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Spectroscopy-based isotopic (813C) analysis for high spatial resolution of carbon exchange in the 
rhizosphere

Abstract: The rhizosphere is a highly dynamic zone bridging plant roots with needed nutrient resources 

in soil. While the rhizosphere may be small, it has a disproportionally large impact on plant success and 

biomass production. A suite of rhizosphere-hosted microbial and geochemical interactions facilitate 

nutrient acquisition by plant roots, and, in turn, the roots stimulate these processes by supplying organic 

carbon into the rhizosphere. The small physical dimensions of the rhizosphere, however, can constrain 

efforts to elucidate key carbon exchange processes and their spatial extent and localization. We present a 

method for spatially resolved 513C analysis of rhizosphere samples by coupling laser ablation (LA) 

sampling with isotopic analysis using capillary absorption spectroscopy (CAS) which differs from 

conventional mass spectrometer (MS) approaches. The CAS system has high sensitivity (requires fewer 

nanomoles of CO2 per analysis) than comparable MS systems, which enables reduced sample size 

requirements to thereby improve spatial resolution (from 25pm to as low as a projected 5 pm spatial 

resolution). We demonstrate the utility of CAS using rhizosphere samples from switchgrass plants 

exposed to 'CO2 This technique will provide a capability for tracking the extent and spatial distribution 

of root exudate into the rhizosphere at highly detailed spatial scales.

Keywords: spatially resolved stable isotope analysis; root exudate; capillary absorption spectroscopy;

laser ablation; carbon isotope 1

1. Introduction

The rhizosphere is defined as the thin layer of soil surrounding and directly impacted by a plant root 

[1,2], This zone is spatially constrained but supports robust biogeochemical processing with implications 

for nutrient acquisition, pathogen protection, desiccation resistance, and other soil processes [3-6]. The 

strong link between effective rhizosphere processes and resulting plant health has important implications
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for plant productivity in both natural and agricultural systems. Thus, active rhizosphere management to

stimulate beneficial interactions is emerging as a focus area for supporting sustainable agriculture [7-9]. 

The central driver of plant-stimulated rhizosphere processes is the release of a suite of organic carbon 

compounds, collectively termed rhizodeposits, by plants and their roots [10]. Quantities of organic carbon 

released varies by plant type and growth conditions but can constitute a large proportion of net 

photosynthetic product and can locally alleviate typical carbon limitation in soil ecosystems by suppling a 

bioavailable carbon source to rhizosphere microbes [11-14]. A class of rhizodeposit released from roots is 

root exudates, which are known to include both organic carbon and signaling compounds to help shape 

rhizosphere microbial communities and their functions [15-19],

The wide range of activities performed within the rhizosphere and the important role these play in 

directing overall plant fitness highlights the need for gaining a mechanistic understanding of rhizosphere 

function. This is complicated, however, by both the fine spatial scale and spatiotemporal heterogeneity of 

the rhizosphere, and the extent to which this variability directs relevant metabolic and geochemical 

interactions [20, 21]. Organic carbon availability can be spatially focused in small regions, driving the 

development of hotspots within the rhizosphere that host high rates of metabolic activity [22].

The central role that root exudates can play in directing rhizosphere processes and their heterogeneous 

distribution has led to the development of several complementary techniques for spatially tracking the 

delivery and fate of this carbon in the rhizosphere [23, 24]. For example, soil zymography enables mapping 

the distribution of enzymes linked to carbon cycling at spatial scales conducive to rhizosphere studies and 

can help pinpoint hotspots of carbon consumption [25-27], Planar optode techniques allow for direct 

assessment and mapping of metabolic processes linked to carbon respiration, namely oxygen consumption 

and the production of carbon dioxide [28, 29]. Similarly, emergent techniques in laser induced breakdown 

spectroscopy (LIBS) are enabling fine-scale mapping of carbon within plant tissues and along the root- 

rhizosphere-soil continuum [30, 31]. While these approaches can provide needed insights to carbon 

metabolism and localization with the rhizosphere, they don't independently provide direct, spatially- 

resolved information on where and how much carbon is being released into the rhizosphere.
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Established methods with radioactive and stable isotope tracers have been used for monitoring the

uptake of carbon dioxide through photosynthesis and subsequent transport of the resulting photosynthate 

into the root system and rhizosphere. Introducing radioactive elements can provide high-sensitivity tracking 

