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1 – Preparation of live mesocosms for imaging 20 

 21 

The fabrication of the mesocosm chambers is based on PDMS (Polydimethylsiloxane, 22 

SYLGARDTM 184) and microscope glass slides (VWR, 631-1552). First the shape of 23 

the PDMS was generated using moulds (Figure 1A) designed and drawn in AutoCAD 24 

(Autodesk, UK). Moulds were fabricated from plexyglass sheets of various thicknesses 25 

by a laser cutter. PDMS mixture was prepared at an elastomer base to curing agent 26 

ration of 10:1 and left overnight at 20 °C for degasing. The PDMS was then poured into 27 

the mould (Figure 1B) and was placed into an oven under 70 °C overnight. After the 28 

curing period, the PDMS was removed from the mould (Figure 1C) and was placed into 29 

a oxygen desktop plasma system (HPT-100, Henniker, UK) together with the 30 

microscope slides to activate their surface. Oxygen plasma activation makes possible 31 

to form a covalent bond between the glass slides and the PDMS. The assembled 32 

chambers (Figure 1D) were stored overnight in a dry environment for covalent bonding 33 

to complete. Before inserting the transparent soil into the mesocosm chambers, the 34 

chambers were autoclaved.  35 

 36 
Figure 1. Assembly of mesocosm chamber. (A) 3D design of the moulds. (B) the 37 

degased PDMS is injected into the mould using a syringe and subsequently kept 38 

overnight at 70 °C. (C) After the curing period, the PDMS was removed from the mould 39 
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and treated with oxygen plasma for bounding on glass slides (D). The assembled 40 

chambers were stored dry overnight (at 20 °C) to ensure the formation of covalent bond 41 

between the glass slides and the PDMS.  42 

After the sterilisation process the pre-assembled mesocosm chambers were filled with 43 

transparent soil that is either saturated with nutrient solution or index matching liquid 44 

or at field capacity. Seeds were germinated on sterile, distilled water agar until seedlings 45 

showed an approximately 2 mm long radicle. Then the seedling was gently transplanted 46 

into the NafionTM using sterile foreceps. Next, approximately 2 million CFU were 47 

inoculated onto a sterile filter disc which was inserted into the soil, level with the root 48 

(Figure 2). Finally, the mesocosms were sealed with parafilm tape to prevent 49 

evaporation before incubating at 21 °C for 20-24 hours (light cycles of 16 hours light 50 

at 60 µmol m-2 s-1 and 8 hours dark). 51 

 52 

 53 
Figure 2. Assembly of live mesocosms for imaging. (A) Mesocosms was filled with 54 

NafionTM (saturated or at field capacity, top left), then a seedling (approximately 2 mm 55 



4 
 

root) was gently transplanted into the NafionTM using sterile foreceps (top right), next 56 

bacteria were inoculated onto a sterile fibreglass filter disc which is placed just under 57 

the soil surface next to the root (bottom left). Finally the mesocosms was sealed with 58 

parafilm (bottom right). (B) Image of mesocosm with live growing wheat seedling (48 59 

hours in system) and bacterial filter disc. 60 

 61 

2 - Quantification of bacterial density   62 

This section describes the calibration of the fluorescence intensity signal for the 63 

prediction of cell density from image data. Dense GFP-tagged B. subtilis cell 64 

suspensions were prepared in Percoll® and measured by OD600. Suspensions at ODs of 65 

1.2 10-3, 2.5 10-3, 5.0 10-3, 7.5 10-3, 1.0 10-2, 3.0 10-2, 1.0 10-1, 2.5 10-1, 3.0 10-1, 5.0 10-66 
1, 1.0 100, 2.0 100 and 3.0 100 were obtained by multiple dilutions. One ml of each 67 

bacterial suspension was transferred into a microscopy chambers and stained soil 68 

particles were added to adjust the focus of the microscope. The field of view of the 69 

microscope was then adjusted 2 mm above the soil particles. A full scan was obtained 70 

with 488 nm excitation illumination and GFP band pass emission filter, in steps of 50 71 

µm and at two vertical positions 4 mm apart. The pixel intensity recorded in the images 72 

was then correlated to OD values (Figure 3A), and OD values were subsequently 73 

correlated to bacterial counts (CFU, Figure 3B). All OD600 solutions used for 74 

determining the correlation between OD600 and CFU for B. subtilis 3610 were obtained 75 

by serial dilution prepared from fresh bacterial growth (LB plate at 20 °C overnight). 76 

Microscopically, the bacteria were short, motile rods with no significant chaining or 77 

biofilm observed. A known volume of each dilution was spread onto a LB agar plate 78 

and the CFU were counted after overnight incubation at 37 °C.  79 

The pixel intensity-cell density correlation was corrected for exposure time. Correction 80 

was performed by plotting the slope (Figure 3 C) and the intercept (Figure 3 D) of the 81 

linear pixel intensity-cell density correlation at different exposure times (60 ms, 40 ms, 82 

30 ms, 20 ms) using the 5x objective of the LSM. 83 

The corrected pixel intensity-cell density correlation could then be used to quantify 84 

bacterial cell density in live image datasets (Figure 3E).  85 

 86 

 87 
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Figure 3. Quantification of bacterial cell density and correcting correlation for exposure 88 

time. (A) Relationship of B. subtilis optical density (OD) and pixel intensity (±SE). (B) 89 

