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Abstract
Background: The nanostructure of plant cell walls is of signi�cant biological and technological interest,
but methods suited to imaging cell walls at the nanoscale while maintaining the natural water-saturated
state are limited. Light microscopy allows imaging of wet cell walls but with spatial resolution limited to
the micro-scale. Most super-resolution techniques require expensive hardware and/or special stains so are
less applicable to some applications such as auto�uorescence imaging of plant tissues.           

Results: A protocol was developed for super-resolution imaging of xylem cell walls using super-resolution
radial �uctuations (SRRF) microscopy combined with confocal �uorescence imaging (CLSM). We
compared lignin auto�uorescence imaging with acri�avin or rhodamine B staining. The SRRF technique
allows imaging of wet or dry tissue with moderate improvement in resolution for auto�uorescence and
acri�avin staining, and a large improvement for rhodamine B staining, achieving sub 100 nm resolution
based on comparison with measurements from electron microscopy. Rhodamine B staining, which
represents a convolution of lignin staining and cell wall accessibility, provided remarkable new details of
cell wall structural features including both circumferential and radial lamellae demonstrating nanoscale
variations in ligni�cation and cell wall porosity within secondary cell walls.

Conclusions: SRRF microscopy can be combined with confocal �uorescence microscopy to provide
nanoscale imaging of plant cell walls using conventional stains or auto�uorescence in either the wet or dry
state.

Background
Xylem cell walls are characterised by a layered structure of cellulose embedded in a hemicellulose/lignin
matrix [1–3]. Typical secondary cell walls in xylem are made up of three layers, an outer S1 layer with a
cellulose micro�bril orientation approximately perpendicular to the longitudinal axis of the wood �ber, a
wide S2 layer with cellulose micro�brils oriented at 10-30 degrees to the �bre axis, and a narrow, more
highly ligni�ed layer lining the lumen of the �bre with cellulose orientation close to horizontal [4, 5]. Outside
the secondary wall is a highly ligni�ed layer composed of the primary cell wall and middle lamella, known
as the compound middle lamella (CML). The middle lamella is often poorly de�ned except at cell corners
where it is much larger. All xylem cell types including tracheids, �bres, vessels, and some parenchyma cells
follow this common pattern but with modi�cations in reaction wood where the composition and layering
may be different [3, 6–9]. Bast �bres from dicotyledonous phloem or bark such as hemp or linen also have
3-layered secondary cell walls with a thick S2 layer [10].

Bamboo parenchyma, phloem, and xylem �bres have polylamellate cell walls with multiple layers
associated with changes in micro�bril orientation, ligni�cation, and amount of xylan [2, 11–15].
Polylamellate cell walls associated with changes in micro�bril angle are known as helicoidal cell walls
because of the continuous rotation of micro�bril orientation relative to the cell axis. This arrangement
occurs notably in the stone cells of pear fruit where up to 100 layers have been reported [16].
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Nanolamellae, either circumferential or radial, have been described in tracheid and �bre cell walls using
atomic force microscopy (AFM) but these are too small to be detected by light microscopy and re�ect the
organisation of nanoscale structures of cellulose and lignin [17–19]. Observations on lamellation and
micro�bril orientation by AFM have been performed under water-immersion conditions but mainly on
chemically modi�ed (deligni�ed) cell walls [20–22].

Cell walls undergo swelling and shrinkage in response to changes in water content and may also undergo
irreversible structural changes as a result of drying [23–26]. The ability to image the nanostructure of
wood cell walls in the never-dried native state is therefore of considerable interest [27]. While it is possible
to examine wet cell walls in an environmental scanning electron microscope (SEM), the water �lm is
opaque to electrons and hence obscures ultrastructural details [28]. Light microscopy enables imaging of
wet cell walls but with limited resolution [29].

Super-resolution microscopy achieves sub-diffraction limit resolution often in the tens of nanometers
providing images close to the detail resolved by electron microscopy but with often simple sample
preparation, and imaging under more natural conditions is possible potentially allowing live-cell imaging
[29, 30, 31]. There are a range of implementations most of which require specialised hardware and/or
speci�c types of �uorescent probes which can limit potential applications. Super-resolution microscopy
has been applied to plant cell biology to image the cytoskeleton and organelles such as endoplasmic
reticulum, mitochondria, and plastids in living cells [32]. Plant cells present some challenges to the
application of super-resolution techniques, including refractive index mismatches between cell walls (1.53-
1.59) and mounting medium (Glycerol = 1.47) which contribute to spherical aberration and light scattering
[30, 32, 33].

Only one study has previously applied super-resolution microscopy to plant cell walls. In poplar xylem,
stimulated emission depletion (STED) and deconvolution were used to investigate cell wall layers [34].
This allowed visualisation of secondary walls and middle lamella with resolution intermediate between
light and electron microscopy.

Super-resolution radial �uctuations (SRRF) avoids the limitations of other techniques such as the
requirement for speci�c hardware and specialised �uorescent probes. SRRF analysis can be applied to
either confocal or wide�eld �uorescence microscopy and potentially any �uorescent probe [35, 36]. SRRF
analysis is primarily an image processing method but can also bene�t from the use of sCMOS (scienti�c
Complementary Metal–Oxide–Semiconductor) cameras for faster real-time live imaging using the SRRF-
stream application developed by Andor Technologies.

SRRF analysis has had limited application to plant cell biology. Galvan-Ampudia et al. [37] used SRRF
microscopy to study cell polarity in �ower primordia of Arabidopsis using a GFP labeled PIN1, an auxin
e�ux carrier protein. Huokko et al. [38] used SRRF-stream microscopy to examine the dynamics of
thylakoid membranes in cyanobacteria.
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In the current investigation, we applied SRRF microscopy to nanoscale imaging of secondary xylem cell
walls in the wet state and compared auto�uorescence with acri�avin and rhodamine B staining.

