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______________________________________________________________________________________________________________________________ 
 

Abstract 

 

Citrus tristeza virus (CTV) is the most important viral pathogen of citrus. CTV-induced stem pitting negatively impacts 

grapefruit and sweet orange production. The mechanisms of stem pitting development in CTV-infected citrus remain unclear. 

This study evaluated the utility of high-resolution computed tomography (CT) scanning as a tool to study stem pitting in live 

citrus material. CT scans were used to easily identify pits based on differences in tissue density. Stem pits were also mapped 

and modelled three-dimensionally along the length of the stem. High-resolution CT scanning proved to be a potentially 

valuable, non-destructive method for stem pitting characterization in citrus.  
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Introduction 

 

Citrus tristeza virus, a phloem-limited closterovirus in 

the family Closteroviridae, is the largest and most 

economically important RNA virus infecting citrus 

(Moreno et al., 2008; Fuchs et al., 2020). The complex 

interactions of CTV with its various citrus hosts result in 

one of three disease phenotypes, namely quick decline 

(tristeza), stem pitting and seedling yellows (Moreno et al., 

2008; Albiach-Marti, 2013). Citrus tristeza virus induces 

severe stem pitting in susceptible citrus hosts, including 

grapefruit and sweet orange, that was focused on in this 

study (Dawson et al., 2013). Citrus growing areas affected 

by severe stem pitting isolates of CTV can only remain 

productive through mild strain cross-protection programs, 

or by avoiding planting susceptible citrus varieties 

(Dawson et al., 2013). Mild-strain cross protection of citrus 

against severe-pitting CTV has been particularly effective 

in Brazil (‘Pera’ sweet orange), South Africa (Star Ruby 

and Marsh grapefruit), Australia and Peru (Folimonova et 

al., 2020). Stem pitting is thought to result from an 

interference with normal cambium development and 

differentiation, thereby negatively affecting stem growth 

(Dawson et al., 2013). Brlansky et al. (2002) postulated 

that stem pitting development in CTV infection is likely the 

result of impaired xylem production in the affected sites. 

The characteristic stem pits appear in areas with 

developmental disruption, where areas surrounding these 

sites grow normally, leaving the afflicted areas as indented 

pits (Tatineni and Dawson, 2012; Dawson et al., 2013). 

There are a spectrum of distinct phenotypes of stem pitting 

in citrus, ranging from older trees exhibiting large pits that 

are visible without removing the bark layer, to others that 

show a high density of smaller pits, referred to as “cheesy 

bark” or “honey-comb” (Moreno and Garnsey, 2010; 

Dawson et al., 2013; Cook et al., 2016). Stem pitting 

restricts carbohydrate transport, causing stunted growth 

and reduced fruit size and quality (Hilf et al., 2007; 

Dawson et al., 2013). Even though stem pitting is a 

common virus-induced disease symptom in woody 

perennials, the determinants for stem pitting development 

in citrus remain unclear (Dawson et al., 2013; Cook et al., 

2016). In a recent study we discovered that CTV strains 

with minor nucleotides differences had significantly 

different stem pitting responses on grapefruit (Cook et al., 

2020).  

Studying CTV-induced stem pitting has several 

experimental constraints. Stem pits take months to develop 

following experimental inoculation (Tatineni and Dawson, 

2012) and are usually only visible after removing the bark 

layer in test plants. Additionally, the occurrence and 

severity of stem pitting when different strains of CTV 

infect different citrus species vary substantially (Dawson et 

al., 2013), making symptom expression difficult to predict. 

The destructive sampling necessary to identify and further 

characterize stem pits is potentially a limiting factor and 
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also forgoes the possibility of tracking early stem pitting 

development in time-course experiments. A non-

destructive method of visualizing and characterizing stem 

pits could therefore be a valuable tool for studying virus-

induced stem pitting and facilitate experimental design and 

execution.  