of carbon flow. For instance, development of carbon-11 tracer (introduced as "CCL) can provide spatial 

distribution of photosynthate in the rhizosphere and even permit some evaluation of chemical structure of 

root exudates [32, 33]. However, a very short half-life for carbon-11 (roughly 20 minutes) constrains the 

timing between sample collection and analysis and prohibits studies in larger plants where transport time 

may coincide with large decay in signal. The use of carbon-14 radiocarbon tracers is more widespread and 

can provide quantified mapping of photosynthate into the rhizosphere [34-37], Perceived challenges in 

applying radiocarbon tracers can limit this application, however, and may prohibit additional parallel 

analysis out of concerns over radioactivity exposure. In part to avoid these concerns, stable isotope tracers 

(specifically carbon-13) can provide a tool for tracking photosynthate into the rhizosphere and associated 

microbial and biochemical pools [38]. When coupled with a nano-scale secondary ion mass spectrometer 

(NanoSIMS), a carbon-13 tracer can reveal highly detailed distribution of recent photosynthate into plant 

cells, the rhizosphere, and associated microbial cells [39, 40]. However, this approach can be time- 

consuming, requires a good deal of sample preparation, and can be challenging to perform effective analysis 

over mm or larger scales that can be relevant for rhizosphere studies [41].

Laser ablation-isotope ratio mass spectrometry (LA-IRMS) provides measurement of carbon-13 

labeled materials at the 10s pm resolution over samples of multiple cm2, consistent with typical rhizosphere 

carbon introduction processes [42-46], The ultimate spatial resolution in these cases is largely driven by 

sample handling methods and the sensitivity of the IRMS used for analysis, with increased sensitivity 

requiring smaller sample sizes which in turn enables more focused laser sampling and enhanced spatial 

resolution. Recent efforts have sought to maximize LA-IRMS sensitivity by optimizing the delivery of 

sample to the IRMS combined with improved instrument sensitivity performance [45, 47]. While these 

approaches are successful, the required analyte focusing steps can limit overall sample throughput and the 

method is still ultimately constrained by sensitivity of the IRMS measurement platform.
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Capillary absorption spectroscopy (CAS) is an emerging technique for making carbon-13

measurements with orders of magnitude sensitivity improvement compared to IRMS [48]. CAS leverages 

an optically coated capillary (a hollow wave guide; HWG) to create a high optical fill rate with minimized 

optical losses within short capillary sections [49, 50]. Different rovibrational transitions linked to specific 

isotopologues (e g., ' CO: and 12CC>2) are targeted with a tunable diode laser (mid-wave infrared 

wavelength) and absorption is correlated with the isotopic population. The small internal volume of the 

capillary combined with low operating pressures results in the high overall CAS operational sensitivity, 

requiring as little as 10s picomoles for isotope analysis of carbon dioxide [48]. CAS has several additional 

advantages over IRMS including its invulnerability to isobaric interferences, potential for improved 

measurement sensitivity/smaller sample size requirement, smaller footprint and reduced peripheral 

instrument support (e g., lower vacuum and power requirements), and potential for field deployment. Our 

goal was to build upon the work of Kelly et al. [48] and Kriesel et al. [51] to construct a modified CAS 

system integrated with a laser ablation sampling device to evaluate the utility of this instrument to provide 

spatially resolved isotopic measurements along the root-rhizosphere system, using a switchgrass microcosm 

as a model system to test the application. We present a method and the resulting data from these samples 

that highlight the potential role LA-CAS may play in future rhizosphere investigations.

2. Materials and Methods

2.1 Sample growth, isotopic labeling, and preparation

To test the effectiveness of the LA-CAS system on rhizosphere samples, we grew switchgrass 

(Panicum virgatum, variety Cave-in-rock [52]) in rhizobox systems (Figure SI) following the methods of 

Ilhardt et ah, 2019 [30]. Briefly, we filled the rhizoboxes with a sandy loam Alfisol harvested from the A 

and upper B soil horizons within established switchgrass plots at the Kellogg Biological Station (Hickory 

Comers, MI, USA) [53]. We sieved (4 mm) the harvested soil then packed it into the high-density
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polyethylene rhizoboxes (12.7 cm x 19 cm x 1 cm). We transplanted switchgrass seedlings (germinated in

shallow water dishes) into the rhizoboxes and grew the plants in a Cenviron (Winnipeg, Manitoba, Canada) 

walk-in growth chamber (model no. GR48) at 24 °C / 50% relative humidity during the day and 18 °C / 