Results

Resolution
The objective lens resolution for the 63x/1.4 NA oil immersion lens was measured as 235 nm in x, y, and
567 nm in z. The theoretical resolution of this lens is 160 nm at 561 nm excitation wavelength in x, y, and
401 nm in z. For comparison, the theoretical resolution of the 63x/1.45 NA glycerol immersion lens used
for wet cell wall imaging at 561 nm excitation wavelength is 155 nm in x, y, and 374 nm in z. Measurement
of bordered pit margo �brils by SEM indicated a range of diameter from 20 to 120 nm with an average of
56 nm (Fig. 1). The size distribution showed two frequency peaks at 30-40 nm and 70-80 nm.
Measurements of margo thickness by SRRF microscopy using the 63x 1.4 NA oil immersion lens indicated
a thickness of 70-120 nm (Fig. 2) suggesting that SRRF analysis improves x, y resolution from 235 nm to
<100 nm.

SRRF algorithm.
The SRRF software offers a choice of four different algorithms. Initial comparisons indicated that the
temporal radiality autocorrelation (TRAC) algorithm gave unrealistic grainy images. A more detailed
comparison of the other three options also indicated grainy results for temporal radiality maximum (TRM).
Good results were obtained with temporal radiality average (TRA) and temporal radiality pairwise product
mean (TRPPM) with sharper details in TRPPM images indicating an optimum result (Fig. 3). Therefore, the
TRPPM algorithm was used for all subsequent SRRF analysis. Varying the parameters in the software
from the default values did not yield any signi�cant improvement.

Staining
A signi�cant advantage of SRRF analysis when applied to plants is the ability to use auto�uorescence for
label-free imaging. Lignin auto�uorescence allowed imaging of wall layers and detection of slight changes
in lignin concentration across the secondary cell wall in the SRRF images (Fig. 3). SRRF processing of
auto�uorescence also allowed improved resolution of margo �brils in bordered pit membranes due to their
very bright and stable auto�uorescence probably arising from extractives (Fig. 2) [39]. Individual confocal
images of lignin auto�uorescence had the greatest amount of noise as measured by between pixel
variance (Fig. 4) and this resulted in less apparent improvement in resolution by SRRF processing
compared to stained samples.

SRRF analysis of acri�avin staining yielded a similar improvement to lignin auto�uorescence but with less
noise in the individual confocal images (Fig. 4). Acri�avin staining allowed improved resolution of cell wall
layers and detection of small changes in secondary wall ligni�cation across the cell wall (Fig. 3). No novel
structures were revealed in SRRF images from auto�uorescence or acri�avin staining.
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Rhodamine B staining produced bright, noise-free confocal images with minimal photobleaching (Figs. 3,
4). A comparison of wide�eld, confocal projection, and SRRF images of the same �eld of view for a
rhodamine B stained section is shown in Figure 5 and demonstrates the increase in detail visible after
SRRF processing. SRRF analysis resulted in a large improvement in resolution revealing enhanced details
of lignin distribution as well as concentric and radial lamellations within the secondary cell wall that were
not detected by auto�uorescence or acri�avin (Fig. 3). This resulted in new information on the
nanostructure of wet cell walls related to the clustering and arrangement of cellulose �brils as previously
described by electron microscopy and AFM [17, 28]. SRRF imaging of rhodamine B stained cell walls,
therefore, provides information on the nanostructure of wet cell walls comparable to that from SEM
studies which are restricted to dry cell walls. This technique con�rmed the presence of radial lamellae
within native cell walls not subjected to fracturing, or chemical modi�cation.

Fourier ring correlation (FRC) analysis con�rmed the limiting effect of noise in auto�uorescence and
acri�avin images (Fig. 4c). This method estimates image resolution by comparing two replicate SRRF
images of the same �eld of view acquired under identical conditions and indicated that SRRF processing
does not increase the average image resolution for auto�uorescence or acri�avin images but did increase
the resolution for rhodamine B. Comparison of average projections indicated that rhodamine images have
higher resolution compared to auto�uorescence and acri�avin even without SRRF processing. Combining
SRRF with denoising resulted in signi�cant improvement in resolution for all three techniques indicating
that image noise is a limiting factor in this analysis. However, SRRF images generated from sequences
subjected to PureDenoise contained artefacts in the form of line patterns so this is not an ideal solution.
Line averaging, reduced scan speed, or the use of high quantum e�ciency detectors offer alternative
solutions to this problem. There may also be other alternative staining methods that could yield results
comparable to rhodamine B.

Line pro�les across cell walls from lumen to lumen at matched locations on average projections and SRRF
images demonstrate both the enhanced image detail in SRRF images as well as showing differences in
signal to noise between staining methods with relatively low contrast in auto�uorescence compared to
acri�avin and rhodamine B (Fig. 6). This analysis con�rms that detail is increased only in the cell wall
region with no change in the empty lumen so this effect is unlikely to represent noise enhancement that
would occur in both parts of the image.

Artefacts
SRRF images were sensitive to overexposed regions for example in the middle lamella where some
distortions/patterns were occasionally observed so it is important to carefully adjust brightness before
acquisition while still allowing for expected photobleaching during the 4-minute time series exposure.

Measurements
One application for SRRF imaging is to improve the accuracy of measurements of cell wall dimensions,
potentially to assess the thickness of different cell wall layers or pit membranes under wet conditions
without the use of electron microscopy. We compared measurements of the compound middle lamella
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(middle lamella + primary cell walls) using auto�uorescence, acri�avin, or rhodamine B by average
projection and SRRF, using measurements with SEM as a reference. Measurements showed a dependence
of variance on the mean and hence were log-transformed.

