafouli, M. A., Thébault, E., Sgardelis, S. P., De Ruiter, P. C., Van Der Putten, W. H., Birkhofer,
K., ... and Hedlund K. (2015). Intensive agriculture reduces soil biodiversity across Europe.
Global change biology, 21(2), 973-985.

Tubiello, F. N., Salvatore, M., Ferrara, A. F., House, |., Federici, S., Rossi, S,, ... and Prosperi, P.
(2015). The contribution of agriculture, forestry and other land use activities to global
warming, 1990-2012. Global change biology, 21(7), 2655-2660.

Ugoji, E. O., Laing, M. D., and Hunter, C. H. (2006). An investigation of the shelf-life (storage) of
Bacillus isolates on seeds. South African Journal of Botany, 72(1), 28-33.

United Nations. (2017). World population prospects: the 2017 revision. Retrieved from:
https://population.un.org/wpp/Download/Probabilistic/Population/ [accessed June 2019]

Van Der Heijden, M. G., Bardgett, R. D., and Van Straalen, N. M. (2008). The unseen majority:
soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecology
letters, 11(3), 296-310.

Van Der Heijden, M. G., Martin, F. M., Selosse, M. A,, and Sanders, I. R. (2015). Mycorrhizal
ecology and evolution: the past, the present, and the future. New Phytologist, 205(4), 1406-
1423.

Van Elsas, J. D., and Heijnen, C. E. (1990). Methods for the introduction of bacteria into soil: a
review. Biology and Fertility of Soils, 10(2), 127-133.

Van Geel, M., Jacquemyn, H., Plue, J., Saar, L., Kasari, L., Peeters, ... and Ceulemans, T. (2018).
Abiotic rather than biotic filtering shapes the arbuscular mycorrhizal fungal communities of
European seminatural grasslands. New Phytologist 220(4), 1262-1272.

Vargas, L. K, Volpiano, C. G,, Lisboa, B. B., Giongo, A., Beneduzi, A., and Passaglia, L. M. P.
(2017). Potential of rhizobia as plant growth-promoting rhizobacteria. In M. S.Khan, |.
Musarrat, A. Zaidi (Eds.), Microbes for legume improvement (pp. 153-174). Cham: Springer.

Varma, A., Prasad, R, and Tuteja, N. (Eds.). (2017). Mycorrhiza-function, diversity, state of the art.
Cham: Springer.

129



References

Vassilev, N., Vassileva, M., Lopez, A., Martos, V., Reyes, A., Maksimovic, I., ... and Malusa, E.
(2015). Unexploited potential of some biotechnological techniques for biofertilizer
production and formulation. Applied Microbiology and Biotechnology, 99(12), 4983-4996.

Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Boyce, A. N. (2016). Role of plant growth
promoting rhizobacteria in agricultural sustainability - A review. Molecules, 21(5), 573.

Verma, M., Mishra, J., and Arora, N. K. (2019). Plant growth-promoting rhizobacteria: diversity
and applications. In R. C. Sobti, A. Kumar, K. R. Naveen (Eds.) Environmental biotechnology: for
sustainable future (pp. 129-173). Singapore: Springer.

Verma, V., Ravindran, P., and Kumar, P. P. (2016). Plant hormone-mediated regulation of stress
responses. BMC Plant Biology, 16(1), 1-10.

Vessey, |. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant and Soil, 255(2),
571-586.

Virakornphanich, P., Masuhara, G., and Adachi, K. (1994). Effect of arbuscular mycorrhizal
inoculation on growth and phosphorus content of cowpea under water-stressed conditions.
In K. Kaen, Strategies for the Northeast Agricultural Development in the 2 st Century.

Vivas, A., Marulanda, A., Ruiz-Lozano, ]. M., Barea, ). M., and Azcodn, R. (2003). Influence of a
Bacillus sp. on physiological activities of two arbuscular mycorrhizal fungi and on plant
responses to PEG-induced drought stress. Mycorrhiza, |13(5), 249-256.

Von Felten, A., Défago, G., and Maurhofer, M. (2010). Quantification of Pseudomonas fluorescens
strains FI 13, CHAO and Pfl53 in the rhizosphere ofmaize by strain-specific real-time PCR
unaffected by the variability of DNA extraction efficiency. Journal of Microbiological Methods,
81(2), 108-115.

Vosatka, M., Latr, A, Gianinazzi, S., and Albrechtova, J. (2012). Development of arbuscular
mycorrhizal biotechnology and industry: Current achievements and bottlenecks. Symbiosis,
58(1-3), 29-37.

Vurukonda, S. S. K. P, Vardharajula, S., Shrivastava, M., and Skz, A. (2016). Enhancement of
drought stress tolerance in crops by plant growth promoting rhizobacteria. Microbiological
Research, 184, 13-24.

Walker, V., Couillerot, O., Von Felten, A,, Bellvert, F,, Jansa, J., Maurhofer, M., and Comte, G.
(2011). Variation of secondary metabolite levels in maize seedling roots induced by

inoculation with Azospirillum, Pseudomonas and Glomus consortium under field conditions.
Plant and Soil, 356(1-2), 151-163.