Relationship of B. subtilis cell density (CFU ml-1) and optical density (OD600). (C) 90 

Slope and (D) intercept of the linear correlation between cell density and pixel intensity 91 

against exposure time (ms). (E)Volume redering of bacterial cell density distribution in 92 

rhizosphere based on the the calibration of pixel intensity.  93 

 94 

Further experiments were performed to further confirm the linear relationship between 95 

average cell density and number of cells in the field of view. 10 µm microspheres with 96 

green-yellow fluorescence (505/515 nm, ThermoFisher, UK) were introduced in 1 ml 97 

of soil at average density of 1 × 105, 0.5 × 106, and 1 × 107 per ml. Refractive index 98 

matching was performed using 1.04 % sugar solution in a 10 × 5 × 45 mm3 chamber 99 

(starna scientific, UK). For each sample, 6 volumetric scans of 2.1 × 1 × 1.8 mm3 (width 100 

× depth × height) were from different locations. Volume data (Figure 4 A) were 101 

processed using the 3D Maxima Finder from ImageJ with a threshold of 7000 and a 102 

tolerance of 5000. Each local maximum represents a bead in 3D volume (Figure 4 B). 103 

The number of maxima counted on the image in the volume was then correlated to the 104 

mean fluorescence intensity in the image (Figure 4 C). Results confirmed the linear 105 

relationship between particle number and fluorescence intensity (R2 of 0.8845). 106 

 107 
Figure 4. Relatioship between particle number and fluorescence intensity. (A) Soil 108 

samples containing 10 µm fluorescent microspheres were imaged using the 109 
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environmental microscope. (B) The number of particles in the soil volume was counted 110 

using a 3D local maxima algorithm, and (C) correlations between particle number and 111 

average fluorescence was recorded. 112 

 113 

 114 

3 – Biological controls 115 

Impact of Percoll® on bacteria 116 

B. subtilis 3610 survival in Percoll compared favourably to survival in carbon-free 117 

nutrient solution. In a 72-hour time-period, we measured a 68% and 90% reduction in 118 

viable B. subtilis 3610 cells in Percoll solution and carbon-free plant nutrient solution 119 

(half strength Murashige and Skoog Basal Medium; MS medium) respectively (Figure 120 

5A). In short, triplicate solutions of B. subtilis (OD600 = 0.01) were made in either 121 

Percoll or half strength MS (no glucose). All solutions were incubated at 20 °C for 72 122 

hours while shaking (200 rpm). Every 24 hours the number of viable cells were 123 

estimated in each solution by plating onto LB agar and counting the colonies formed 124 

after overnight incubation. 125 

 126 

Bacteria in system without influence of the plant 127 

In systems with more homogenous distribution of nutrients, B. subtilis though 128 

concentrated near the soil surface, were able to disperse throughout the system. Images 129 

were captured from several individual plant-free systems containing only NafionTM and 130 

GFP labelled B. subtilis 3610 in index matched bacterial nutrient solution (half strength 131 

MSGG made up in percoll). All samples (n=3) were incubated horizontally (exclude 132 

effect of gravity) for an initial 24-hour period at 20°C before imaging each system 133 

vertically in the LSM. All samples showed bright fluorescent signals (Figure 5B). 134 

 135 

Impact of bacteria on plant growth 136 

Colonisation of roots by B. subtilis 3610 did not significantly impact the growth of 137 

lettuce roots. In our sterile system, within the 72-hour time period captured, the root 138 

elongation rate was not significantly impacted by colonisation with B. subtilis 3610 139 

(Figure 5 C-D). The root elongation was measured manually through the captured 140 

image data during the selected time duration. The uncolonised roots had 4 samples and 141 

B. subtilis colonised roots had 6 samples. 142 
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 143 

Figure 5: Biological controls for different components of the live imaging system. (A) 144 

The reduction in viable B. subtilis 3610 cells over a 72-hour period at 20 °C (shaking) 145 

in Percoll is comparable to the reduction of viable cells in carbon-free plant nutrient 146 

solution (MS medium). (B) When adding bacterial nutrients to Percoll the refractive 147 

index solution but omitting plants, the GFP labelled B. subtilis (green) are able to 148 

diffuse through the whole system but tend to concentrate near the soil surface. The scale 149 

bar is 2mm. (C) Differences in root elongation rate between uncolonised roots (n=4) 150 

and B. subtilis colonised roots (n=6). (D) Image showing an uncolonised lettuce root 151 

(left) and a colonised lettuce root (right). The scale bars are 2 mm. 152 

4 - Microscope setup 153 

The light sheet microscope (Figure 3) is based on a Gaussian beam from a four channel 154 

laser source (wavelength: 488, 514, 561 and 633 nm, VersaLase™, Laser 2000, UK) 155 

was expanded to a diameter of 2.6 mm at the Full Width at Half Maximum (FWHM) 156 

and split evenly into two illumination arms (Figure 3). A homogeneous light sheet was 157 

generated by two optical Powell lenses (10° fan angle, LOCP-8.9R10-2.0, Laser Line 158 

Optics, Canada) and two cylindrical lenses (LJ1567RM-A, Thorlabs, UK) in each 159 

illumination arm. The selected cross-section was projected to a scientific camera 160 