Average projection and SRRF measurements were location matched and SRRF measurements were
consistently smaller than confocal measurements (Table 1). Some differences were observed between the
three imaging methods. Acri�avin staining tended to give a higher estimate of CML width compared to
auto�uorescence in average projections possibly because differentiation of S1 and CML layers was less
clear but SRRF processing seemed to correct this problem. Rhodamine B staining conversely gave
signi�cantly smaller measurements after SRRF processing whereas measurements on average projections
were comparable to auto�uorescence and acri�avin staining. These differences probably re�ect
differences in the exact structures being highlighted by each method. In the case of rhodamine B staining,
it is unclear exactly what this narrow layer represents since a similar-sized structure could not be detected
with electron microscopy (Fig. 5d). Measurements from auto�uorescence and acri�avin staining
performed on SRRF images of dry cell walls were comparable to measurements made by SEM whereas
measurements on average projections were signi�cantly larger. All three methods were capable of
detecting shrinkage of the CML as a result of drying.
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Table 1
Measurements of cell wall layers.

WET DRY

  Auto�uorescence Acri�avin Rhodamine
B

Auto�uorescence Acri�avin Rhodamine
B

SRRF 408 552 144 456 384 144

  432 624 144 288 480 144

  384 480 120 360 288 144

  408 480 120 360 288 120

  360 456 144 360 288 144

  624 456 264 432 312 120

  480 624 240 336 336 120

  360 360 240 384 288 144

  648 384 120 480 384 120

  576 456 168 336 360 120

  468a 487a 170d 379e 341f 132g

CLSM 480 936 528 552 600 408

  624 744 576 408 864 480

  456 624 600 432 600 384

  504 720 432 432 840 432

  648 600 648 432 552 432

  744 672 864 504 576 384

  624 840 888 456 552 480

  480 480 912 456 552 456

  696 504 408 528 576 432

  648 624 552 504 600 384

  590b 674c 641c 470a 631c 427a

SEM 337          

Measurements of the width of the compound middle lamella using a paired comparison of SRRF and
CLSM (average projection) at matched locations for wet and dry conditions compared to reference
measurements by SEM. Methods were signi�cantly different as were interactions between image type
and method, p<<0.001. Means with different letters are signi�cantly different for p = 0.05.
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WET DRY

  300          

  337          

  375          

  337          

  337          

  347          

  319          

  356          

  291          

  334f          

Measurements of the width of the compound middle lamella using a paired comparison of SRRF and
CLSM (average projection) at matched locations for wet and dry conditions compared to reference
measurements by SEM. Methods were signi�cantly different as were interactions between image type
and method, p<<0.001. Means with different letters are signi�cantly different for p = 0.05.

Lamellae
Concentric lamellae within the S2 layer were not birefringent when viewed by polarised light microscopy
indicating that these structures are not related to cellulose orientation and are unrelated to S1 and S3
layers (Fig. 7). Their darker appearance with rhodamine B staining suggests that these are regions of
altered lignin or porosity that might be associated with the margins of slight variations in ligni�cation
observed in corresponding images using auto�uorescence and acri�avin staining.

Comparison of three adjacent growth rings revealed a tendency for different patterns of concentric
lamellae as revealed by SRRF analysis (Fig. 8). Tracheid secondary walls in latewood from ring 28 had up
to three concentric lamellae, two closer to the lumen and one closer to the periphery or in some cases
equally spaced. On average there was one lamella per cell. Secondary walls in ring 30 generally had
indistinct concentric lamellae but occasionally there were one or two distinct lamellae near the centre of
the wall or towards the lumen. Secondary walls in ring 32 had up to three distinct lamellae with on average
two lamellae per cell. There was a tendency for consistent patterns among adjacent cells in radial �les.
Small cells representing tracheid tips typically lacked distinct lamellae as did thin earlywood cell walls
(Fig. 7).

Comparison of SRRF images from rhodamine B stained sections in glycerol or water con�rmed that
lamellae were not the result of any swelling that might be induced by mounting in glycerol (Fig. 9). Imaging
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of carefully dried sections mounted in immersion oil demonstrated that lamellae were consistently present
and did not seem to change as a result of drying (Fig. 9).

Discussion
Imaging of auto�uorescent nano�brils in pit membranes indicated improved resolution after SRRF
analysis. Structures close to 70 nm could be detected which is similar to resolution values reported in other
studies using �xed cells [36]. Comparison of margo �bril diameter measurements by SEM and by SRRF
analysis con�rmed that SRRF analysis could distinguish the larger �brils in the size distribution between
70 and 120 nm. It was easier to image these structures in cross-section (after embedding) than on radial
surfaces due to the presence of auto�uorescent pit borders in front of and behind the pit membrane which
greatly reduced contrast in radial view. Pit membranes could be detected on radial surfaces after
rhodamine B staining thus potentially allowing a wet/dry comparison.

Comparison of different SRRF algorithms indicated that TRPPM gave the best image quality being sharper
than TRA and less grainy than TRM. The default parameters were used as changing these either offered
no improvement or reduced perceived image quality. Drift correction was unnecessary as sections were
stable and did not move during image acquisition. Using fewer than 50 images in the temporal sequence
resulted in a slight loss of image quality. Using a reduced number of images might be a slight advantage
in cases of rapid photobleaching but using more than 100 images did not yield any obvious bene�t. Using
fewer pixels in the original temporal sequence reduced the effectiveness of the SRRF processing as
expected. Not surprisingly, optimising the resolution of the original data maximised the result of SRRF
processing. FRC analysis demonstrated the importance of noise on the resolution attainable by SRRF with
the relatively noisy auto�uorescence and acri�avin signals having less resolution than low noise
rhodamine B images.

We compared SRRF imaging of lignin auto�uorescence with acri�avin staining. These two methods both
detect lignin but have different signal/noise, with auto�uorescence having less contrast between the
secondary wall and middle lamella compared to acri�avin staining. This difference probably accounts for
the overestimation of CML thickness by acri�avin in average projections compared to auto�uorescence
since the measurements are dependent on intensity differences.

