Transplanting bacterial community inocula on hydroponic lettuce
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The different components of the root zone (plant, microbiome, and rooting medium) can be
engineered to enhance crop production sustainably by applying plant growth-promoting
rhizobacteria (PGPR). Multispecies microbial inocula may be more effective in improving plant
performance than single species PGPRs because they can better establish. In soilless systems, the
selection of the plant growing medium raw materials plays a crucial role in the effectiveness of
bacterial community amendment. Therefore, we investigated the effect of transplanting bacterial
community inocula on lettuce (Lactuca sativa L.) root-associated bacterial community functioning
inside a vertical farm. We found that the raw materials had distinct resident bacterial community
structures and amending a bacterial community to the plant growing media allowed more control
over the final root-associated bacterial community structure than a single species PGPR inoculum.

Engineering the root-associated microbiome has been proposed as a method to sustainably enhance
crop production to challenge a future where we have to feed the growing global population under
reduced chemical fertilizer and agrochemical use (Dessaux et al., 2016; Toju et al., 2018; Kumar
and Dubey, 2020; Van Gerrewey, et al., 2021). The different components of the root zone can be
exploited to improve plant performance. For example, plant breeding techniques can introduce
traits of interest, soil improvers can be added to improve the soil’s physicochemical and biological
properties, microbial amendments can promote plant growth, and plant-microbe interactions can
be steered through manipulation of root exudation (Dessaux et al., 2016).

Following our previous work, we postulated that selection of the plant growing medium might be
critical in engineering the rhizosphere in soilless crop cultivation systems (Van Gerrewey, et al.,
2020; Van Gerrewey, et al., 2020). Plant growing media may be simple stand-alone materials to
highly complex mixtures of various inorganic or organic raw materials such as peat, coir pith,
wood fiber, green waste compost, perlite, and mineral wool (Carlile et al., 2015; Grunert,
Hernandez-Sanabria, et al., 2016). The composition and the physicochemical characteristics of the
plant growing medium determine the microbial community associated with the plant roots
(Grunert, Hernandez-Sanabria, et al., 2016; Grunert, Reheul, et al., 2016; Montagne et al., 2017,
Van Gerrewey, Vandecruys, et al., 2020). Plants shape their root-associated microbiome by
selecting microbes from the environment to adapt to the local nutrient conditions (Garcia and Kao-
Kniffin, 2018). For example, Antoniou et al. (2017) showed that sterile peat amended with green
waste compost improved tomato plant growth compared to sterile peat-compost mixes, indicating
plant growth-promoting activity of the compost microbiome. They observed differences in
microbial community composition between the unplanted compost and the tomato rhizosphere,
suggesting the plant host was a driver for rhizosphere microbiome recruitment. Moreover, Bacillus
spp. was the most abundant taxon in both the unplanted compost and tomato rhizosphere, which
possesses plant growth-promoting properties (Antoniou et al., 2017; Kashyap et al., 2019; Tiwari
etal., 2019).

Another approach to engineering the root-associated microbiome is the application of plant
growth-promoting rhizobacteria (PGPR). PGPRs can promote plant growth through various



mechanisms like N-fixation, phosphate solubilization, siderophore production, phytohormone
production, stress alleviation, and pathogen resistance (Lugtenberg and Kamilova, 2009;
Bulgarelli et al., 2013). However, the positive effects of single species PGPR application do not
always transfer from lab conditions to a realistic environment (Parnell et al., 2016; Compant et al.,
2019). Multiple extraneous variables may cause this dissimilarity in effectiveness. For example,
the bacterial inoculum may be unable to compete with the resident community (Eisenhauer et al.,
2013). In addition, the impact of inoculation may depend on the plant host genotype (Sasaki et al.,
2010; Zhong et al., 2019). Also, the inoculum dosage can affect the plant growth response (Bai et
al., 2002).

Instead, the amendment of microbial consortia may be more effective in improving plant
performance than single species inocula (Wagg et al., 2019). They may be better equipped to fill
in the niches that vary greatly depending on the plant host, the resident root-associated microbiome,
and the environment’s physicochemical and biological characteristics. For example, the survival
of introduced Pseudomonas strains was shown to increase with increasing inoculum diversity (Hu
et al., 2016). Moreover, higher Pseudomonas inoculum diversity reduced Ralstonia solanacearum
disease incidence in the tomato rhizosphere due to resource competition and direct interference
with the pathogen. Gu et al. (2020) showed that inoculation with soil bacterial communities
increased the rhizosphere bacterial community diversity, which played an essential role in plant
growth promotion. However, the effect of inoculation on the rhizosphere bacterial community and
plant growth depended on the bacterial community inoculum source.