(CMOS Camera, C11440-22CU, Hamamatsu, UK) through a 2X/0.055 or 5X/0.14 long 161 

working distance objective (Mitutoyo, Plan Apo Infinity Corrected Objectives, 162 

Edmund Optics, UK), a filter changer (ELL9, Thorlabs, UK) and a tube lens (TTL200-163 

A, Thorlabs, UK).  164 
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 165 

 166 

Figure 6. Design of Light Sheet Fluorescence Microscope for whole plant-167 

environment imaging. 168 

 169 

A 3-axis translation stage was assembled for scanning the light sheet through the whole 170 

sample. It consisted of two single-axis DC motor linear stages (M-VP-25XA, MKS 171 

Newport, UK) for displacement in the horizontal plane and a stepper motor linear stage 172 

(LNR50S/M, Thorlabs, UK) for displacement along the vertical axis (Figure 7). The 173 

chamber was fixed to the stage by a custom-made clip holder (Figure 8), which itself 174 

was attached to a manual rotation stage (MSRP01/M, Thorlabs, UK) for positioning of 175 

the chamber at approximately 45 degrees to the illumination and imaging axes. A 176 

custom-made clip holder was engineered to mount mesocosms into the microscope. 177 

The clip holder consisted of two aluminium frames (10x10x70mm and 4x10x70 mm) 178 

the thicker frame was fixed to a manual rotation stage (MSRP01/M, Thorlabs, UK) 179 

through a 60 mm cage rod (ER3, Thorlabs, UK) the thinner frame slides on two 60mm 180 

cage rods, separate by 60 mm and fixed to the first fixed aluminium frame. Two PDMS 181 

layer (1x10x30mm) were fitted on the aluminium frames to protect the mesocosm from 182 

damage. The thinner aluminium plate was pressed to the thick one using commercially 183 

available springs (121-242, RS Components, UK). 184 

 185 

 186 
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 187 
Figure 7. Annotated photograph of the light sheet microscope. Overall view of the set 188 

up.  189 

 190 

The chamber was immersed in an acrylic tank (Figure 8) filled with 10% sugar solution 191 

(RI=1.34). The growth light was attached on the motor stage approximately 7 cm above 192 

the chamber and connected to a DC power supply controlled by a USB-RLY08 relay 193 

(Devantech Limited, UK). A pair of ismatec reglo peristaltic pumps (Cole-Parmer, 194 

Wertheim, Germany) was used to circulate the fluids to the chamber using Teflon® 195 

tubes (1.2 mm for suction and 0.8 mm for injection). Needles were attached to the end 196 

of the Teflon® tubes and inserted through the PDMS spacers of the mesocosm 197 

chambers. 198 

 199 

Figure 8. Mounting the mesocosm to the microscope. (A) Photograph of the clip holder 200 

and RI matching liquid chamber. The chamber is also used to control the temperature 201 

of the sample by circulating the fluid through a pelletier instrument. The picture also 202 
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shows the two types of signals collected by the microscope. Here illumination of the 203 

sample results in both scattering of the root (green) and fluorescence (here red 204 

fluorescence from the soil). (B) Top and side view drawings of the custom made clip 205 

holder.  206 

 207 

5 - Characterisation of microscope 208 

The light-sheet was measured using a CMOS camera (DCC1545M, Thorlabs, UK). The 209 

camera was equipped with a neutral-density filter and was mounted on a LNR50S/M 210 

linear stage (Thorlabs, UK) with the sensor placed perpendicularly to the light-sheet. 211 

The laser power output was set to 1 mW. The stage translated the camera along the light 212 

sheet with a step size of 20 µm. The image data was collected to reconstruct the 3D 213 

light intensity distribution of the light-sheet (Figure 9). The measured beam waist of 214 

the light-sheet was 50 µm (at FWHM), the Rayleigh range was approximately 3 mm, 215 

and the height of the beam was 7.6 mm (at FWHM).   216 

 217 

 218 
Figure 9. Measurment of the light sheet properties. (A) 3D light intensity distribution 219 

of the light-sheet obtained from a camera capturing the cross section of the light sheet 220 

along the axis of propagation of light. (B) Beam profile at the waist. The scale bar is 221 

100 µm. (C) Beam profile along the direction of propogation. The scale bar is 2 mm.  222 

 223 

Microspheres of 10 µm diameter with green-yellow fluorescence (505/515 nm, 224 

ThermoFisher, UK) were used for the characterisation of the resolution of the 225 

microscope. The microspheres were immobilised in 1% agar (Sigma-Aldrich, UK) in 226 

1×1×5 cm spectrophotometer cuvettes (58017-875, VWR, UK). The sample was 227 

mounted on the stage of the microscope and the lateral resolution of the microscope 228 

was determined using the 5X/0.14 objective. The shortest distance measureable 229 

between adjacent microspheres was determined to estimate the lateral resolution 230 

(Figure 10 A&B). The shortest distance observed was 13 µm, but the actual resolution 231 

is likely less than 10 µm because the microsphere diameter was significantly larger than 232 

the resolution of the objective (around 2 µm). Microsphere samples were also used to 233 

align the light-sheets. Misalignments we observed using the 5X objective (Mitutoyo) 234 
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and adjustments were performed until no difference were observed between single and 235 

dual illumination.  236 

 237 
Figure 10. Estimation of lateral resolution. (A) Two adjacent microspheres. (B) Image 238 

intensity profile along the line joining the two particles (red dashed line in A).  239 

