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Abstract
Microbial relationships with roots influence many ecosystem functions and nutrient fluxes, includ-

ing their sometimes-profound effects on plant health and productivity. Fine roots were often clas-

sified with a diameter less than 2 mm, but fine roots under that size perform distinct functional

roles in the environment. Importantly, two broad functional categories of fine roots are absorptive
and transportive, with absorptive fine roots acting as metabolic hotspots for root activity. In two of

our recent studies, we have shown that several microbial community characteristics differ

between absorptive and transportive fine roots, including composition, abundance, and function,

as well as the root metabolome. This highlights a growing recognition within microbial ecology

that we must consider fine-scale environmental variability, such as root physiology and morph-

ology, when interpreting microbial patterns. In this commentary, we summarize the findings of

our latest article, further speculate on some of these patterns, and suggest future studies for

examining decomposition and applying cutting-edge single-cell sequencing techniques.
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Root functional roles and microbial relationships

Plants form intricate relationships with microorganisms.1,2 These relationships are encour-
aged, either directly or passively, by the release of carbon-rich compounds, called exu-
dates, and other rhizodeposits into the surrounding soil environment.3 This zone of
influence is often described as the “rhizosphere,” in which microbial composition, func-
tion, and abundance, are typically distinct from the surrounding bulk soil.4 The rhizosphere
concept was first defined by Hiltner5 over 100 years ago and has been a substantial research
area in recent decades, particularly with the improvements in next generation sequencing
availability and financial accessibility. The rhizosphere is a gradient of plant influence,
where fluctuations of a number of chemical, biological, and physical parameters are
observed,6 generally less than 2.0 mm from the root surface. For example, oxygen,
carbon dioxide, water, exudates, enzymes, and nitrogen and phosprous.6 In addition to
the rhizosphere, roots also have distinct microorganisms that colonize the root surface
(i.e. the rhizoplane) and the internal root environment (i.e. the endosphere).7 While we
understand the impact of roots on microbial assembly in a general sense, we are still iden-
tifying the direct mechanisms of feedback between host and microbe, how those lines of
communication may have evolved, and whether they can be manipulated. In particular,
we understand little about impact of root morphology and functionality8,9 on root–micro-
bial feedback, in part because of the relatively hidden nature of roots beneath the soil and in
part because of the painstaking efforts that are required for fine-scale root separation.

For nearly a century, fine roots have been categorized into different roles based on root
morphology and behavior.10,11 Despite this, one popular method of studying fine roots has
been collecting all fine roots below an arbitrary diameter size (typically <2mm) and consider-
ing them as functionally equivelant8,12 (eloquently illustrated in Figure 1 in Pregitzer (2002)).
This “traditional diameter approach” has persisted in root ecology studies.8,12,14 While fine
roots might be categorized in a variety of ways, based on traits such as shape, size, and
age, they can be binned into two important and broad functional categories based on the
role they play in the environment: absorptive fine roots and transportive fine roots.8,15

Absorptive fine roots are typically the key point of interaction between plants and the below-
ground environment and display greatermetabolicflux and activity relative to transportivefine
roots. In contrast, transportive fine roots show greater lignification and transport (i.e. xylem)
capacity. The differences between absorptive and transportivefine roots cannot be understated.
For example, when classifying fine roots according to functional classification instead of by
diameter (<2mm) net terrestrial primary productivity estimateswere found to be overestimated
by 30%.8 The separation of fine roots into functional categories can be performed by counting
backwards from the most distally produced roots (see the morphometric approach in Freschet
et al.13). As a general rule, roots that are root order 1 and 2 are typically the absorptive fine
roots, while root orders 4 and above are the transportive fine roots.8,9 These categories are
based on a suite of functional and morphological factors (see Figure 3 in McCormack et al.8).

Paper summary and speculation

The potential importance of these root morphological and functional differences on
microbiome recruitment inspired our recent publication, released in Plant, Cell &
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Environment.1 Most microbiologists and microbiome scientists studying root-microorganisms
tend to collect roots (either all roots or those below a given size diameter) and homogenize
them to create a composite sample.16 Understandably, it can be painstakingly laborious
to separate out fine roots. Although, some efforts have been made to link root traits (e.g.
diameter, length) to microbial composition,17–19 typically in relation to mycorrhizal fungi
colonization,14,18 the fine roots are generally not sorted (i.e. a root cluster is homoge-
nized) or DNA is collected from root tips and correlations applied between the micro-
biome and whole fine root clusters (i.e. <2 mm diameter).14,19

In this study, we separated the fine roots of four tree species based on assumed func-
tional groupings (absorptive vs. transportive) and assessed the rhizoplane and rhizosphere
microbiome, in parallel with the root metabolome. Overall, we detected an interaction
between tree species and root functional type for both bacteria and fungi. At a finer
scale, when we compared absorptive and transportive roots we observed: (i) rhizoplane,
but not rhizosphere, bacterial compositional differences, (ii) differences in bacterial func-
tions assigned to sugar and urea transport, and (iii) metabolome differences driven by
sugars, amino acids and fatty acids. These findings reinforced our earlier findings that