40% relative humidity at night (16 hour light / 8 hour dark cycle). After approximately six weeks of growth, 

we transferred the rhizobox systems into a stable isotope labeling cell which was itself placed within the 

growth chamber, injected ' CO: (99 atom%, Sigma-Aldrich, St. Louis, Missouri, USA) into the chamber, 

and continued plant growth for an additional 48 hours to isotopically label plant photosynthate produced 

during this time. We added additional ' CO2 aliquots at approximately four-hour intervals during the 

daylight growth phase to provide a constant supply of CO2. We subsampled the root-rhizosphere-soil 

system by removing one side of the rhizobox to expose the subsurface plant biomass and used a !A’ diameter 

coring device to extract samples while preserving their spatial orientation [44]. We pressed the upper 

surface of the sample to remove topographical artifacts that could reduce the effectiveness of laser ablation 

while retaining the sample's 2D spatial orientation, then froze (-80°C) and lyophilized the samples in 

preparation for analysis.

2.2 Sample analysis

2.2.1 Sample selection and laser ablation extraction

We sought to compare and evaluate the merits of LA-CAS and LA-IRMS methods and directly 

compared analyses of the same sample for each type of analysis when possible. This included running 

parallel, side-by-side transects of the 513C spreading perpendicularly from a plant root where a transect 

performed using LA-CAS was bracketed by data collected using LA-IRMS. To make these measurements, 

we followed previously described methods [54] for LA-IRMS and adapted the approach to permit LA- 

CAS. Briefly, we employed a CETAC LSX-500 (now Teledyne CETAC Technologies, Omaha, NE, USA) 

laser ablation system for imaging and spatially targeting a section of the sample to be analyzed. All sample
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locations were manually selected by the laser ablation operator but generally arranged to form a linear array

of sample points. We adjusted the number of laser ablation pulses incident on the surface of the sample 

based on the measurement platform (CAS or IRMS) being used and the relative carbon abundance within 

a targeted area to ensure a reasonable sample size for downstream isotope measurement. Thus, we generally 

used fewer ablation pulses when sampling for CAS versus IRMS measurement (based on the higher 

instrument sensitivity of the CAS system) and used fewer ablation pulses for sampling root versus 

rhizosphere and soil samples (based on the higher carbon abundance in roots versus the surrounding soil 

(Table 1). The improved sensitivity of the CAS system also enabled use of a smaller ablation spot size 

compared to IRMS sampling.

Table 1: Laser ablation parameters used for sampling

Measurement approach

Sample matrix root

LAIRMS

rhizosphere/soil fishing line root

LA-CAS

rhizosphere/soil fishing line

Ablation diameter (pm) 50 50 50 25 25 25

Number of ablation shots 1 -10 80-100 8 1 -2 30 2-3

Final sampling pit width (pm) 50 100 50 25 25 25

Ablation frequency (Hz) 20 20 20 20 20 20

Approximate power (mJ) <9 <9 <9 <9 <9 <9

Particulates released during the ablation process were entrained in a helium carrier stream (10 mL/min) 

and passed through an alumina micro-combustion reactor heated to 950 °C. The reactor contained nickel 

and platinum wire as catalysts and was supplied with a slow oxygen bleed to help maintain oxidizing 

conditions. The resulting CO2 was transported by the helium carrier gas into a capillary cryotrap immersed 

in liquid nitrogen to focus the CO2. Following trapping (generally for a total duration of one minute), we 

reduced the helium carrier flow to 1 mL/min, melted the trap, and permitted the CO2 to flow into the detector 

of the IRMS or CAS system.