 240 

6 - Processing of image data 241 

This section describes the development of a pipeline for processing the data collected 242 

by our light sheet microscope. The processes include affine transformation to correct 243 

for the scanning angle, 3D deconvolution, flat field correction, fusion and image 244 

stitching. The processing of the data (Figure 11) is essential to all subsequent 245 

quantitative analyses of roots, soil and bacteria presented in the following sections. 246 

Unless specified otherwise, all processes are implemented in custom made software 247 

using the MATLAB® (MathWorks, USA) programming language. The code is 248 

available at https://github.com/LionelDupuy/SENSOIL . 249 

 250 

 251 

Figure 11. Image processing pipeline. Geometric corrections are needed to correct for 252 

the scanning angle. Here the correction is an affine transformation to restore distortion 253 

due to scanning at a 45 degree angle with the imaging arm. Deconvolution is applied to 254 

the root signal (scattering) to improve contrast from the noise generated by the elastic 255 

https://github.com/LionelDupuy/SENSOIL
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scattering. Statistical estimation of flat field correction is subsequently obtained. Finally, 256 

a stitching method is developed. It combines multilevel blending and flat field 257 

corrections estimated at the previous step. The data assembled can then be downscaled 258 

for computationally intensive tasks such as visualisation or image analysis. 259 

Alternatively, projection algorithms can be used for fast 3D visualisation a maximum 260 

resolution. Dark blue colours represent tasks performed independently of the type of 261 

signal collected. Light blue colours represent tasks that are dependent on the type of 262 

signal collected.  263 

 264 

Geometric transformation 265 

The imaging chamber is translated along an axis that makes a 45° angle with the 266 

illumination and imaging axes. Therefore, it is necessary to apply a first geometric 267 

transformation to map all pixel values acquired by the camera into the global 268 

orthonormnal coordinate system, defined by the axis of the illumination axis, the axis 269 

of imaging, and the vertical axis (Figure 12).  270 

 271 

 272 
Figure 12. Geometric transformation of volume data. (A) The sample is moved at a 45° 273 

angle to the imaging axis. (B) When images obtained are stacked into a volume dataset, 274 

the shape of the sample (in blue) is distorted. (C) Geometric restoration corrected for 275 

such distorion to build a volume image with dimensions that coincide with those of the 276 

sample.  277 

 278 

The original position of a given pixel in the global coordinate system is obtained by an 279 

affine transformation whose matrix is expressed as a function of the size of the step of 280 

the translation stage 𝑑𝑠, the slice number 𝑖𝑠, and the angle at which the translation is 281 

made 𝜃, e.g. 45 degrees. The transformation is defined as 282 

[

𝑥′

𝑦′

𝑧′

1

] =  [

𝑑𝑠 𝑠𝑖𝑛(𝜃) 0 0 0
0 1 0 0

𝑑𝑠 𝑐𝑜𝑠(𝜃) 0 1 0
0 0 0 1

] [

𝑖𝑠

𝑦
𝑧
1

] . (1) 

 283 

For a 5X/0.14 objective the step size ds is 30 µm and for 2X/0.055 the step size is 50 284 

µm. The size of the horizontal step is generally larger than the resolution of the camera. 285 

Rescaling of the data can also be included at this stage to obtain voxel of identical size 286 
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in the three dimensions. The affine transformation was performed with nearest 287 

neighbour interpolation.  288 

    289 

Flat field correction 290 

Inhomogeneous contrast in raw images is a common issue in microscopy and imaging. 291 

It usually results from uneven illumination, optical distortions and intrinsic noise from 292 

the imaging sensor (1). The process to remove this effect is known as flat-field 293 

correction. Flat-field correction is typically achieved using the formula (2, 3) 294 

𝐶(𝑥, 𝑦) =
𝑅(𝑥, 𝑦) − 𝐷(𝑥, 𝑦)

𝐹(𝑥, 𝑦) − 𝐷(𝑥, 𝑦)
 ×  𝑚 . (2) 

 295 

Two types of image data 𝐷(𝑥, 𝑦) and 𝐹(𝑥, 𝑦)  are required for calibration before 296 

transforming the raw image 𝑅(𝑥, 𝑦) into the corrected image 𝐶(𝑥, 𝑦). D is usually the 297 

dark field image captured with the same exposure time as those used during 298 

experiments but in the total absence of light. F is the image acquired under the same 299 

illumination as the raw image but without samples. m is taken as the average pixel 300 

intensity of F. (R – D) corrects for the electronic offset of the sensor and m/(F – D) 301 

restores the remaining optical distortions.  302 

Flat-field correction is particularly important for the stitching of large dataset because 303 

variations in image intensity arise due to both the illumination and detection part of the 304 

acquisition process. The sample was mounted at an angle and placed in a liquid 305 

container with refractive index matching solution, and the imaging optics induce 306 

vignetting-like effects that are exacerbated when imaging through multiple interfaces 307 