In previous work, we investigated the effect of five bacterial community inocula (BCl S1-5) on
the performance of lettuce (Lactuca sativa L.) grown in ten different plant growing media (M1—
10) composed of peat (black peat or white peat), other organics (coir pith or wood fiber),
composted materials (composted bark or green waste compost), and inorganic materials (perlite or
sand) inside a vertical farm (Van Gerrewey, et al., 2020). We showed that microbe-plant growing
medium interactions were major determinants of lettuce performance. For example, BCI S3
possessed plant growth-promoting properties, but only in half of the plant growing media.
Moreover, BCI S3 amended to the two mixtures containing black peat and green waste compost
(M8 and M10) created a synergistic effect, outperforming the commercial control plant growing
medium. These results showed that proper material selection is critical when amending bacterial
community inocula to promote plant growth.

The root-associated bacterial communities were sampled during the previous work to investigate
further the role of the plant growing media materials, inocula, and their interactions in microbiome
functioning (Van Gerrewey, et al., 2020). Metagenomic analyses on the 16S rRNA gene sequences
were performed to determine the root-associated bacterial community structures, diversity, and
compositions. Moreover, the raw materials and inocula were associated with the introduction of
potential PGPRs. Using these analyses we sought to answer the following questions: (1) Do plant
growing media composition and inoculation shift the root-associated bacterial community
structure? (2) Do plant growing media composition and bacterial community inoculation promote
bacterial diversity in the root zone, benefiting plant performance? (3) Do plant growing media
composition and bacterial community inoculation introduce OTUs linked to improved plant
performance?

We identified changes in the lettuce root-associated bacterial community structure depended on
the raw materials used. The raw material batches generated large differences in community
structure across experimental replicates. The physiochemical and biological properties of the raw
materials can vary, even at the batch level. For example, compost is known for its strong variability



in quality from batch to batch due to the many different primary organic materials and composting
conditions (Barrett et al., 2016; Gruda, 2019). Therefore, certification systems exist to assure a
good quality product to the end-user (Regeling Handelspotgronden, 2021). Nonetheless, changing
raw material bulk storage conditions, raw material handling, and high turnover at the plant growing
media supplier can lead to slight variations in physicochemical and biological properties of the
final mixtures. These variations affect the intricate physical, chemical, and biological relations in
plant growing media, which in turn influence the microbial community structure (Grunert, et al.,
2016; Grunert, et al., 2016; Montagne et al., 2017).

In addition to the high variability in microbiome structure introduced by the raw materials even at
the batch level, the expected exponential growth of the plant growing media market will result in
the development of more novel materials and the use of more different blends (Blok et al., 2021).
This high variability and uncertainty make manipulating the resident communities in plant growing
media raw materials a daunting task. However, we showed that amending a bacterial community
allowed more control over the structure across different plant growing media mixtures. Moreover,
our previous research showed that bacterial community amendment could improve plant
performance over different plant growing media mixtures (Van Gerrewey, et al., 2020). Therefore,
the amendment of multifunctional bacterial consortia may be a better approach to steer root-
associated community structure for plant growth promotion.

We asked whether plant growing media composition and bacterial community inoculation can
introduce potential PGPRs. Our observations showed that raw material selection and inoculation
shifted the root-associated bacterial community. The representative OTUs of the raw materials
were mainly classified as a few common phyla: Proteobacteria, Bacteroidota, Planctomycetota,
Actinobacteriota, Verrucomicrobiota, Acidobacteriota, Firmicutes, and Chloroflexi, indicating
that lettuce selects OTUs from only a few core taxa to establish a distinct root-associated microbial
community. Indeed, Cardinale et al. (2015) identified these taxa among the core taxa of lettuce.
This observation highlights the narrow selection the plant host exerts on the root-associated
bacterial community through niche adaptation (de la Fuente Cantd et al., 2020).

Although the root-associated bacterial communities were mainly derived from select core taxa, a
few taxa were associated with specific raw materials. For example, Patescibacteria was a distinct
phylum that has been detected in peat bogs, fens, and moderately acidic water, suggesting that this
is a core phylum present in the raw material that settles in the root zone (Juottonen et al., 2017,
Lemos et al., 2019; Ivanova et al., 2020).

Our previous research also observed that changing the substrate type did not affect microbial
activity, following the absence of carbon in these generally sterile raw materials (Van Gerrewey,
et al., 2020; Regeling Handelspotgronden, 2021). The lack of effect indicates that the presence of
organic carbon in the raw materials is required to have a resident community that can induce
changes in the root-associated bacterial community.

Conclusion

Our results showed high variability in root-associated bacterial community structure introduced
by the raw materials even at the batch level. However, the community structure can be controlled
across different plant growing media mixtures by using bacterial community inocula. The results
suggest that introducing more bacterial diversity in the root zone through raw material selection
and bacterial community inoculation is a driver for plant performance. The good performing raw
materials introduce multiple OTUs classified as Bacilli and Actinobacteria in the root zone, which



are known to possess plant growth-promoting properties. The use of substrate and inocula likely
resulted in a synergistic effect on plant performance by introducing more bacterial diversity and
PGPRs. Therefore, we need to transition towards selecting raw materials that harbor diverse and
multifunctional microbiomes and support bacterial community amendment, creating bacterially
enhanced plant growing media that secure plant performance in a hydroponic environment.
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