2.2.2 Isotopic measurement using CAS
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The basic arrangement for the CAS is shown in Figure 1. The laser ablation unit produced particulates

that were combusted to CO2 within the combustion reactor (see 2.2.1 and [54]). Soil, root samples, and 

standards were ablated by a single point method consisting of 1-30 pulses depending on the material (Table 

1) to maintain < 10% absorbance to prevent detector saturation. The laser ablation beam was set to 25 pm 

spot diameter, 100% power, and frequency of 20 Hz. Previous work using this laser ablation system showed 

the resulting particle sizes produced by ablation with these parameters were sized well below one micron, 

ensuring complete and quantitative combustion into CO2 prior to cryotrapping [54]. The CO2 was carried 

to the CAS by helium (He) gas at a flow rate of 10 mL/min and required approximately 12-13 sec to reach 

the fiber after the ablation pulse on a flow-through basis. The timing of the pulse was used to manually 

toggle the three-way micro-fluid valve from a venting to a delivery position and direct the gases into a 

second section of capillary tubing immersed in liquid nitrogen to cryo-trap and concentrate the CO2. The 

timing of this process and duration of the valve in the delivery position (~ 5 sec) were optimized to capture 

as much CO2 as possible while minimizing the amount of He injected into the CAS. Once the sample CO2 

was trapped, incoming carrier gas was deflected to the vent and the trapped CO2 was allowed to warm and 

expand into the CAS hollow wave guide (HWG). The HWG measured 2.0 m in length with an internal 

diameter of 500 pm and had a dielectric (Agl) internal coating to optimize transmission of wavelengths 

approximating 4.35 pm [55]. The total internal volume of the HWG was 0.393 cm3. The ends of the HWG 

were fitted with sealed BaF2 windows cantered at an angle of- 5° to reduce reflective feedback to the laser. 

The sample pathway from the laser ablation system to the CAS fiber is depicted in green (Figure 1).
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Figure 1: Sample derived CO2 (green flow path) is cryofocused using a liquid nitrogen trap then introduced 

into an evacuated CAS HWG. A modulated incident light source (red path) is focused into the HWG and, 

upon exciting, a detector is used to monitor absorbance within the HWG which is then transformed to 

independent quantification of CO2 isotopologues.

Prior to cryo-trapping the internal pressure in the CAS was reduced to < 8 mTorr with a vacuum pump 

(Hi CUBE Eco 80, Pfeiffer Vacuum Technology AG, Asslar, Germany) to remove residual CO2 in the 

system. During laser ablation, He entered the CAS generating positive pressure of ~ 250-300 Torr as the 

CO2 from the ablated material entered the cryo-trap. Once trapping was completed, the pressure within the 

fiber was again reduced to < 8 mTorr prior to closing a 3 -way valve downstream of the fiber leading to the 

vacuum line. At this time, the trapping capillary was removed from the liquid nitrogen allowing CO2 to



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

enter the system under negative pressure. The absorbance bands of CO2 containing the optical transitions 

for 12C and 13C were recorded, the peaks from multiple measurement cycles were averaged using a second 

derivative (2f) demodulation. The central peak area under the 2f peaks were associated with the respective 

13C and 12C transitions to estimate a raw 13C/12C ratio of the sample. These relative values were then 

anchored to an in-house standard calibrated by IRMS. Once the data were recorded, the system was flushed 

with He to remove the sample CO2 then returned to vacuum conditions for the next sample. We performed 

analysis on a half dozen samples and used a series of point ablations targeting the root and then 

perpendicular across the rhizosphere for each sample.

The electronic instrumentation used to measure CO2 within the HWG is shown in Figure S2. The laser 

beam for the HWG was supplied by a distributed feedback interband cascade laser (Nanoplus 4355 nm) 

and diode controller (Arroyo Instruments 6305). A positive linear ramp current (~ 45 nA) was applied to 

the laser with a digital signal oscillator (DSO) (Agilent 33250A) at a frequency and amplitude of 20 Hz and 

140 mV, respectively. This enabled the laser emission to rapidly ramp across the wavenumbers 

corresponding to the targeted CO2 spectroscopy transitions for ' CO2 and ' CO2 used for analysis 

(nominally 2295.85 and 2296.05 cm"1 respectively). The incident light was directed to the HWG using two 

flat mirrors (as shown in Figure 1) to co-align the collimated laser beam to the input axis of the HWG and 

using a focusing lens (focal distance = 70 mm) to couple into the 0.5 mm diameter HWG. The output from 

the HWG was captured with an InSb photodetector (Cincinnati Electronics SDD-7854-S1-05M) which was 

cooled with liquid nitrogen with the output connected to a digital signal processing lock-in amplifier (Lock- 

In Amplifier, Perkin Elmer 7280). A diplexer, positioned in-line after the photodetector, split the 2f (or 

second derivative) and direct absorbance signals and directed them to an oscilloscope (Tektronix TBS 

