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Revision Notes

August 4, 2015
Hello Editor(s) of Agriculture, Ecosystems and Environment;

Please find enclosed a revised manuscript from the originally entitled "Short Review: An argument for
utilization of plant-microbial partnerships in crop production: Mitigative and adaptive opportunities to
climate change via constructed microbial communities”. The revised manuscript is titled "Mitigating
climate change through managing constructed-microbial communities in agriculture”, authored by James
D. Bever, Xiaohan Yang, Jessy Labbé, Hengfu Yin and myself. This revision is in a short format ~2-3
printed pages for News and Views as indicated by Dr Seneviratne as the required new format for

acceptance to AGEE. Please note, from the drop-down menu there is no choice for ‘News and View’s.

Our original support for selection of AGEE still holds “The topic of this commentary is appropriate to
AGEE because it provides novel solutions for adaption and mitigation of climate change through the
utilization of basic ecological and evolutionary phenomena pertinent to microbiome utilization in crop
production/protection. This theme fits several of the subtopics your journal covers including plant-
microbial interaction and agroecological feedbacks with climate change. We have altered the original

manuscript to address the specific comments of both the reviewer and the Editor:

1. the paper length has been reduced in length by a little over half its original length to fit the ‘New
and Views’ requirements,

2. the abstract made more reflective of the goals of the MS rather than ‘introductory" in tone, and the
citations recommended have been added.

Specific reviewer comments addressed:

1. Highlights- Each bullet point should be no more than 85 characters excluding spaces. Limit the
highlights to three or four bullet points — addressed.

2. Abstract- The idea of soil implanting of synthetic or constructed microbial communities, the
novel aspect of the manuscript should be highlighted in the Abstract— addressed.

3. Page 2 (P2), line 42 (L42); you have to start Figure numbers from Fig. 1, but not Fig. 3 in the
text. Also, there is no figure to provide information on summer precipitation, as mentioned in the
text — Fig 3 reference removed

4. P2, L45; "Global agricultural practices generate 30% of greenhouse gas emissions (GHGe; Fig.
1)". This is not indicated by Fig. 1 — sentence removed

5. P3, L52-54; "Production of fossil fuel based agro-chemicals and their global application fosters a

positive feedback between the soil and atmosphere in terms of GHGe as reviewed by the EPA



(Seneviratne, 2015; Fig. 1)". 1 do not understand this sentence. What is the connection of
Seneviratne (2015) to this statement? —removed

6. P5-6, L116-120; Modify as "For example, enhancement of nutrient acquisition pathways,
production of plant growth regulators, alterations in physiological and biochemical properties of
the host plant and defending plant roots against soil-borne pathogens are some multiple
phenotypic consequences resulting from beneficial associations (as reviewed by Mei and Flinn,
2010 and Hamilton et al., 2012; Seneviratne, 2015)". - rewritten to clarify and reference
removed

7. P13, L275; Should read as "opinions expressed in this paper are the authors' and do not

necessarily reflect...." - corrected

Thank you for the opportunity to refine and resubmit for publication.
Cordially,

Cyd E Hamilton



Graphical Abstract

Box 1. List of definitions

Figure 1. A diagram of a community engineering approach. The microbes are genetically engineered to
modify: 1) intracellular metabolic pathways, 2) predictable features of plant-microbe inter-cellular
interactions, or 3) change the composition of microbes in the community en planta. Color circles inside
microbe and plant cells (grey and green circles, respectively) indicate single or multiple heterologous

recombinant DN A molecules.

Supplementary

Table 1. List of literature citing mutualistic endophytic associations between microbes and multiple plant
hosts. For exploration of the stability and complexity of these interactions see the following reviews,
Kaldorf et al. 2005 and Hamilton and Bauerle 2012.

Table 2. Brief list of citations supporting utilization of microbial endophytes to increase plant production
(e.g. food crop production). Merged cells indicate bacterial and fungal partners or the soil microbiome, as
a whole, was evaluated for plant growth promotion. Plant growth promotion includes increases
resistance to pests, abiotic tolerance, and plant biomass yields. For contrasting opinions see Verbruggen et
al. 2012.