Computed Tomography (CT) scanning technology was 

established in the 1970s and used extensively in the field 

of Medicine as a non-destructive diagnostic tool in the 

form of Computerized Axial Tomography (CAT) scanners 

(Staedler et al., 2013; Du Plessis et al., 2016). In 

subsequent decades the applications of X-ray CT expanded 

beyond the medical realm into broader research and 

industrial applications, giving rise to the term ‘industrial 

CT’, referring to non-medical applications of the 

technology (Du Plessis et al., 2017). The basic principles 

of the scanning process involve exposing an object to 

collimated X-rays, after which the absorbed radiation is 

detected on the opposing side of the X-ray source by a 

detector. This is repeated thousands of times from varying 

angles around the sample, providing a mass of two-

dimensional radiographic projection images to be 

reconstructed into a full, three-dimensional rendering of 

the sample (Masschaele, 2007; Du Plessis et al., 2016, 

2017; Ham et al., 2017). CT scanning allows the detection 

of minute differences in tissue density and provides a non-

destructive analysis and quantification tool for a wide 

variety of materials (Staedler et al., 2013; Du Plessis et al., 

2016; Kampschulte et al., 2016; Ham et al., 2017; Du 

Plessis et al., 2017).  

X-ray CT technology has improved significantly over 

time, owing to enhanced computing power and 

technological advancements in hardware and software 

development (Du Plessis et al., 2016; Kampschulte et al., 

2016; Ham et al., 2017). The term microcomputed 

tomography (micro-CT) has since been introduced and 

loosely refers to CT scanning at resolutions of 100 

micrometer (m) or less, with the average range suggested 

to be 5 to 50 m (Kampschulte et al., 2016). Further 

improvement of micro-CT technology produced the nano-

CT systems, capable of sub-micrometer resolution 

scanning (Masschaele, 2007; Du Plessis et al., 2016; 

Kampschulte et al., 2016). CT scanning at these resolutions 

is often also referred to under the umbrella-term; high-

resolution computed tomography (HRCT) scanning 

(Brodersen et al., 2011, 2010). HRCT scanning is 

increasingly being utilized in a wide variety of research 

fields, including biological sciences (Mizutani and Suzuki, 

2012), geosciences (Cnudde and Boone, 2013), materials 

sciences (Maire and Withers, 2014) and food sciences 

(Schoeman et al., 2016).  

In this study we investigated the usefulness of HRCT, 

by means of nano-CT scanning, as a tool to characterize 

stem pitting in citrus. We set out to determine the image 

quality and resolution achievable for citrus samples, the 

ease with which stem pits could be identified compared to 

surrounding plant tissue and the capacity of the appropriate 

software to visualize and analyze our data.  

 

Materials and Methods 

 

Plant material and greenhouse conditions 

Citrus tristeza virus infected material was obtained 

from grapefruit plants (Citrus Osb. × paradisi (Macfad.)) 

cv. ‘Star Ruby’ and ‘Marsh’ that were established on 

‘Carrizo’ citrange (C. × sinensis × Poncirus trifoliata 

L.Raf.) rootstocks and maintained in a climate-controlled 

greenhouse. Plants were bark-inoculated in late-2016 with 

CTV genotype T3 from a sweet orange (C. × sinensis) 

source plant. Greenhouse growing conditions included 

natural light, with temperatures ranging between 22 C and 

28 C. Side shoots were continuously removed, and plants 

pruned yearly. Sections of grapefruit stems (±6 months 

old), roughly 4 cm in length, suspected to include stem pits 

were sampled in mid-2018 in each case. The bark layer was 

retained on all stem sections to serve as a proxy for 

live/growing material, and to allow imaging of both 

phloem and xylem tissue. 

 

Sample preparation, CT scanning and data analysis 

Citrus stem samples were imaged via nano-CT 

scanning at the CT Scanner Facility (Du Plessis et al., 

2016) of the Central Analytical Facilities (CAF) of 

Stellenbosch University. CT scans were performed using 

the Nanotom S model nano-CT scanner (General Electric 

Sensing and Inspection Technologies/Phoenix X-ray, 

Wunstorff, Germany).  

Samples were scanned at resolutions between 5 and 6 

m. In all instances the stem sections were multi-scanned, 

in 5 to 7 scans depending on sample length, and stitched 

together during reconstruction. The X-ray settings were 80 

kV; 200 µA (no beam filter used) with a voxel size of 5 m. 

The image acquisition time was set to 500 milliseconds per 

image at 3000 instances during a continuous 360-degree 

rotation of the sample in the scanner. Image reconstruction 

was performed using the system supplied Datos 

reconstruction software. Reconstruction was performed 

with no beam hardening correction and automatic 

geometry correction, in multiscan reconstruction mode to 

automatically stitch together the 5-7 scans into one large 

volume data set for each sample. Analysis and 

visualization were performed using Volume Graphics 

VGStudioMax 3.3 (Volume Graphics, Heidelberg, 

Germany). The data was contrasted appropriately using a 

linear gradient covering the greyscale histogram peak of 

the material, and cross-sectional images evaluated visually. 