1202B; for manual observation), respectively. The analog linear ramp generated by DSO was modulated at 

a frequency of 58 kHz and amplitude of 350 mV using the internal oscillator of the lock-in amplifier, then 

attenuated at 30 db (HP 355D VHP Attenuator) to reduce any transient signal or static pickup from 

overpowering the laser controller. An appropriately attenuated frequency modulation (EM) signal directed



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

to an inline diplexer was added to a slower, quasi-dc ramp signal and the combined signal passed to a

second inline diplexer that added the dc signal from the laser ramp, which passed the combined signal to 

the laser controller. The FM-to-AM signal was recovered and demodulated by the lock-in-amplifier, then 

directed to the second channel of oscilloscope as the 2f output.

The separate 12C and 13C peaks measured for making an isotopic assessment are linked to different 

rovibrational transitions in carbon dioxide (Figure 2). The proximity of these two peaks makes them ideal 

for the needed isotope measurement because it reduces laser scanning time and distance (minimal 

wavenumber offset between the two relevant peaks). However, one implication of using these transitions 

is that the two isotopolgue peaks have different calibration factors. To ensure the accuracy of our 

measurements where isotopic calibration was desired, we used an in-house fishing line standard (sampled 

before and after a set of rhizosphere samples) for calibrating all the isotopic measurements performed with 

the CAS system. In short, we took the simple quotient of the measured 13C and 12C peak areas (where 

13C/12C = R, or the isotopic ratio) for the fishing line standard and divided this by the known 13C/12C (R) for 

the fishing line (0.0109263; [54]) to establish a daily correction factor (equation 1).

RCAS measurement . c , (equation 1)
—-----------------------------------------------------------= correction factor
Rfishing line standard

The raw 13C/12C for each sample peak was then multiplied by this correction factor to determine the 

sample R which is then converted to delta (5) notation using equation 2.

2.2.3 Isotopic measurements using IRMS

Carbon dioxide generated from the laser ablation sampling and combustion was passed through a 

Nation (Chemours Company, Wilmington, DE, USA) containing water drier and directly into a 20-22 

IRMS (Sercon Limited, Cheshire, U K ). We used a small length of 15-pound test monofilament nylon
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fishing line as an isotopic standard (513C= -27.71%o, [54]) for data calibration and report all isotope 

measurements using delta (5) notation (equation 1) in per mil (%o) units where:

Sample _ J x 1000
standard -I

(equation 2)

and Rsampie and Rstandard represent the isotope ratio (13C/12C) of the sample and Vienna Pee Dee Belemnite 

(VPDB; 0.0112372) respectively. In a subset of analyses, we report A13C which we use to indicate the 

isotopic difference between two measurements.

Transition wavenumber (cm1)
2295.7 2295.8 2295.9 2296 2296.1

■ 4.5e2

3.5e2

12C160,
2.06 21 ■ _ 13Q16Q

- 12c,60180
1.0e-2'[ - ,2C160170

J L

0.49 - g

0.09 -

2295.8 2296
Transition wavenumber (cm1)

2295.9 2296.12295.7

Figure 2: A) Rovibrational absorption peaks within the targeted analysis range based on HITRAN database 

[56]. We identified a spectroscopic location where isolated 3CO] and 12CC>2 isotopologues were present in
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close (wavenumber) proximity and had similar intensities for laser-based selection. B) We recorded the 

absorbance in this region and compared the 2f conversion data (B) of peaks associated with the 12C and 13C 

isotopologues and used this comparison as a basis for S13C quantification.

3. Results

3.1 Initial isotopic measurement

To perform the initial evaluation of LA-CAS, we selected a section of root and rhizosphere and 

employed a linear ablation pattern to compare the isotopic enrichment in the plant roots, the immediately 

adjacent rhizosphere, and the more distal rhizosphere located ~ 500 pm from the root edge (Figure 3). In 

this initial example, we did not perform cryogenic trapping of CO2 but performed an isotopic measurement 

as sample was continually ablated and the resulting CO2 passed through the CAS fiber. We report A13C as 

a relative comparison between the sampling locations and leveraged the distal rhizosphere sampling 

location as a basis for normalization (i.e., reported isotope data are relative to the distal rhizosphere sample). 

As expected, 13C content increased from the distal to proximal rhizosphere followed by an incremental 

increase in 13C in the plant root itself.