(air – acrylic – RI solution – glass – soil). The flatness of the focal plane can also be 308 

degraded when using air objectives.  309 

Standard flat field correction (Equation 2) cannot be easily applied to such complex 310 

imaging system. Obtaining data for performing flat-field correction in a light sheet set-311 

up can be difficult to obtain without a target, since illumination is perpendicular to the 312 

imaging arm. Also the acquisition of adequate calibration data would significantly 313 

increase the time and complexity of experiments. Here, a method was developed to 314 

estimate flat field corrections from the raw image data itself. This is possible because 315 

the microscope was used in time lapse experiments which delivers data in large quantity 316 

from which flat field correction can be inferred. Secondly, the soil signal is particularly 317 

rich in information and covers the entire field of view.  318 

The flat field correction developed is based on the following correction 319 

𝐶(𝑥, 𝑦) =
𝑅(𝑥, 𝑦)

𝑊(𝑥, 𝑦)
 . (3) 

 320 
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The method generates weight factors 𝑊(𝑥, 𝑦) from the raw data using the probability 321 

density distribution 𝑝 of the pixel intensity 𝐼, determined at a given position 𝑥, 𝑦   322 

𝑝(𝐼|𝑥, 𝑦) =
𝑛𝐼(𝑥, 𝑦)

𝑛
. (4) 

 323 

𝑛𝐼(𝑥, 𝑦) is the number of pixels at position (𝑥, 𝑦) with intensity 𝐼 and 𝑛 is the number 324 

of observations at position (𝑥, 𝑦) . We then define the correction as a function of the 325 

argument maximum of the probability density distribution function, 326 

𝑊(𝑥, 𝑦) ∝
1

𝑎𝑟𝑔 𝑚𝑎𝑥(𝑝(𝐼|𝑥, 𝑦))
𝐼

, (5) 

 327 

so that the corrected image data has a conserved arg max of the pixel intensity. The 328 

algorithm processing the data first defines a box kernel with a size of 150 × 150 × 3900 329 

µm (Figure 13). For each pixel on the image data, the histogram of the pixel intensity 330 

is computed from the neighbourhood generated by the box kernel. The mode of the 331 

pixel intensity is determined and the weight matrix 𝑊(𝑥, 𝑦) is computed.  332 

The statistical flat-field correction method developed here benefits from the dark field 333 

and large volume of data generated by the field of view of the microscope. Also, the 334 

pixel intensity generally has a right-skewed distribution (Figure 13 A), where the 335 

number of background pixels is much larger than those of the foreground which 336 

increases the robustness of the method.  337 

 338 
Figure 13. Flat field correction. (A) Histogram of a volume data dataset. (B) Weights 339 

for flat field corrections used the histogram obtained from neighbouring pixels (box 340 

kernel) accross an entire dataset. (C) Exampe of flat field correction obtained on a test 341 

dataset.  342 

    343 

An alternative form of flat field correction was also developed (equation 6). In this case 344 

the weight value is obtained from the subtraction of the median from the mean of the 345 

unprocessed image intensity. This correction is similar to the skewness of a probability 346 

density distribution (4),  347 

 348 
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𝑊(𝑥, 𝑦) =
𝑚𝑒𝑎𝑛(𝑥, 𝑦) − 𝑚𝑒𝑑𝑖𝑎𝑛(𝑥, 𝑦)

𝑚𝑒𝑎𝑛[𝑚𝑒𝑎𝑛(𝑥, 𝑦) − 𝑚𝑒𝑑𝑖𝑎𝑛(𝑥, 𝑦)]
 . (6) 

 349 

This approach is useful in the rare cases where the light sheet alignment had degraded 350 

with time.  351 

The computed weight matrices usually showed moderate corrections (less than 1%) 352 

when light sheet alignment has been achieved with good precision (Figure 13). Flat 353 

field corrections were combined with multi-resolution blending which often improved 354 

the quality of the reconstructed (see below). 355 

 356 

Multiresolution pyramids stitching 357 

Volume datasets were assembled from different vertical positions by a process termed 358 

stitching. Stitching is the operation of using the overlapping domain of two images to 359 

create a combined image containing the most relevant information from either or both 360 

images. Stitching requires (1) identifying the overlapping domains and (2) determining 361 

the value of pixels in regions where the domains overlap and possibly in a 362 

neighbourhood that extends beyond the domain of overlap. The first operation maps 363 

both images in a common coordinate system using elementary transformations, e.g. 364 

translation, rotation or scaling, and is termed “registration”. Here, the overlap was 365 

determined by the vertical movement of the motorised stage of the microscope. The 366 

transformation was therefore a controlled vertical translation which creates an image 367 

overlap of 0.5 to 1 mm with a precision of 1 pixel or 0.1 µm, which is the resolution of 368 

the stage. The second step is termed “blending” and computes pixel values at the 369 

domains where images overlap, using a form of weighted average of pixel values. Here, 370 

the blending process was challenging because of the multiscale structures and the 371 

patterns present within images. We have used the Laplacian pyramid approach to 372 

address this issue. 373 

Firstly, a raw image 𝐼 is convolved with a Gaussian kernel and then downscaled to an 374 

image half the original size. This elementary operation is termed 𝑅𝐸𝐷𝑈𝐶𝐸 , and is 375 

iterated multiple times to generate a series of images  𝐺(𝑖),    376 

 377 

𝐺(𝑖) = {
𝐼                                    , 𝑖 = 0

𝑅𝐸𝐷𝑈𝐶𝐸(𝐺(𝑖 − 1)), 0 < 𝑖 ≤ 𝑁
 (7) 