*Highlights (for review)

Highlights — CEH - Mitigating climate change through managing
constructed-microbial communities in agriculture

1. review of peer-reviewed and think-tank literature we explore a concert of approaches
2. utilization of microbial-plant mutualisms to increase crop yields in general

3. utilization of microbial-plant mutualisms to increase yields in response to CC

4. all of the above approach combines native and synthetic approaches
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Abstract

The importance of increasing crop production while reducing resonputs and land-use change cannot
be overstated especially in light of climate change and a hpopuiation growth projected to reach nine
billion this century. Mutualistic plant-microbe interactionseoff novel approach to enhance agricultural
productivity while reducing environmental costs. In concert wikieohovel agronomic technologies and
management, plant-microbial mutualisms could help increase cropgbicrdand reduce yield losses by
improving resistance and/or resilience to edaphic, biol@gid, climatic variability from both bottom-up
and top-down perspectives.

K eywords

Symbiosis, plant-microbe interactions, mitigation, agroecololipate change, synthetic communities,
GHGe

1. Crop production, feeding 9 billion people, climate change, and system feedbacks

Food security is an important issue globally (IFPRI 2012; ORGL®2 a and b) according to the Interna-
tional Panel on Climate Change report (IPCC, 2013) clinmtlkd next 25 years will disrupt agricultural
production with many regions experiencing production losses dueddetyvof stresses resulting from
climate change (CC) and climate variation (IPCC, 2608FAM, 2013).Although, cereal production
yields have stabilized worldwide in the past decade this statxdn is at levels 25% less than
what is needed to meet projected population demands by 2050 (Mwongéra26i4; UNEP,
2009). Reductions in crop yields are predicted to be greater thajuarte 10% less current
average annual yields (Schlenker and Roberts, 2009; OECD, 2012b; Elbéhre@1k FAO,
2012; IPCC, 2013). Thusjture challenges due to extreme droughts and rainfall evelhtesult in
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losses and degradation of critical agricultural soil amder resources (IPCC 2013, Mwongera et al.
2014) and exacerbate current food safety and security challenges.

Globally, agricultural practices generate 30% of greenhousemssions, particularly when land-
use change is included in the estimate (FAO 2012). Under thes sfao, current agricultural practices
lead to increased agrochemical usage as a means of achievingdpgisease resistance, which concomi-
tantly reduces or retards microbial mutualisms (Bever 20dédnagatively impacts long-term host resis-
tance to some crop pests (Kennedy and Smith, 1995; Bale 20@2; Logan et al2003; Elbehri et al.,
2011). Compounding this, global warming is predicted to increasepesthand disease occurrence by
favoring their relatively rapid reproductive cycles throdmgher temperatures and increased larval sur-
vival (as reviewed in Logan et aP003). This potentially leads to a positive feedback ciyclehich in-
creased warming leads to increased plant production andkmiroe requirements leading to increased
agrochemical production and utilization, and resulting in higsldGe from soils indirectly, and directly
and through chemical production processes (Smith et al., 2BEGDPQ2013; EPA 2015). Changes in
agricultural practices are needed to address these feedbamider to positively contribute to mitigation
of, and adaptation to CC through advances in crop production and management.

One globally available, adaptive opportunity may be found irséfleand plant microbiomes (see re-
view by Singh et al., 2011). Employing novel technologies basedbrl@scribed biological, ecological
and evolutionarily phenomena, in concert with classic breetiingnologies enhanced by transgenic
tools, (as reviewed in Dangl et al., 2013). This robust apbre@altiresses complexities inherent in crop-
ping systems (e.g., heterogeneous soil properties, variatllexpesure). This approach recognizes a role
for breeding of plant, microbe, and symbiotum (Box 1) traits dautirig to, and optimizing host perfor-
mance. For example, microbial symbionts known to increase hostsdefean be used as a means of
producing a plant phenotype more resistant and/or readily respoaspastipathogen adaptation (see
review by Berendsen et al., 2012; Lambrecht et al., 2015; Box 1).