Auto�uorescence and acri�avin staining could detect the S3 layer when present, however, the S1 layer was
di�cult to resolve. To distinguish the CML and ensure that the structure observed in SRRF images did not
include the S1 layers which could look similar, measurements were made on polarised light images where
the S1 layer is easily resolved. The width of the double S1 layers and CML was about 1.5 µm con�rming
that SRRF measurements of 4-500 nm did not include the S1 layers and thus accurately represent the
compound middle lamella. However, for rhodamine SRRF images the central part of the cell wall was
resolved into at least two structures, a very thin layer 140 nm wide probably at least part of the CML that
was more reactive to the rhodamine B dye, and a much wider layer on either side of the middle lamella, the
total structure 1000-1500 nm wide likely includes the S1 layers (Fig. 5). Correlative microscopy comparing
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SRRF and transmission electron microscopy (TEM) images could help elucidate exactly which layers are
detected but TEM was not feasible on the thick-walled latewood cells examined in this study.

Rhodamine B staining is also indicative of lignin but is somewhat limited by the accessibility of cell walls
to the disc-shaped rhodamine molecule, so this signal not only re�ects the degree of ligni�cation but is
also related to porosity. For example, rhodamine B stained samples often show dark cell corners which
represent the limited accessibility of the highly ligni�ed middle lamella to the stain [40]. Rhodamine B
staining detected nano-features including concentric and radial lamella not clearly visible in
auto�uorescence or acri�avin images. Rhodamine B staining also gave a signi�cantly lower value for CML
thickness in SRRF images (but not in average projections) and also clearly detected the S1 layer which is
indistinct in auto�uorescence and acri�avin images. Rhodamine B staining, therefore, provides more highly
detailed images of nanostructure compared to auto�uorescence and acri�avin which are better at
visualising slight changes in ligni�cation across the secondary cell wall.

Measurement of cell wall layers by SRRF analysis agreed with SEM measurements of the CML while
comparative measurements between wet and dry states were able to detect the small amount of shrinkage
present in this highly ligni�ed part of the cell wall. Using the full width half maximum height (FWHM)
method for measurements of wall layer thickness we found that measurements were slightly
overestimated compared to direct visual assessment using a measurement cursor (as used for SEM
measurements). While this method avoids observer bias it is probably not ideal for this type of
measurement as some layers are distinguished by texture rather than intensity. SRRF analysis should
allow accurate measurement of cell wall layers to the nearest 100 nm. A pixel size of 24 nm provides
su�cient Nyquist sampling for such measurements, but it is feasible to improve pixel size to 10 nm for
even greater precision by reducing the �eld of view.

Only three different �uorophores were compared in the current study. However, SRRF analysis is likely to
work with almost any stain subject to noise and fading behaviour including cell wall stains such as
calco�uor, Congo red (cellulose stains), and safranine (bichromatic stain for lignin and cellulose) [41–43].
SRRF processing could also be applied to the immunolocalization of cell wall molecules [40].

The only previous application of super-resolution microscopy to cell walls utilised stimulated emission
depletion (STED) microscopy [34]. The authors found that rhodamine-labeled polyethylene glycol could be
localised in poplar cell walls yielding images with a similar appearance to our rhodamine SRRF images.
STED microscopy is restricted to dyes that speci�cally respond to the depletion laser and hence this
technique is unlikely to work at all with auto�uorescence [39].

Some of the concentric lamellae observed with SRRF analysis of rhodamine B staining were associated
with the boundaries between ligni�cation levels within the S2 layer. Similar variations in ligni�cation within
the secondary cell wall have been reported in bamboo �bres by TEM [2, 11–15]. However, concentric
lamellae in Douglas �r latewood cell walls are indistinct by conventional light microscopy and have not
previously been described. Under polarised light microscopy, concentric lamellae do not show birefringence
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suggesting they are not associated with cellulose orientation. These structures may represent slight
changes in cell wall porosity or ligni�cation.

Some plant cell walls are known to contain concentric lamellae at different scales [14, 16, 17].
Observations by TEM often show lamellae consisting of individual cellulose micro�brils and matrix
materials on a scale of about 3nm [1, 18]. Methods such as SEM and atomic force microscopy (AFM)
detect larger lamellae on cut or fractured surfaces associated with bundles of cellulose micro�brils known
as macro�brils which are typically 30 nm or greater in size [17, 28, 44]. Radial lamellae associated with
lignin structures have also been observed by TEM [18], and by SEM on fractured surfaces [45]. There is
some debate about whether the radial patterns on fracture surfaces are induced by the fracturing process
or whether they are present also in the native cell wall. Our observations using rhodamine SRRF suggest
that weak radial lamellae occur in native cell walls using confocal imaging focussed several microns
below the cut surface and hence avoiding surface artefacts that might be erroneously detected by AFM or
SEM.

We found that adjacent cells within growth rings show a tendency to display similar patterns of concentric
lamellae while displaying different patterns in adjacent growth rings. This suggests that these features
may be related to environmental conditions. While methods to quantify these patterns need to be further
developed our observations suggest the possibility that concentric lamellae are potential climate markers.
Since latewood is formed in late summer the possibility of relationships to drought should be investigated.
In pine grown under conditions of severe drought stress, tracheids showed abnormal ligni�cation including
concentric lamellae within the secondary cell wall very similar to the structures observed in Douglas �r
latewood [46].

Conclusions
SRRF analysis allows super-resolution imaging of plant cell wall layers and lamellar structures within the
secondary cell wall of xylem. This technique permits more accurate measurement of cell wall layers with
the potential to measure shrinkage and swelling behaviour by comparing images acquired in the wet or dry
state. SRRF processing can be used in conjunction with auto�uorescence as well as conventional staining
and therefore could have wide applications in plant structural studies.

Materials And Methods

Resolution testing
The spatial resolution of a Leica Plan Apochromat 63x/1.4 NA oil immersion objective lens was measured
using 90 nm �uorescent silica beads (Sigma 797944) to determine the point spread function. A
suspension of beads in distilled water was dried onto a microscope slide made from low-�uorescence
glass (clear white glass – Knittel Glass, Germany). Beads were mounted in immersion oil containing
antifade (Citi�uor AF87) using a #1.5 coverglass (Knittel Glass, Germany). The excitation wavelength was
561 nm and the emission range was 600-800 nm. Images were acquired with a pixel resolution of 48 x 48
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x 84 nm in x,y,z at 12-bit dynamic range. Resolution in the x, y, and z planes was determined using the
MetroloJ plugin for Fiji software [47, 48].