 378 

The series of images  𝐺(𝑖) is termed a Gaussian pyramid (Figure 14).  379 

 380 
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 381 
Figure 14. Construction of a Laplacian pyramid.  382 

 383 

The Laplacian pyramid is then calculated from the Guassian pyramid, 384 

 385 

𝐿(𝑖) = {
𝐺(𝑖)  − 𝐸𝑋𝑃𝐴𝑁𝐷(𝐺(𝑖 + 1)) , 0 ≤ 𝑖 < 𝑁

 𝐺(𝑖), 𝑖 = 𝑁
 (8) 

 386 

In this case, a second operator termed 𝐸𝑋𝑃𝐴𝑁𝐷  is used to generate the pyramid. 387 

𝐸𝑋𝑃𝐴𝑁𝐷  is the smoothed representation of the data at the lower scale and the 388 

Laplacian image 𝐿(𝑖) is obtained by subtracting the result of the ith 𝐸𝑋𝑃𝐴𝑁𝐷 from the 389 

ith Gaussian image. The process is initiated at the base of the Gaussian pyramid, 𝐺(0), 390 

and iterated 𝑁 times to generate a second pyramid termed Laplacian pyramid (equation 391 

8).  392 

Because each level in the Gaussian pyramid is a smoothed representation of the lower 393 

scale, it can be interpreted as a low-pass filter and the Gaussian pyramid is a description 394 

of long range variations occurring at each scale within the image (Figure 14 left). On 395 

the contrary, each level in the Laplacian pyramid contains residual information after 396 

long range variations have been removed. It therefore acts as a high-pass filtering 397 

process describing small scale variation within at a given scale within an image (Figure 398 

14 right). Various operations can then take place at each scale of the pyramid, including 399 

the blending of two images with overlapping domains or flat field corrections.  400 

Following operations at each level of the pyramid, an image can be reconstructed using 401 

the inverse relationship of equation 8, i.e. 𝑔(𝑖)  =  𝐿(𝑖)  +  𝐸𝑋𝑃𝐴𝑁𝐷 (𝑔(𝑖 + 1)) .  402 

Method  403 

Since the image data generated by light sheet microscopy has both multiscale 404 

information and contains flat field artefacts the blending of overlapping values of pixel 405 

intensities must be achieved on a multiscale data structure. Also, to avoid vigneting 406 

effects, the blending must be done following flat field corrections. A mask (𝛼(𝑦) in 407 

equation 10) was also used to smooth the transition of two adjacent images. The 408 
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weighting of the pixel intensity of blended images A and B of size N in the y axis and 409 

with an overlap of size 2𝑒 + 1is 410 

 411 

 412 

The weighting function α is defined  413 

 414 

𝛼 = (𝑘 (𝑦 − 𝑁 − 𝑒 − 1))2 (10) 

 415 

For blending using arithmetic average, α is assumed to take the value of 0.5. The 416 

algorithm used for stitching of light sheet microscopy images therefore follows the 417 

steps:  418 

1. Compute Laplacian pyramid using equations 7-8; 419 

2. Apply flat field correction to 𝐺𝐴(𝑖),𝐺𝐵(𝑖), 𝐿𝐴(𝑖) and 𝐿𝐵(𝑖) following 420 

equation 3; 421 

3. Blend 𝐿𝐴(𝑖),𝐿𝐵(𝑖) using the following equation 9; 422 

4. Reconstruct image using the reverse 𝐸𝑋𝑃𝐴𝑁𝐷 operator. 423 

Results 424 

The method developed was tested on the data produced from a small LED panel (smart 425 

phone) captured by the microscope equipped with the 2X objective. The weight matrix 426 

(equation 3) was generated by a minimum filter and applied to the raw image data and 427 

a 5-layer Laplacian pyramid was generated. The results were compared to a 5-layer 428 

Symlet wavelet representation. 429 

The results of the test showed the method corrected successfully for flat field variations 430 

while preserving the multiscale structure of the image. The contrast of the foreground 431 

was significantly enhanced without enhancement of background information. 432 

Comparison with the original data (Figure 15 A) showed significant improvement of 433 

pixel intensity at the edge of the panel can be obtained using flat field correction. 434 

Following flat field correction applied to the Laplacian pyramid of the image, the image 435 

recovered an even brightness across the entire field (Figure 15 B). Similar results were 436 

obtained using the Symlet wavelet algorithm (Figure 15 C). 437 

𝐿𝑆(𝑖) = {

𝐿𝐴(𝑖)                                    , 𝑓𝑜𝑟 1 ≤ 𝑦 < 𝑁 − 2𝑒 − 1      

𝐺𝛼 (𝑖)𝐿𝐴(𝑖) +  𝐺1−𝛼(𝑖)𝐿𝐵(𝑖)     , 𝑓𝑜𝑟 𝑁 − 2𝑒 − 1 ≤ 𝑦 < 𝑁 + 1

𝐿𝐵(𝑖)                                         , 𝑓𝑜𝑟 𝑁 + 1 ≤ 𝑦 < 2𝑁 − 2𝑒 − 1

 (9) 
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 438 
Figure 15. Test of multiscale flat field correction. (A) raw image obtained from the LCD 439 

screen of a smart phone imaged with the 2X objective. (B) Flat field correction obtained 440 

using the Laplacian pyramid. Flat field correction obtained from the Symlet wavelet 441 

method.  442 

 443 

The method was subsequently used on experimental data (Figure 16). Different 444 

methods were tested. The seam observed at overlapping regions was most visible when 445 

blending using only the arithmetic average (Figure 16 A). Arithmetic averaging of the 446 