Figure 1. Conceptual figure of root–microbe interactions on (A) transportive and (B) absorptive

fine roots and potential questions. MF is mycorrhizal fungi. Bacteria in (A) are root

surface-associated bacteria (i.e. the rhizoplane). The blue and orange haze indicates the potential

zone of influence each fine root exerts on the environment, and multiple colors in (B) indicate the

diversity of exudate resources released by absorptive fine roots. A scale size is provided to

indicate fine roots are typically below 2 mm in diameter, but for some tree species many fine roots

may be less than 1 mm or 0.5 mm in diameter. For anatomical descriptions and illustrations for

absorptive and transportive fine roots, see Freschet et al. (2021),13 McCormack et al. (2015),8 and

Pregitzer (2002).9,12 Text within the figure links to speculation throughout the commentary

article, including rhizodeposition from transportive fine roots, differences in N-cycling and

decomposition, and applying cutting-edge sequencing techniques to spatially link root–microbial

interactions.
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root functional type impacts microbial assembly.20 When we compared the rhizoplane
and rhizosphere microbiome compartments for individual root functional groups, we
observed differences for absorptive fine roots but not transportive fine roots.

Our most surprising finding was the lack of a significant difference in microbial com-
position between absorptive and transportive fine roots in the rhizosphere. We had expected
that differences in metabolic flux from absorptive and transportive fine roots would lead to
highly distinct rhizosphere microbial compositions. However, when we compared the
rhizosphere and rhizoplane microbiome compartments for each root functional type, we
found differences between the microbiome compartments for absorptive fine roots but
not for transportive fine roots. Understandably, transportive fine roots are not exuding
carbon, hence the similarity between the microbiome compartments, yet we did not
detect a difference between the absorptive and transportive fine root rhizospheres. Given
these patterns, we could speculate that the transportive fine root rhizosphere may represent
a transitionary state that has been co-influenced by both root exudation and rhizosphere sen-
escence, so we are unable to, compositionally, tease apart differences. We did not charac-
terize microbial functions for the rhizosphere, so a lack of compositional difference does
not necessarily indicate functional equivalency between those consortia. Our results high-
light the need to include rhizosphere age and microbial activity, and events leading to the
formation of rhizosphere in future experiments. Due to the lignification on transportive fine
roots, the formation of the transportive fine root rhizosphere could be driven by rhizodepo-
sition related to the formation of the outer bark and secondary growth,8 which may also
explain similarities between the rhizosphere and rhizoplane (Figure 1). Future studies
that leverage larger sample sizes and/or the inclusion of more tree species with varying
root morphology may shed more light on the transportive fine root rhizosphere.

Although fine roots of different functional types did not differ in their rhizosphere
microbial communities, the rhizoplane microbiome varied in composition and function
between absorptive and transportive roots. It is difficult to decouple whether rhizoplane
differences were primarily driven by root morphology and/or root exudation, but the
overrepresentation of sugar transport systems in the absorptive fine root rhizoplane
could suggest it is more related to exudation rather than root morphology. We observed
an enrichment in urea transport and the amino acid ornithine for the transportive fine
roots; urea and ornithine, in concert with arginine, can be important molecules for nitro-
gen cycling and storage.21 It is tempting to speculate that there may be distinct fine-scale
nitrogen dynamics on transportive fine roots relative to absorptive fine roots, which may
select for more copiotrophic bacteria. Nitrogen can also be important for decomposition
processes. Thus, differences in microbial-facilitated nitrogen and carbon cycling accord-
ing to fine root functionality may have further global implications for our understanding
of C and N modelling in soils.

Potential future directions—Decomposition and sequencing
advances

The rates at which roots decompose have important implications for global C cycling.
Given that absorptive fine roots are the metabolic hotspot of activity and lack secondary
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development,8 it would be natural to assume that they also decompose faster relative to
transportive fine roots; however, transportive fine roots actually decompose faster.22,23