Woang, M., Zheng, Q., Shen, Q., and Guo, S. (2013). The critical role of potassium in plant stress
response. International Journal of Molecular Sciences, 14, (4), 7370-7390.

Weber, E., Saxena, M. C., George, E., and Marschner, H. (1993). Role of Vesicular Arbuscular
Mycorrhizae in the Mineral Nutrition of Chickpea (Cicer arietinum L.) Grown in Northern
Syria. Field Crops Research, 32(1-2), 115-128.

Weller, D. M. (1983). Colonization of wheat roots by a fluorescent pseudomonad suppressive to
take-all. Phytopathology, 73 (11), 1548-1553.

130



Seed Coating with Microbial Inoculants: A Path to Sustainable Agriculture

Werner, G. D., and Kiers, E. T. (2015) Order of arrival structures arbuscular mycorrhizal
colonization of plants. New Phytologist, 205(4), 1515-1524.

White, L., Knight, J. H., Zegelin, S. |, and Topp, G. C. (1994). Comments to ‘Considerations on
the use of time-domain reflectometry (TDR) for measuring soil water content’ by W.R.
Whalley. European Journal of Soil Science, 45(4), 503-508.

White, P. J., Brown, P. H. (2010). Plant nutrition for sustainable development and global health.
Annals of Botany, 105 (7), 1073-1080.

Wuy, C,, Cao, H, Li, G,, Cheung, C., and Wong, H. (2005). Effects of biofertilizer containing N-
fixer, P and K solubilizers and AM fungi on maize growth: a greenhouse trial. Geoderma, 125(1-
2), 155-166.

Wuy, Q. S, and Xia, R. X. (2006). Arbuscular mycorrhizal fungi influence growth, osmotic

adjustment and photosynthesis of citrus under well-watered and water stress conditions.
Journal of Plant Physiology, 163 (4), 417-425.

Wuy, Q. S, Xia, R. X,, and Zou, Y. N. (2008). Improved soil structure and citrus growth after

inoculation with three arbuscular mycorrhizal fungi under drought stress. European Journal of
Soil Biology, 44(1), 122-128.

Wuy, Q. S., Zou, Y. N,, and Heb, X. H. (2013). Mycorrhizal symbiosis enhances tolerance to NaCl
stress through selective absorption but not selective transport of K + over Na + in trifoliate
orange. Scientia Horticulturae, 160, 366-374.

Xue, L., Xue, Q., Chen, Q. Lin, C,, Shen, G., and Zhao, J. (2013). Isolation and evaluation of
rhizosphere actinomycetes with potential application for biocontrol of Verticillium wilt of
cotton. Crop Protection, 43, 231-240.

Yadav, B. K., Akhtar, M. S., and Panwar, J. (2015). Rhizospheric plant-microbe interactions: Key
factors to soil fertility and plant nutrition. In N. K. Arora (Ed.) Plant Microbes Symbiosis: Applied
Facets (pp. 127-145). New Delhi: Springer.

Yaseen, T., Burni, T., and Hussain, F. (2011). Effect of arbuscular mycorrhizal inoculation on
nutrient uptake, growth and productivity of cowpea (Vigna unguiculata) varieties. African
Journal of Biotechnology, 10(43), 8593-8598.

Zahran, H. H. (2010). Legumes—microbes interactions under stressed environments. In M. S.
Khan, J. Musarrat and A. Zaidi (Eds.), Microbes for legume improvement (pp. 353—387). Vienna:
Springer.

Zaidi, A., and Khan, M. S. (Eds.). (2017). Microbial strategies for vegetable production. Cham:
Springer.

Zaidi, A., Khan, M. S, and Amil M. (2003) Interactive effect of rhizotrophic microorganisms on
yield and nutrient uptake of chickpea (Cicer arietinum L.). European Journal of Agronomy, 19(1),
15-21.

Zerbe, P. (2015). Small molecules with big impact: terpenoid phytoalexins as key factors in maize
stress tolerance. Plant, Cell and Environment, 38(11), 2139-2219.

131



References

Zhang, H., Wei, S., Hu, W,, Xiao, L., and Tang, M. (2017). Arbuscular mycorrhizal fungus
Rhizophagus irregularis increased potassium content and expression of genes encoding
potassium channels in Lycium barbarum. Frontiers in Plant Science, 8, 440.

Zhang, S., Lehmann, A., Zheng, W., You, Z., and Rillig, M. C. (2019). Arbuscular mycorrhizal
fungi increase grain yields: a meta-analysis. New Phytologist, 222 (1), 543-555.

Zhou, )., Deng, B., Zhang, Y., Cobb, A. B., and Zhang, Z. (2017). Molybdate in Rhizobial Seed-
Coat Formulations Improves the Production and Nodulation of Alfalfa. PLoS One, 12(1),
e0170179.

Zhou, Y., Wang, Y., Zhu, X, Liu, R., Xiang, P., Chen, J., Liu, X,, Duan Y., and Chen, L. (2018).

Management of the soybean cyst nematode Heterodera glycines with combinations of different
rhizobacterial strains on soybean. PLoS One, 13(3), e0194287.

132