2. All of the above approach

We propose expanding management approaches such Climate Smart Agr(G$&) to include the
microbial components of crops and soils. Combining breeding statagd biotechnology with utiliza-
tion of co-adapted, mutualistic plant-microbial associationgddphytic and rhizosphere) could result in
an agricultural approach utilizingpnstructed microbial communitie& constructed microbial communi-
ty approach (Box 1) is a microbial mixture designed to ut#izelutionary and ecological phenomena to
inform and develop mutualistic microbial communities. Theltds increased production of crops with
the ability to adapt to climate change while simultangoesiucing the economic and ecological costs of
production e.g., reductions of agrochemical applications.

3. Brief introduction to mutualistic symbionts. Wheelswithin wheels
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Positive or mutualistic symbioses are ubiquitous and gainingdsirg interest as we learn more about
the prevalence and consequences of plant microbiomes (Supplgneatiéa 1; as reviewed Berendsen
et al.,2012) and their impacts on host response to abiotic and hiiatis gas reviewed by Rodriguez et
al., 2009; see also Mei and Flinn, 2010; and Hamilton et al., 28itBpugh hidden from the naked eye,
microbial mutualists are globally important classes of orgamidue in part to their role in ecosystem
functioning (as reviewed by Rodriguez et al. 2009) and thggacts on host plant performance (see Sup-
plementary Table 1).

Mechanisms for why mutualists increase biomass productioraimtam yields in response to abiotic
and biotic stress (Bouton et al., 2002; Govindarajan et al., 200@2008) have extensive documentation
(Supplementary Table 1; Assuero et al., 2006; Kevei et al.,; Ré@8nussen et ak009; Newcombe et
al., 2010; Mei and Flinn 2010; Tian et al,. 2010; Redman et al., 2011;ijiekal., 2012; Fellbaum et
al., 2012; Hamilton et al., 2012; Hamilton and Bauerle, 2012; dt&le et al., 2012; Tschaplinski et al.,
2014; Singh, 2015). For example, enhancement of nutrient acquisitibwaya, production of plant
growth regulators, alterations in physiological and biochahmmperties of the host plant and defending
plant roots against soil-borne pathogens are examples of mii#tileable phenotypes resulting from
beneficial plant-microbial associations (as reviewed by atei Flinn, 2010 and Hamilton et a2012;
see also Molitor and Kogel, 2009; Weston et20)12; Supplementary Table 2).

To create contextually effective, temporally statd@structed microbiatommunitiescollaborations
between breeders and microbial ecologists will be necessary to de\atopnidrobial systems maximiz-
ing crop yields and contributing to stable mutualistic symlsidség. 1) while presuming unpredictable
and/or unstable resource availability (e.g., water and ntgjieFhe resultingonstructed microbial com-
munity (Box 1) could contribute to GHGe mitigation and agricult@ddptation to CC by decreasing re-
source requirements (i.e., fertilizers and pesticides).

4. Reduced inputs, increased profits
Mutualistic microbes can contribute to plant health via increases

1. the efficiency of plant resource uptake (e.g., N, water),

2. plant tolerance of abiotic (e.g., salt) stress,

3. plant tolerance of biotic stresses (e.g., pathogens).

For example, it has been reported, reducing utilization achgmicals through more effective use of
mutualistic microbes could result in reduction of N emissiamd leaching as well as carbon (C) emis-
sions directly from the soil (Dobermann and Cassman 2002; BeffGt al., 2006; Bakarr 2012) or indi-
rectly through agrochemical production (OECD 2012b and 2013). Ttigation potential of decreased
N use for agriculture in the European Union (Domingo et al., 20Jtbjected to result in a reduction of