To assess the spatial resolution of xylem cell wall images processed by SRRF analysis, a small branch
from a mature Douglas �r tree growing in Rotorua, New Zealand, was �xed in glutaraldehyde for 1h at
room temperature, dehydrated in ethanol, and embedded in LR White resin. The resin block was then
polished to produce a microscopically �at transverse surface of the whole stem including xylem, phloem,
and bark. The surface of the resin block was mounted in immersion oil with a #1.5 coverslip for confocal
imaging of auto�uorescent pit membranes. Confocal images were subsequently processed by SRRF
analysis and the thickness of the margo of the pit membrane was measured using Digital Optics V++
software (www.digitaloptics.co.nz).

Samples from the same stem were dehydrated in ethanol, transferred to t-butyl alcohol, and vacuum dried
to preserve unaspirated pit membranes. Split radial surfaces were prepared for SEM by coating with 5nm
of chromium using a Cressington 208 HR sputter coater equipped with a quartz crystal �lm-thickness
monitor. Bordered pit membranes were examined at 3kV and 12 kx (8nm pixel) magni�cation to measure
the diameter of margo �brils using a JEOL 6700 �eld emission scanning electron microscope.

Xylem samples for SRRF analysis
Microscopic analyses were carried out on a single tree of Douglas-�r (Pseudotsuga menziesii var.
menziesii/viridis) grown in the Southwest of Germany from a disc sampled at breast height. The site was
part of a spacing trial with tree densities varying between 500 and 4,000 trees per hectare [49]. Samples
from three sapwood growth rings, ring numbers 28, 30, and 32 from the pith were re-saturated in water and
subsequently stored in 70% ethanol. Blocks washed brie�y in water were sectioned for microscopy in the
transverse plane at 25 µm thickness using a sledge microtome. The main focus was on latewood because
the thick cell walls facilitate intra-wall characterization.

Sections for lignin auto�uorescence were mounted in 50% glycerol in 0.01M phosphate buffer at pH9 [50].
Sections for lignin staining were treated with 2.7 µM (aq.) acri�avin for 10 minutes followed by washing in
water and were mounted in 50% glycerol in 0.01 M phosphate buffer at pH7. Sections for lignin/porosity
staining were treated with 1.6 µM (aq.) rhodamine B for 18 h followed by washing in water and were
mounted in 50% glycerol in 0.01 M phosphate buffer at pH7. Some comparisons were made by mounting
in water, or immersion oil (Citi�uor AF87) following ethanol dehydration and air-drying. Sections mounted
in glycerol were examined with a Leica SP5 confocal microscope using a Plan Apochromat 63x/1.45 NA
glycerol immersion objective lens at 2x zoom with a pixel size of 120 nm. For sections mounted in water, a
63x/1.2 NA water immersion lens was used whereas for sections mounted in immersion oil a Plan
Apochromat 63x/1.4 NA oil immersion lens was used. Ten �elds of view were acquired at 1024x1024
pixels as a time series of 100 frames at a single focal plane close to the surface of the section. Acquisition
time for each �eld of view was 4 minutes and 15 seconds. For acri�avin, the excitation was 458 nm and
the emission range was 500-700 nm whereas for lignin auto�uorescence the excitation was 488 nm and
the emission range was 500-650 nm. For rhodamine B the excitation was 561 nm and the emission range

http://www.digitaloptics.co.nz/
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was 600-800 nm. The pinhole size was set to 1 Airy unit, scan speed was 400 Hz and no line averaging
was used.

An average intensity projection was created from each time series to serve as a control image to compare
with the SRRF image. The confocal time series were then processed using Fiji software with NanoJ SRRF v
1.14 [51] on a personal computer equipped with an Nvidia RTX 2060 graphics card allowing OpenCL
acceleration of the image processing (15 seconds, compared to ~20 minutes without acceleration).
Preliminary testing con�rmed that three of the four available algorithms (temporal radiality average, TRA;
temporal radiality maximum, TRM; temporal radiality pairwise product mean, TRPPM) gave acceptable
results. These algorithms were then applied to the 10 different time series for each of the �uorophores
(auto�uorescence, acri�avin, and rhodamine B) using the default parameters (ring radius 0.50, radiality
magni�cation 5x, axes in ring 6) except that radiality renormalisation was active. Drift correction was not
required. The resulting SRRF images had a �nal pixel size of 24 nm representing a 4x oversampling of the
estimated spatial resolution (<100 nm).

Image quality was evaluated by measuring the noise (variance) within cell wall regions of interest in the
�rst acquired image of each time series, and by measuring the intensity decrease across the time series.
SRRF images were examined visually for noise, granularity, patterns, or other features that might represent
introduced artefacts. To quantify resolution changes resulting from SRRF processing, time series were
divided into two new sequences by separating odd and even images. NanoJ Squirrel in Fiji was used to
perform FRC analysis to measure the average image resolution on SRRF images generated from the odd
and even sequences [52]. The same procedure was applied to average projections generated from odd and
even sequences. To further assess the effect of noise, odd and even sequences were subjected to noise
reduction using PureDenoise in Fiji before SRRF processing [53].

To assess improvement in signal to noise resulting from the SRRF processing, brightness line pro�les were
acquired across the double cell wall from lumen to lumen at matched locations on SRRF and average
projection images of the same �eld of view.