Laplacian pyramid method resulted in a more gradual transition in pixel intensity but 447 

long range variations could still be observed (Figure 16 B). Application of the blend 448 

exposure function further reduced the magnitude of the seam (Figure 16 C). The 449 

combination of flat field correction and Laplacian pyramid blending contributed to 450 

removing of discontinuities at the seam. Even the simplest blending method using 451 

arithmetic average improved on previous results (Figure 16 D). Performing image 452 

blending using the blendexposure removed all discontinuities (Figure 16 E).  453 
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 454 
Figure 16. Testing of algorithms for stitching image data. (A) Stitching images using 455 

arithmetic average blending results in discontinuity where images overlap. a1 is the 456 

region of overlap of image 1 and image 2. The red line indicate the location where the 457 

image intensity profile is shown in (F). (B) Images stiched using Laplacian pyramid 458 

with arithmetic average. (C) Images stiched using Laplacian pyramid with  blend 459 

exposure function. (D) Images stiched using Laplacian pyramid combining flat field 460 

correction and arithmetic average. (E) Images stiched using Laplacian pyramid 461 

combining flat field correction and blendexposure function. (F) Image intensity profiles 462 

along the vertical axis for image A to E (respectively from left to right).   463 

 464 

7 - Segmentation of image data 465 

Image segmentation was used to quantify the distribution and spatial arrangement of 466 

roots, soil particles and bacteria. Following segmentation, two important metrics were 467 

calculated, the 3D distance map and the map of the pore size. The following section 468 

describes the image segmentation pipeline developed to perform such measurements 469 

(Figure 17). 470 
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 471 
Figure 17 Image segmentation pipeline for the calculation of metrics characterising the 472 

location of bacteria with regards to the root and within the pore space. 473 

 474 

The root domain was segmented from the light scattering signal using a region growing 475 

algorithm implemented in MeVisLab (5) following 6 steps. 476 

1. A 3D image data is imported, filtered with a median filter, and visualised in a 477 

volume viewer.  478 

2. In the transverse cross-section view (xz plane), one seed is placed at the base of 479 

the root system. When roots exhibit variations in contrast, a few additional seeds 480 

are placed along the root.  481 

3. The region growing algorithm is run using a 3D 6-connect neighbourhood and 482 

with the lower threshold set above the mode value of the image histogram and 483 

with no upper threshold.  484 

4. Steps 1 to 3 are repeated for the different time points using the same seed 485 

position. Adjustment of the seed positions and thresholding value is 486 

occasionally needed due to root movements and changes in scattering intensity 487 

of the root.  488 

5. The resulting data is processed by the Euclidean Distance Transform function 489 

with 16-bit precision and the resulting volume data exported from MeVisLab 490 

for further processing.  491 

6. Finally, the 3D distance map is incorporated into pipeline for quantification of 492 

bacterial cell density distribution. 493 

 494 

The architecture of the soil particle was obtained using thresholding and morphological 495 

operators (Figure 18). The threshold 𝑇ℎ𝑟𝑒𝑠𝑠  is chosen marginally smaller than the 496 

mode value of the image (5% to 10% of the mode value of the histogram is usually 497 

adequate). This segmentation is not sufficient to extract out the core of soil particle 498 

(Figure 18 A), because the stain (sulforrhodamine-B) mainly attaches to the surface of 499 
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the soil particles. Therefore, the segmentation approach also combined the GFP signal 500 

from bacterial fluorescence, using a different threshold 𝑇ℎ𝑟𝑒𝑠𝑏.  The value of 𝑇ℎ𝑟𝑒𝑠𝑏 501 

is choosen just above the noise level in the image (1 to 5% below the mode value of 502 

histogram is adequate). Median filtering with the window width set to the size of the 503 

soil pore is applied after thresholding (Figure 13 B). The following processes are used 504 

to segment the soil pore volume. 505 

 506 

1. Determine 𝑇ℎ𝑟𝑒𝑠𝑠  from histogram of the red fluorescence image data (𝐼𝑠)  507 

2. Determine 𝑇ℎ𝑟𝑒𝑠𝑏 from histogram of the green fluorescence image data (𝐼𝑏) 508 

3. Apply media filter to 𝐼𝑏 to remove speckle noise. 509 

4. Apply segmentation of soil particles using the following equation, 510 

𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑒𝑑 𝑠𝑜𝑖𝑙 (𝑥, 𝑦, 𝑧) = {
1,   0 < 𝐼𝑏(𝑥, 𝑦, 𝑧) ≤  𝑇ℎ𝑟𝑒𝑠𝑏

1,   𝑇ℎ𝑟𝑒𝑠𝑠 < 𝐼𝑠(𝑥, 𝑦, 𝑧)
 0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 . (12) 