44% GHGe from 2009 levels, corresponding to a reduction of 41lli@mihetric tons C@® equivalent
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annually with large-scale, ecosystems and human health lsefdfitmbe and Swinton, 2003; OECD
2013).
5. Increased host stresstolerance from the ground-up
Maintenance of beneficial, soil microbial communities (Duhamel and Vandemtkuyse 2013; Govers et
al., 2013) is recommended for soil management (Bakarr 2012; Govals 2013) through, in part, fos-
tering of mutualistic soil microbial communities (Shresthalet2014). Increased microbial community
complexity can lead to increased biotic heterogeneity gsuility, decreased soil erosion (Pimentel et al.,
1993; Gianinazzi et al2010; Bever et al2012; Govers et al2013) increased water retention (Kennedy
and Smith 1995), and increased nutrient turnover and retefiilom et al.,2002; Thiele-Bruhn et al.,
2012), and improvement of soil aggregate stability (Duchicela &Cdl2).
Many microbial mutualists increase the efficiency of nutrigstbke (Newcombe et al., 2010; Blickitg
al.,, 2012) and therefore have the potential to significantdyae fertilizer applications (Tilman, et al.,
2002). Reduced GHGe through healthier soils and plants megjldiniver nutrient additions is mitigative
(Drury et al., 2014, see also Smith et al., 2013).
6. Adaptation and Mitigation Potential: Constructed Communities and Synthetic Biotechnology
Utilization of emerging techniques in the field of syntbdtiotechnology, as applied to both microbes
and plants can plausibly result @onstructed microbial communitiesgith the ability to improve plant
performance and environmental quality (Shong et al., 2012; Kusalri 2014). In this scenario the mi-
crobes may be genetically engineered to modify 1) intrdaeltaetabolic pathways, 2) predictable fea-
tures of plant-microbe inter-cellular interactions, or 3) therafiial community compaosition resulting in
improved plant performance (Fig. 1). The potential to engiplkeets which in turn alter the community
composition of mutualistic microbes has been successfullyorgl(Brelles-Marino and An&008).
Note, some important microbes, such as AM fungi, have multireectenetic systems which are not
amenable to engineering.

Another approach, create synthetic microbial communities f@rdwing crop production by
combining un-engineered microbe species isolated from natuie.approach can be facilitated by an
integration of systems biology, ecology, and evolutionary bioldgyhe population level syntrophic ex-

change (i.e. metabolic cross-feeding) between differenlviel species (Mee et al., 2014) and synergis
tic effects on plant growth (Larimer et al., 2014) are dpmral. Ecological studies can provide informa-
tion about the impacts of climate change (e.g. elevated oetewated carbon dioxide) on soil microbial
community composition and metabolic diversity (Kato et2014; Bao et al2015; Singh et al., 2015).

Evolutionary studies can predict the stability of syntheticrafiial communities and microbial mutual-
isms over the time (Bever, 2015). Large-scale field taald controlled experiments can be used to eva-

luate impact of external factors (e.g. soil physical ananited properties, drought, elevated £@lant
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host genotype) on microbial community composition and synergistic berfédfitscalations.
7. Action now does not Preclude Continued Resear ch, Development, and Refinement
There are numerous, potential challenges to efficacious titlizaf mutualistic microbes as a means of
increasing crop productivity. Perhaps a legitimate questi@sk now, is do we have time to wait for this
research to resolve nuanced issues where applicationglneagly be accessible and efficacious? The
approach proposed here ainstructed microbial communitieis, conjunction with classic breeding and
advanced agricultural management approaches, incorporatesybietodpgy, evolution, and economics
to produce economic and ecologically sustainable results atdoales. Application now should not re-
strict on-going research but rather stimulate researchpemdde important opportunities to improve
agricultural systems, while mitigating the impacts di@&: from current agricultural management re-
gimes. Applied and basic sciences are iterative, mutdefigndent processes; to realize their benefits the
process needs to begin.
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Box 1. List of definitions
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geology

Word Definition Example
Manipulation of plant microbiome Selection of mutualistic mycorrhizal and
and or soil microbial community bacterial rhizosphere community
Constructed composition designed to increased membership with broad host taxonomic
Microbial plant yields and/or range with positive impacts on host
Communities | resilience/resistance to perturbation; | phenotype, e.g., increased drought tolerance,
context cognizant design increased host resistance., also increasing soil
quality
An interaction between a symbiotic Pollinators and plants; gut microbes and
Mutualisms | ©8anism mutually beneficial to both | mammals
organisms
Community of microbial organisms Rhizobia, mycorrhizae, dark septate
Plant residing within host tissues/organs endophytes, foliar endophytes —
Microbiome | likely spanning a continuum of simultaneous colonization
interactions
Spatially explicit evaluation of soil Time and degree of till, quantity and quality
and landscape conditions including of chemical applications based on soil
Precision and resulting from soil characteristic | heterogeneity at field-scale, utilization of
Agriculture determined by topography and polycultures to increase soil nutrients,

changes in seeding and harvesting based on
complex climate models, etc.