To compare cell wall layer dimensions in SRRF and average projection images in both wet and dry states,
10 replicate measurements were performed using several �elds of view for auto�uorescence, acri�avin or
rhodamine B treated sections. The thickness of the compound middle lamella on tangential cell walls at
matched locations was determined for both average intensity projections and SRRF (TRPPM) images
using a measurement tool to apply the FWHM criterion using Digital Optics V++ software. Average
intensity projections were interpolated to the same image size as SRRF images (5120 x 5120 pixels) using
bilinear interpolation to allow precise positioning of each line pro�le in the matching projection and SRRF
images. In this case, the line pro�le was collected between the middle of the S2 layers in adjacent cells. To
provide control measurements in the dry state, comparable sections were prepared for measurement by
scanning electron microscopy. Measurements on projections and SRRF images were statistically analysed
using a paired comparisons analysis of variance after log-transformation of data using Microsoft Excel.

Abbreviations



Page 14/26

AFM – Atomic force microscopy

CLSM – Confocal laser scanning microscopy

CML – Compound middle lamella

FRC – Fourier ring correlation

FWHM – Full width at half maximum height

GFP – Green �uorescent protein

sCMOS – Scienti�c complementary metal oxide semiconductor

SEM – Scanning electron microscopy

SRRF – Super-resolution radial �uctuations

STED – Stimulated emission depletion

TEM – Transmission electron microscopy

TRA – Temporal radiality average

TRAC – Temporal radiality autocorrelation

TRM – Temporal radiality maximum

TRPPM – Temporal radiality pairwise product mean

Declarations
Acknowledgments

The author is grateful to Dr Alan Dickson, Scion, for preparing the polished whole stem sample, and Dr Rob
Woolley, Coherent Scienti�c, for a demonstration of the Andor SRRF-stream system. Douglas �r samples
from Germany were provided by Dr Uwe Schmitt, Thünen Institute, Hamburg. Dr Alan Dickson, Dr Diego
Elustondo (Scion), and Jacqueline Ross (University of Auckland) provided helpful comments on the
manuscript.

Authors’ contributions

Not applicable 

Funding



Page 15/26

This work was funded by Scion’s Strategic Science Investment Fund, Ministry of Business, Innovation and
Employment, Wellington, New Zealand.

Availability of data and materials

Contact the author

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Competing interests

Not applicable

Author details

1 Scion, 49 Sala Street, Rotorua 3010, New Zealand.

References
1. Kerr AJ, Goring DAI. The ultrastructural arrangement of the wood cell wall. Cellulose Chem. Technol.

1975;9:563-573.

2. Zhou X, Ding D, Ma J, Ji Z, Zhang X, Xu F. Ultrastructure and topochemistry of plant cell wall by
transmission electron microscopy. In: Maaz K, editor. The transmission electron microscope: theory
and applications. IntechOpen; 2015. p. 285-306. https://doi.org/10.5772/60752.

3. Donaldson LA. Wood cell wall ultrastructure - The key to understanding wood properties and
behaviour. IAWA J. 2019;40:645-672. https://doi.org/10.1163/22941932-40190258.

4. Barnett JR, Bonham VA. Cellulose micro�bril angle in the cell wall of wood �bres. Biol. Rev.
2004;79:461-472. https://doi.org/10.1017/S1464793103006377.

5. Donaldson LA, Xu P. Micro�bril orientation across the secondary cell wall of radiata pine tracheids.
Trees 2005;19:644-653. https://doi.org/10.1007/s00468-005-0428-1.

�. Wardrop AB, Dadswell HE. The nature of reaction wood II. The cell wall organization of compression
wood tracheids. Aust. J. Biol. Sci. 1950;3(1):1-13.

7. Wardrop AB, Dadswell HE. The nature of reaction wood. Variations in cell wall organization of tension
wood �bres. Aust. J. Bot. 1955;3:177-189. https://doi.org 10.1071/BT9550177.

�. Clair B, Gril J, Baba K, Thibaut B, Sugiyama J. Precautions for the structural analysis of the gelatinous
layer in tension wood. IAWA J. 2005;26:189-195. https://doi.org/ 10.1163/22941932-90000110.



Page 16/26

9. Donaldson LA, Singh AP. Reaction wood. In: Kim YS, Funada R, Singh AP, editors. Biology of wood.
London: Academic Press; 2016. p. 93-110.

10. Abdul Khalil HPS, Siti Alwani M, Mohd Omar AK. Chemical composition, anatomy, lignin distribution,
and cell wall structure of Malaysian �bres. BioResources 2006;1: 220-232.

11. Parameswaran N, Liese W. On the �ne structure of bamboo �bres. Wood Sci. Technol. 1976;10:231-
246.

12. Parameswaran N, Liese W. Ultrastructural aspects of bamboo cells. Cell. Chem. Technol. 1980;14:587-
609.

13. Gritsch CS, Kleist G, Murphy RJ. Developmental changes in cell wall structure of phloem �bres of the
bamboo Dendrocalamus asper. Ann. Bot. 2004;94:497-505. https://doi.org/10.1093/aob/mch169.

14. Ma J, Lv X, Yang S, Tian G, Liu X. Structural insight into cell wall architecture of Micanthus sinensis cv.
using correlative microscopy approaches. Microsc. Microanal. 2015;21(5):1304-1313.
https://doi.org/10.1017/S1431927615014932.

15. Lian C, Liu, R, Zhang S, Yuan J, Luo J, Yang F, Fei B. Ultrastructure of parenchyma cell wall in bamboo
(Phyllostachys edulis) culms. Cellulose 2020;27:7321-7329. https://doi.org/10.1007/s10570-020-
03265-9.

1�. Vian B, Roland J-C. The helicoidal cell wall as a time register. New Phytol. 1987;105: 345-357.

17. Fahlén J, Salmén L. On the lamellar structure of the tracheid cell wall. Plant Biol. 2002;4:339-345.
https://doi.org/10.1055/s-2002-32341.

1�. Singh AP, Daniel G. The S2 layer in the tracheid walls of Picea abies wood: Inhomogeneity in lignin
distribution and cell wall microstructure. Holzforschung 2001;55:373-378.
https://doi.org/10.1515/HF.2001.062.

19. Singh A, Daniel G, Nilsson T. Ultrastructure of the S2 layer in relation to lignin distribution in Pinus
radiata tracheids. J. Wood Sci. 2002;48:95-98.