257 Figure 3: LA-CAS was performed on a plant root and within “proximal'’ and "distal" rhizosphere sections.

258 A root is seen traversing the field of view from left to right in this image with the region outside the root

259 composed of soil harvested from the rhizobox. Here, continuous ablation of material (outlined by the four

260 rectangular boxes in the image) provided a flow of sample-derived CO2 which was isotopically

261 characterized by CAS. The results showed highest levels of 13C tracer in the root material with sequentially

262 decreasing levels in the proximal and distal rhizosphere.
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Figure 4: A comparison of measured 513C using the LA-CAS and LA-IRMS techniques. Data was 

collected from slightly different sections of the same sample and plotted in relation to distance from the 

same plant root. The data points are plotted roughly at scale where the laser ablation pit diameter resulting 

from LA-IRMS analysis is roughly 100 pm in diameter while that associated with LA-CAS analysis was 

roughly 25 pm in diameter. Thus, from a surface area perspective, roughly 16 times more material was 

harvested for IRMS (versus CAS) analysis.

# LA-CAS
O LA-IRMS

3.2 Comparison of LA-CAS with LA-IRMS

To directly compare LA-CAS and LA-IRMS performance on identical samples, we used cryofocusing 

for both systems and performed 513C analyses at distinct point locations in the sample. Given the destructive 

sampling nature of laser ablation, we were unable to use the exact same location for each analysis type, but 

instead, spatially bracketed a series of analyses along parallel paths. Results (Figure 4) showed similar 

trends of decreasing S13C at increasing distances from the root where measurements were performed from 

directly on the root to over 0.5 mm away from the root surface. We performed LA-CAS on six samples and 

while, given spatial heterogeneity of rhizosphere these may not be considered strict replicates, each of the
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results were generally consistent and showed decreasing S13C at increasing distance from the root surface 

into the rhizosphere. The LA-CAS results tend to saturate with rich S13C regions such that at extremely high

13C levels it may be preferred to integrate areas of direct absorbance (vs 2f conversion).

4. Discussion

We observed consistency between LA-CAS and LA-IRMS results where, in each case, measured 513C 

decreased with increasing distance from the plant root, helping highlight previously documented decline in 

exudation-derived carbon away from a plant root [34, 36, 44]. Importantly, the observed amplitude of the 

513C spike in both measurement types was similar such that estimates of root exudate based on the data in 

each case would be nearly identical. There were, however, some distinctions between the measurements 

largely linked to the improved sensitivity of CAS versus IRMS. This sensitivity enabled measurement of 

less total carbon and correlated to fewer laser ablation shots and smaller ablation spot sizes for LA-CAS 

versus LA-IRMS and had implications for 1) the ultimate spatial resolution of the analysis and 2) potential 

subsequent analyses of the sample.

First, the smaller sample spot sizes used in LA-CAS can directly correlate to improved spatial 

resolution of 513C measurements. One instance of this is potentially displayed as a feature in the data 

collected from sampling of the plant root itself. Sample requirements for LA-IRMS led to 100 pm spot 

sizes which limited the number of distinct sampling locations over the root surface. In contrast, LA-CAS 

used 25 pm spot sizes and multiple distinct measurements were performed across the root. A pattern that 

emerged in many of the LA-CAS transects over the root included the feature observed here (Figure 4), 

where there was a discemable decrease in the measured 513C in the center portion of the root. While we do 

not yet understand the reason for this phenomenon, it is possible that the spatial specificity of the 

measurement was able to capture either 1) a shift in S13C associated with morphological structures (likely 

root vasculature where cells associated with water uptake may have less 13C than those associated with 

transport of fresh photosynthate) within the root or 2) the 513C of root exudate was more isotopically 

enriched than the 513C of the root itself and the measurements taken closer to the root edge captured a higher
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proportion of exudate material then the measurement in the center of the root. Given the short nature of the 

applied ' CO: pulse (only two diurnal cycles), it is likely that the 513C of the root cells themselves contain 

less 13C than that of any photosynthate the roots may be transporting given that the root biomass was likely 

synthesized prior to the tracer application (based on the root size and associated presumed age). While the 

exact phenomenon observed here is challenging to identify, related studies have documented the important 

role that small scale spatial heterogeneity can play as a key driver of hotspot formation, activity, and 

duration [22, 57].