Climate Smart

Sustainably increases productivity,
resilience (adaptation),
reduces/removes greenhouse gases

(mitigation), and enhances

Inclusion of multi-cropping systems, low/no-
till farming and novel technologies which
employ context dependent solutions and

include socio-economic limitations

least on organisms’ phenotype

Agriculture
achievement of national food security |/opportunities
and development goals (FAO, 2012)
An interaction involving two or more | Pollinators and their plant hosts, fungal
) organisms resulting in changes to at | pathogens and plant/animal hosts, gut
Symbiotum microbes
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Table 1. List of literature citing mutualistic endophytic associations between microbes and multiple plant

hosts. For exploration of the stability and complexity of these interactions see the following reviews,
Kaldorf et al. 2005 and Hamilton and Bauerle 2012.

Root,
Plant Age;
Shoot, .
Plant Endophyte Stress Experimental Reference
Whole
Context
Plant
Trichoderma seedlings;
Cacao Tree Root Drought Bae et al. 2009
hamatum growth chamber
o Seedlings,
Piriformaspora Baltruschat et
Wheat oo Root Salt plants; growth
indica al. 2008
chamber
e . Calderon et al.
Vitis vinifera T. viride Root None Cell culture 1993
i Seedlings,
Nicotiana ,
) ) plants; growth Chacon et al.
benthamiana; T. harzianum Root None
chamber, 2007
Tomato .
hydroponics
seedlings; .
Hamilton &
) drought growth chamber
Festuca spp. Neotyphodium spp shoot Bauerle 2012
plants;
greenhouse
seedlings;
) . drought growth chamber Hahn et al.
Lolium perenne N. lolii shoot
plants; 2008
greenhouse
. o ) ) Hanada et al.
Cacao Tree Multiple Shoot Biotic resistance In vitro 2010
Various ) . plants; Harman et al.
Trichoderma spp. Root Stress resistance )
vegetable crops greenbous; field 2004
Plants, Review by
Various Various Bacteria root Abiotic stress greenhouse Hardoim et al.
2008
Epichloé spp,
Brachypodium P ) ZPP Shoot Lari cal
arbuscular oot, arimer et al.
sylvaticum, L. ) None Greenhouse
myorrhizae root 2012
perenne
(AMF)
Potato,
Nicotiana Various Bacteria root None In vitro

attenuata

Long et al. 2008
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seedlings; Review —
Convolvulaceae | Periglandula spp. Root Biotic resistance greenhouse, Panaccione et
growth chamber al. 2014
Curvularia .
seedlings;
) protuberate, Shoot; cold, drought, Redman et al.
Rice i greenhouse,
Fusarium whole salt 2011
growth chamber
culmorum
Dichanthelium . .
) Colletotrichum seedlings, )
lanuginosum, Shoot, drought, heat, Rodriquez et al.
, magna, F. plants; growth
Leymus mollis, whole salt ) 2008
; culmorum chamber, field
Rice, Tomato
F. oxysporum,
) Trichoderma sp. Root o ) Greenhouse, Sikora et al.
Various crops ) Biotic resistance )
Meloidogyne spp. shoot field (2008)
Radopholus similis
seedlings;
. L Tanaka et al.
Lolium perenne | Epichloé festucae Root None greenhouse
2006&: 2008

Table 2. Brief list of citations supporting utilization of microbial endophytes to increase plant production

(e.g. food crop production). Merged cells indicate bacterial and fungal partners or the soil microbiome, as

a whole, was evaluated for plant growth promotion. Plant growth promotion includes increases

resistance to pests, abiotic tolerance, and plant biomass yields. For contrasting opinions see Verbruggen et

al. 2012.
Bacterial Fungal
Dakora 2003 Redman et al. 2011
As reviewed by Richardson et al. 2011
Cocking 2003 Smith and Smith 2011

As reviewed by Chaparro et al. 2012

Ker et al. 2012

Duhamel and Vandenkoornhuyse 2013

Kohl et al. 2014

Owen et al. 2014

Kennedy et al. 2004
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