The lower decomposition of absorptive fine roots has been correlated to a higher acid
insoluble fraction of C relative to transportive fine roots.22 Decomposition rate is
driven by a combination of factors, including litter quality, edaphic factors, interactions
with microorganisms, and climatic features.24,25 While we did not consider decompos-
ition in our study, it could be possible that the existing microbiome could be important
for early decomposition dynamics, before being taken over by soil saprotrophs. We
may also speculate that the more similar a root microbiome is to the bulk soil microbiome,
the greater the potential for soil saprotrophic diversity in the root microbiome and there-
fore effecting early decomposition rates. For example, we previously observed a greater
microbiome similarity between the transportive fine root ectorhizosphere (labelled rhizo-
plane in that study) and bulk soil20 and in this study, a similarity between the transportive
fine root rhizoplane and rhizosphere. Future studies could temporally track microbiome
composition on absorptive and transportive fine roots and relate the microbial composition
to decomposition rate, in particular to identify how existing colonizers, as opposed to
microbial colonizers following root death, may influence decomposition. Identifying the
microbial drivers of decomposition for disparate root types will be vital when modelling
soil C dynamics. In terms of nitrogen cycling, N appears to accumulate in the transportive
fine roots while it is rapidly lost in absorptive fine roots,23 and this N is suggested to not be
available for plant uptake.22 Transportive fine roots also have higher C:N ratios (∼40–50)8
and decompose faster relative to absorptive fine roots.22,23 Given that we observed an
enrichment of functions and metabolites related to N transport and storage for transportive
fine roots, it would be prudent to identify how N is distributed during decomposition.
Similarly, the higher C:N ratios of transportive fine roots may be stimulating nitrogen
immobilization (or similar microbial feedback) which could explain the accumulation of
nitrogen on transportive fine roots.

As we further investigate root–microbe interactions, progress can be made using tech-
nologies that can provide further spatial resolution and single-cell responses. Techniques
such as spatial metatranscriptomics (SmT)26 and spatial host–microbiome sequencing
(SHM-seq)27 currently allow for the quantification of host gene expression alongside
microbial community profiling (i.e. 16S rRNA gene and ITS region). However, there
are currently few techniques that can simultaneously capture both host and microbial
genome-wide expression patterns while retaining the spatial information.

One recent article reported on the capture of both host and microbial genome-wide
expression patterns simultaneously using germ-free plants and a synthetic microbial consor-
tia.28 This approach represented a significant advance in the field, but there are opportunities
to include spatial information, progress beyond bulk rRNA sequencing, and to move past
needing genome-characterized isolates to trace expression patterns. Ideally, to investigate
root–microbe interactions, plant and microbe expression patterns could be simultaneously
captured and spatially localized. But, due to the complexities involved in simultaneous
expression capture in combination with spatial localization information from individual
cells, separate approaches are currently necessary when seeking to capture more than just
the rRNA expression of microbes. In lieu of comprehensive profiling methods to investigate
root–microbe interactions, we suggest separately examining: (i) the response of single
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bacterial cells to host exudation within a population and at the community level, and (ii)
dissecting how individual root cells respond to their immediate surroundings and envir-
onmental perturbations.

Studying plant root expression, particularly in relation to root–microbe interactions,
can result in the loss of environmental information, including microbial expression and
host–microbe interactions. Despite the application of single-cell RNA sequencing
(scRNA-seq) techniques across a diverse range of plant tissues and species, these
methods have yet to effectively capture and maintain the root–microbe interface. A poten-
tial solution to overcome this limitation could be to focus on root exudates to quantify
host–microbe interactions. By encapsulating exudates and individual bacterial cells
within gel-bead droplets, it would then be possible to assess within population responses
of bacterial cells to these exudates. Capturing exudates under various stress treatments
could be pertinent to understand bacterial adaptation and changes in function and physi-
ology in relation to host–environment interactions, which could have implications for C
usage and storage.

Exploring microbial activity and composition at a high resolution can also be achieved
using single-cell RNA-seq and spatial transcriptomics, but as mentioned above, currently
needs to be captured independently from host expression. In the past few years, there has
been an emergence in new bacterial single-cell RNA-seq approaches, with the ability to
capture genome-wide expression from thousands of individual bacteria.29 In the context
of the rhizosphere, using bacterial single-cell RNA-seq could identify expression hetero-
geneity from any bacteria of interest, including those directly involved with C and N
nutrient cycling. Exploring the spatial expression patterns of microbes at the single-cell
scale has also been achieved. Despite a technical limitation of approximately 100 marker-
genes per single cell, par-seqFISH30 can capture expressed transcripts from different
microbes, which can also be monitored over time. For example, selecting key C and N
genes from different microbes of interest could potentially uncover previously
unknown influences involved with nutrient cycling over time.

Conclusion

Getting to the root of root–microbe interactions requires a synthesis of ecophysiol-
ogy, microbiology, ecology, and emerging technologies. It is becoming increasingly
clear that separating fine roots according to functionality is important when modelling
C dynamics and examining root–microbe relationships. In our previous studies, we
have shown that microbial dynamics are different according to fine root functionality,
and there is now scope to apply this thinking to ecosystem functions and use
cutting-edge sequencing techniques to decipher spatial patterns. Understanding the
functional processes occurring at each fine root environment is vital to contribute
to our understanding of ecosystem functions. We would like to end this commentary
with a quote from McCormack et al. (2015): “Compared with their closest above-
ground analogs, functional divergence between absorptive and transport fine roots
would be equivalent to that observed between leaves and twigs” and if I were study-
ing the leaf microbiome, the picture certainly wouldn’t be any clearer by mixing in a
few twigs.
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