5. Apply morphological operators, i.e. close and erosion followed by fill operators 511 

(Figure 18 B b3). 512 

6. Generate the structure of the soil pore using the inverse of the image generated 513 

in 5 and apply a mask to remove the padding domain. 514 

7. Apply the local thickness metric (6, 7) to determine the pore size distribution in 515 

the image. The algorithm was implemented as an ImageJ macro run in batch 516 

mode.    517 

 518 
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 519 
Figure 18. Segmentation of soil particles. (A) Cross section of fluorescent signals from 520 

bacteria and soil particles. (a1) fluorescent signal from soil particle, (a2) fluorescent 521 

signal from bacteria and (a3) overlay of bacteria and soil particle signals. (B) 522 

Segmentation of the pore space. (b1) thresholding of soil particle signal is followed by 523 

(b2) thresholding of  the signal from the bacterial fluorescence signal. (b3) The 524 

segmentation of the interior of the soil particles is obtained by combining b1 and b2 525 

(equation 12). Scare bar is 2 mm. 526 

 527 

8 – Bacterial density curves 528 

For each group of pixels 𝑅𝑘 at time t, the bacterial cell density 𝐷 (ml-1mm-3) is defined 529 

as the estimated number of bacterial cell (CFU) in a unit soil volume expressed per unit 530 

volume of root (8),  531 

𝐷 =
1

𝑉𝑟𝑜𝑜𝑡

∑ 𝐶𝐹𝑈(𝑉)𝑉 ∈ 𝑅𝑘    

∑ 𝑉𝑉 ∈ 𝑅𝑘
  

, 
(1) 

 532 

where 𝑉𝑟𝑜𝑜𝑡 is the volume of the root. To allow for comparisons between experiments 533 

we calculated the relative bacterial density at time t, 534 
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𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐷(𝑡)

〈𝐷〉
. 

(2) 

The expected value of the bacterial cell density 〈𝐷〉 is calculated across the entire 535 

experiment of duration 𝑇, 536 

〈𝐷〉 =  
1

𝑇
∑ 𝐷( 𝑡)

𝑡  ∈ {1,𝑇}

. 
(3) 

 537 

The mobility of bacteria was quantified as the variations in bacterial density at a given 538 

location in soil. This was calculated using the temporal variance of the bacterial cell 539 

density,  540 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
1

𝑇
∑ [𝐷 −  〈𝐷〉]2.

𝑡  ∈{1,𝑇}

 

(4) 

 541 

The metrics developed can then be used to determine the distribution of bacterial cells 542 

in soil (Figure 19-22).  543 
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 544 

 545 

  546 

Figure 19. Distribution of pore size and distance from the root surface from 2.4 × 107 547 

voxels randomly taken from 6 datasets. Results showed there is no obvious covariation 548 

between position in the rhizosphere and pore size. 549 
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 550 

Figure 20. Spatial distribution of bacterial cell in soil, as a function of the distance from 551 

the root (left) or pore size (right) showed a consistent pattern that differed from the 552 

distribution of the soil pore volume indicated bacteria occupy preferentially regions of 553 

soils closer to the root and the smaller pore spaces.  554 

 555 

 556 

 557 
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 558 

Figure 21. 2D distribution of bacterial cells in the soil volume as a function of the 559 

distance from the root and pore size for the basal (left) and apical region of the root. 560 

Strong differences are observed between the two regions of soil, but variability exists 561 

between soil samples.  562 

 563 
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 564 

Figure 22. Variability of root colonisation between sample for cell density (top) and 565 

temporal variance (bottom). Data for the bulk soil is presented in red, data for the 566 

rhizosphere soil is presented in blue, and total bacterial cell density is presented in green.  567 

 568 
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 590 
SUPPLEMENTARY VIDEO 1: Example of time lapse data data showing soil 591 

particles, root structure and bacterial distribution around plant roots. 592 

 593 

 594 

 595 

 596 

 597 

 598 

   599 
SUPPLEMENTARY VIDEO 2: Projection image data showing the complex 3D 600 

distribution of bacteria surrounding plant roots during its development. Projections are 601 

shown in the XY plane (left) and on the YZ (right). 602 

 603 

    604 

 605 

 606 
SUPPLEMENTARY VIDEO 3: Result of 3D root segmentation using the region 607 

growing algorithm. 608 

 609 
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 610 

 611 

 612 

 613 
SUPPLEMENTARY VIDEO 4: Result of the pore size analysis using the local 614 

thickness metric. 615 

 616 

 617 

 618 

 619 

 620 
SUPPLEMENTARY VIDEO 5: Analysis of bacterial the growth of bacteria in 621 

relation to the root surface using geodesic metric. 622 

 623 

 624 
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 625 

SUPPLEMENTARY VIDEO 6: 3D visualisation of the dynamics of bacterial cell 626 

density during colonisation of the rhizosphere. 627 

 628 

 629 

 630 

SUPPLEMENTARY VIDEO 7: 3D visualisation of the dynamics of bacterial cell 631 

distance from root surface during colonisation of the rhizosphere. 632 

 633 

 634 
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 635 

SUPPLEMENTARY VIDEO 8: 3D visualisation of the dynamics of bacterial cell 636 

occupation of the pore space during colonisation of the rhizosphere. 637 

 638 