20. Yan D, Li K. Conformability of wood �ber surface determined by AFM indentation. J. Mater. Sci.
2013;48:322-331. https://doi.org/10.1007/s10853-012-6749-8.

21. Ka�e K, Xi X, Lee CM, Tittmann BR, Cosgrove DJ, Park YB, Kim SH. Cellulose micro�bril orientation in
onion (Allium cepa L.) epidermis studied by atomic force microscopy (AFM) and vibrational sum
frequency generation (SFG) spectroscopy. Cellulose 2014;21:1075-1086.
https://doi.org/10.1007/s10570-013-0121-2.

22. Adobes-Vidal M, Frey M, Keplinger T. Atomic force microscopy imaging of deligni�ed secondary cell
walls in liquid conditions facilitates interpretation of wood ultrastructure. J. Struct. Biol.
2020;211:107532. https://doi.org/10.1016/j.jsb.2020.107532.

23. Thybring EE, Thygesen LG, Burgert I. Hydroxyl accessibility in wood cell walls as affected by drying
and re-wetting procedures. Cellulose 2017;24:2375-2384. https://doi.org/10.1007/s10570-017-1278-x.

24. Hill SJ, Kirby NM; Mudie ST, Hawley AM, Ingham B, Franich RA, Newman RH. Effect of drying and
rewetting of wood on cellulose molecular packing. Holzforschung 2010;64:421-427.
https://doi.org/10.1515/HF.2010.065.



Page 17/26

25. Salmén L, Stevanic JS. Effect of drying conditions on cellulose micro�bril aggregation and
horni�cation. Cellulose 2018;25:6333-6344. https://doi.org/10.1007/s10570-018-2039-1.

2�. Penttilä PA, Altgen M, Carl N, van dr Linden P, Mor�n I, Österberg M, Schweins R, Rautkari L. Moisture-
related changes in the nanostructure of woods studied with X-ray and neutron scattering. Cellulose
2020;27:71-87. https://doi.org/10.1007/s10570-019-02781-7.

27. Rafsanjani A; Stiefel M, Je�movs K, Mokso R, Derome D, Carmeliet J. Hygroscopic swelling and
shrinkage of latewood cell wall micropillars reveal ultrastructural anisotropy. J. R. Soc. Interface
2014;11: 20140126. http://dx.doi.org/10.1098/rsif.2014.0126.

2�. Donaldson LA. Cellulose micro�bril aggregates and their size variation with cell wall type. Wood Sci.
Technol. 2007;41:443-460. https://doi.org/10.1007/s00226-006-0121-6.

29. Diaspro A, Bianchini P. 2020. Optical nanoscopy. La Rivista del Nuovo Cimento
https://doi.org/10.1007/s40766-020-00008-1.

30. Komis G, Mistrik M, Šamajová O, Ovečka M, Bartek J, Šamaj J. Superresolution live imaging of plant
cells using structured illumination microscopy. Nature Protocols 2015;10(8):1248-1263.
https://doi.org/10.1038/nprot.2015.083.

31. Shaw SL, Thoms D, Powers J. Structured illumination approaches for super-resolution in plant cells.
Microscopy 2019:37-44. https://doi.org/10.1093/jmicro/dfy043.

32. Komis G, Novák D, Ovečka M, Šamajová O, Šamaj J. Advances in imaging plant cell dynamics. Plant
Physiol. 2018;176:80-93. https://doi.org/10.1104/pp.17.00962.

33. Donaldson LA. Interference microscopy. In: Lin SY, Dence CW, editors. Methods in lignin chemistry.
Berlin: Springer Verlag; 1992. p. 122-132.

34. Paës G, Habrant A, Terryn C. Fluorescent nano-probes to image plant cell walls by super-resolution
STED microscopy. Plants 2018;7:11. https://doi.org/10.3390/plants7010011.

35. Gustafsson N, Culley S, Ashdown G, Owen DM, Pereira PM, Henriques R. Fast live-cell conventional
�uorophore nanoscopy with ImageJ through super-resolution radial �uctuations. Nature
Communications 2016;7:12471. https://doi.org/10.1038/ncomms12471.

3�. Culley S, Tosheva KL, Pereira PM, Henriques R. SRRF: Universal live-cell super-resolution microscopy.
Int. J. Biochem. Cell Biol. 2018;101:74-79. https://doi.org/10.1016/j.biocel.2018.05.014.

37. Galvan-Ampudia CS, Cerutti G, Legrand J, Brunoud G, Martin-Arevalillo R, Azais R, Bayle V, Moussu S,
Wenzl C, Jaillais Y, Lohmann JU, Godin C, Vernoux T. Temporal integration of auxin information for the
regulation of patterning. eLife 2020;9:e55832. 1-65. https://doi.org/10.7554/eLife.55832.

3�. Huokko T, Ni T, Dykes GF, Simpson DM, Brownridge P, Conradi FD, Beyon RJ, Nixon PJ, Mullineaux CW,
Zhang P, Liu L-N. Probing the biogenesis pathway and dynamics of thylakoid membranes. Nature
Communications 2021;12:3475. https://doi.org/10.1038/s41467-021-23680-1.

39. Donaldson LA. Auto�uorescence in plants. Molecules 2020;25(10):2393.
https://doi.org/10.3390/molecules25102393.

40. Donaldson LA, Cairns M, Hill SJ. Comparison of micropore distribution in cell walls of softwood and
hardwood xylem. Plant Physiol. 2018;178:1142-1153. https://doi.org/10.1104/pp.18.00883.



Page 18/26

41. Bond J, Donaldson L, Hill S, Hitchcock K. Safranine as a �uorescent stain for wood cell walls.
Biotechnic. Histochem. 2008;83:161-171. https://doi.org/10.1080/10520290802373354.

42. Herrera-Ubaldo H, de Folter S. Exploring cell wall composition and modi�cations during the
development of the gynoecium medial domain in Arabidopsis. Frontiers in Plant Sci. 2018;9:454.
https://doi.org/10.3389/fpls.2018.00454.