Secondly, smaller ablation pits were produced in the LA-CAS analyses which resulted in less sample 

removal (Figure 5). Laser ablation is a destructive technique by definition since sample is physically 

removed in the process. However, this impact is largely contained with the ablation pit and evidence 

indicates that further analytical techniques such as DNA extractions and sequencing [58] and elemental 

analysis [30] can be performed on a single sample following LA analysis. Further, it is important to note 

that the sample preparation needed for LA-CAS involves only collecting and drying the sample with no 

addition of contaminants or other factors that would impede metaproteomic [59], lipidomic [60], 

metabolomic [61], combined multi-omic [62], or other types of analysis that could be integrated with the 

513C/root exudation information provided by LA-CAS. Thus, the smaller pit sizes resulting from LA-CAS 

can help preserve sample material that would otherwise be lost (i.e., by performing LA-IRMS analysis) and 

thereby facilitate collection of complementary data that would further refine the analysis of such complex 

systems. With the improved sensitivity of CAS based analysis it would be possible to “throttle'’ sample 

intake with fewer ablation pulses to help the CAS analyzer stay in its linear range. It is important to reiterate 

the tight metabolic connectivity between root exudates and the resulting rhizosphere microbiome where 

changes in root exudation have been linked to shifts in microbiome community structure [16] and resulting 

enzymatic activity [63]. Thus, preserving as much sample material as possible for subsequential analysis 

of microbial and biochemical analysis can be critical for enabling comprehensive understanding of 

connected biogeochemical processes within rhizosphere.
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Figure 5: A visual comparison of laser ablation pits resulting from sampling for either IRMS (dashed 

box) or CAS (solid box). A root passes vertically through the left side of this image with discreet laser 

ablation points aligned perpendicular to and progressing across the rhizosphere to the right of the root 

surface. The higher sample requirement for IRMS analysis resulted in increased sample removal (-100 

pm diameter ablation pits) versus those needed for CAS analysis (-25 pm diameter ablation pits), 

potentially limiting the types or fidelity of subsequent sample analyses.

5. Conclusions

Looking forward, there is growing acknowledgement of the central role of soil in preserving overall 

ecosystem habitability [64] which is fostering an emphasis on understanding key processes within soil that 

have a direct link to various agricultural outcomes, soil sequestration of carbon, and a wide variety of other 

functions. Root exudation (as a form of rhizodepositon) is not only a major pathway for the introduction of 

carbon into soils [65, 66], but also forms a foundational support for microbial processes intrinsically linked 

to overall soil carbon cycling, with direct implications for controls on plant and ecosystem health. Yet, 

introduction of carbon through root exudation is spatiotemporally heterogeneous with hotspots of entry 

changing in response to a wide range of inputs. Here, we demonstrate the LA-CAS method coupled with 

the use of a ' CO: tracer as an effective tool for performing spatially resolved 513C analysis with the goal 

of enabling quantitative tracking of carbon entry into rhizosphere and, subsequently, into soil. This method 

provides improved spatial resolution (up to 25 pm for analysis of rhizosphere and soil as used here) over
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existing approaches such as LA-IRMS while remaining straightforward in application and without requiring

extensive sample preparation. Further, LA-CAS is conducive to subsequent analyses of a sample by a wide 

range of additional tools to help capture the breadth of microbial and geochemical processes that ultimately 

control the fate of this carbon.
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Supplemental Figure 1: Rhizobox used for plant growth. We cultured switchgrass seedlings in rhizoboxes 

packed with soil from the Kellogg Biological Station (Hickory Comers, MI, USA). The sides of the box 

could be removed to reveal root growth and distribution through the soil. Following isotopic labeling of the 

system (by incubation under ^CO:) we removed the side panel from the box and harvested Vi' diameter

round subsamples which were selected to include roots and associated rhizosphere.
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Supplemental Figure 2: Electronic components used for CAS analysis.
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Measurement approach 
Sample matrix root

LA-1 RMS 
rhizosphere/soil fishing line root

LA-CAS
rhizosphere/soil fishing line

Ablation diameter (pm) 50 50 50 25 25 25
Number of ablation shots 1 - 10 80 - 100 8 1 -2 30 2-3
Final sampling pit width (pm) 50 100 50 25 25 25
Ablation frequency (Hz) 20 20 20 20 20 20
Approximate power (mJ) < 9 < 9 < 9 <9 < 9 <9
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