43. Ursache R, Andersen TG, Marhavy P, Geldner N. A protocol for combining �uorescent proteins with
histological stains for diverse cell wall components. Plant J. 2018;93:399-412.
https://doi.org/10.1111/tpj.13784.

44. Zimmermann T, Thommen V, Reimann P, Hug HJ. Ultrastructural appearance of embedded and
polished wood cell walls as revealed by Atomic Force Microscopy. J. Struct. Biol. 2006;156:363-369.
https://doi.org/10.1016/j.jsb.2006.06.007.

45. Sell J, Zimmermann T. Radial �bril agglomerations of the S2 on transverse-fracture surfaces of
tracheids of tension-loaded spruce and white Wr. Holz als Roh- und Werkst. 1993;51:384.

4�. Donaldson LA. Abnormal lignin distribution in wood from severely drought-stressed Pinus radiata
trees. IAWA J. 2002;23:161-178. https://doi.org/10.1163/22941932-90000295.

47. Matthews C, Cordelières FP. MetroloJ: an ImageJ plugin to help monitor microscopes' health. In:
ImageJ User & Developer Conference 2010 proceedings.

4�. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
Methods 2012;9:671-675. https://doi.org/10.1038/nmeth.2089.

49. Donaldson LA, Singh A, Raymond L, Hill S, Schmitt U. Extractive distribution in Pseudotsuga
menziesii: effects on cell wall porosity in sapwood and heartwood. IAWA J. 2019;40:721-740.
https://doi.org/10.1163/22941932-40190248.

50. Donaldson LA. Softwood and hardwood lignin �uorescence spectra of wood cell walls in different
mounting media. IAWA J. 2013;34:3-19. https://doi.org/10.1163/22941932-00000002.

51. Laine RF, Tosheva KL, Gustafsson N, Gray RDM, Almada P, Albrecht D, Risa GT, Hurtig F, Lindås A-C,
Baum B, Mercer J, Leterrier C, Pereira PM, Culley S, Henriques R. NanoJ: a high-performance open-
source super-resolution microscopy toolbox. Journal of Physics D: Applied Physics 2019;52:163001.
https://doi.org/10.1088/1361-6463/ab0261.

52. Koho S, Tortarolo G, Castello M, Deguchi T, Diaspro A, Vividomini G. Fourier ring correlation simpli�es
image restoration in �uorescence microscopy. Nat. Comm. 2019;10:3103.
https://doi.org/10.1038/s41467-019-11024-z.

53. Luisier F, Blu T, Unser M. Image denoising in mixed poisson-gaussian noise. IEEE Transactions on
Image Processing 2010;20:696-708. https://doi.org/10.1109/TIP.2010.2073477.

Figures



Page 19/26

Figure 1

Measurement of pit membrane �brils by SEM indicates an average thickness of 56 nm and a range of 20-
120 nm. a Bordered pits (bp) in radial longitudinal view. Scale bar: 10 μm. b A close-up view of the torus (t)
and margo (m). Scale bar: 1 μm. c Frequency distribution of margo �bril diameter.
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Figure 2

Measurement of pit membrane �brils by auto�uorescence SRRF indicates a thickness range of 70-120 nm.
a Pit membranes in transverse view showing margo (m) and torus (t). b Enlarged view of a. The distance
between the arrows is 70 nm. Scale bar: 10 μm. Intensity scale: 0-255.

Figure 3
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Comparison of SRRF algorithms as applied to auto�uorescence, acri�avin, and rhodamine B stained
sections. The TRPPM algorithm combined with rhodamine B staining gives the best results in terms of
image detail and the absence of artefacts. Auto�uorescence, acri�avin, and rhodamine B staining all
detect slight variations in ligni�cation within the S2 layer (arrows). Scale bars: 10 μm.

Figure 4
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a A comparison of photobleaching during the 255-second exposure for SRRF imaging. Bleaching rate
(grey-levels/second) is comparable for auto�uorescence, acri�avin, and rhodamine B. b Noise levels as
measured by pixel variance in a representative region of interest of cell wall from a single confocal image
with no averaging. Auto�uorescence and acri�avin images show signi�cantly more noise compared to
rhodamine B. c Resolution determined by FRC analysis comparing CLSM (average projection) with SRRF
and SRRF + Denoising.

Figure 5

a Bright�eld image of rhodamine B stained latewood. b Single confocal slice image. c Average intensity
projection of 100 confocal slices. d SRRF image. The SRRF image differentiates the middle lamella (ml)
and a wide layer between the two short arrows that may include both S1 layer and primary cell wall, 1-1.5
μm wide. Scale bars: 10 μm.
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Figure 6

Brightness pro�le comparison between a confocal average projection and the corresponding SRRF image
across a cell wall at a matched location. Auto�uorescence and acri�avin staining show a slight increase in
signal/noise while rhodamine shows a large increase in detail.
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Figure 7

a Polarised light image showing cell wall layers. Long arrows show lamellae within the S2 layer. Scale bar:
30 μm. b Rhodamine B stained SRRF image of earlywood showing middle lamella (ml) and S2 layer. Scale
bar: 30 μm.
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Figure 8

Analysis of concentric lamella patterns in growth rings 28, 30, and 32 based on samples of 200, 225, and
242 cells respectively. In growth ring 28 a single prominent lamella near the lumen is common (arrow), in
growth ring 30 there are only indistinct lamellae, whereas in ring 32 there are often 2 or 3 moderately
distinct lamellae (arrows). Patterns are generally similar among adjacent cells. Variation in cell wall
structure between growth seasons suggests that these structures may be related to the environment. Scale
bars: 10 μm.
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Figure 9

a SRRF image of rhodamine B stained latewood mounted in water. Scale bar: 10 μm. b SRRF image of
rhodamine B stained latewood after ethanol drying mounted in immersion oil. Scale bar: 10 μm.