Segmentation was performed in a slice-by-slice manner to 

identify the regions of interest using the drawing tool 

(manually) and subsequently visualized using a 3D 

isosurface rendering. 

 

 

 

 

 

Results 
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We first evaluated the quality of images that could be 

generated. Figure 1 illustrates the high resolution and 

image quality achieved using the nano-CT scanner. The 

Volume Graphics VGStudioMax 3.3 software allowed 

clear, interactive visualization of the citrus stems in three 

dimensions. The software also provided a reference model 

of the whole sample as shown in Fig. 1 and Fig. 2, which 

indicated axes and the position of the view pane along the 

length of the sample, in real-time.  

The next objective was to identify stem pits based on 

the imaging principles of the X-ray CT scanner. As shown 

in Fig. 1, the stem pits (arrows) are clearly distinguishable 

in a transverse section as light-gray, triangular shapes, 

observed due to density differences compared to normally 

differentiated tissue surrounding these areas. The 

unorganized mass of cells at the cambial interface in pitted 

areas is also apparent and is distinguishable from the 

surrounding, normal tissue.   

 

Fig. 1. Transverse section of nano-CT scan showing stem pits and affected 

xylem tissue (indicated by white arrows) extending inwards toward the 

pith of the citrus stem. Insert (bottom right corner) shows the whole 

sample with the relative position of the transverse section. 

 

Longitudinal sections of the affected citrus stem were 

generated to observe pitted tissue along the length of the 

sample. Fig. 2 shows differences in tissue density and stem 

morphology between pitted and unpitted sections of the 

stem. The conical, wedge-like morphology of the pits was 

also apparent from the longitudinal perspective. 

Furthermore, three-dimensional (3D) imaging of stem 

pit morphology and formation along the stem was 

investigated. A 3D modelled image of pitted areas was 

mapped as shown in Fig. 3. A cross-sectional video could 

be generated as the software panned across the length of 

the sample along the z-axis, providing a unique perspective 

as to how the shape and size of the stem pits change along 

the length of the sample, and how these changes relate to 

alterations in the shape and diameter of the stem. A cross-

sectional video is provided under supplementary material 

1 (S1). 

 

 
Fig. 2. Longitudinal section of nano-CT scan showing difference in tissue 

density between pitted (left of the central pith - indicated by white arrow) 

and unpitted (right of the central pith) portions of the citrus stem. Insert 

(bottom right corner) shows the whole sample with the relative position 

of the longitudinal section. 

 

 
Fig. 3. A three-dimensional model of a citrus stem with stem pits 

mapped in red along the length of the sample. 

 

Discussion 

 

This proof-of-concept study illustrated the utility of X-

ray CT to study CTV-induced stem pitting in citrus. The 

high-resolution images produced by the nano-CT scanner 

(Fig. 1 and 2) allowed clear identification of stem pits. 

Sampling, scanning, data reconstruction and collection as 

shown here could be performed in under 8 hours, allowing 

for a same-day experimental design. For smaller regions of 

interest (e.g. at one pitting site) it is possible to do this in 1 

to 2 hours. These scans also illustrated the unexpectedly 

large area of xylem tissue affected by stem pitting in each 

case. The impacted tissue extended inward substantially 

from the interface of xylem and phloem material, where the 

stem pits manifest externally. The normal ring of cambial 

tissue was also not visible at these pitted sites (Fig. 1), 

which is consistent with previous findings of CTV-induced 

stem pitting (Brlansky et al., 2002). The graphical 

representation illustrated in Figure 3 serves as one example  
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of many possible ways in which the VGStudioMax 3.3 

software could be applied to further analyze the X-ray CT 

data, to suit a specific investigation. The time required to 

perform such additional analyses will vary depending on 

the intended application, but generally can be completed 

within a few hours. The software allowed convenient 

visualization of data and provided a unique perspective by 

enabling one to pan along the length of the sample, viewing 

one cross-section at a time. In plant systems, this would be 

equivalent to data otherwise only obtainable from fixing 

and serial sectioning (van der Niet et al., 2010; Staedler et 

al., 2013; Ham et al., 2017).  

There are many possible applications of HRCT to 

complement stem pitting characterization in citrus. It can 

be employed as a pre-screen for stem pitting development 

before destructive sampling and testing is carried out for 

example. This has the potential to save time, considering 

the months needed for stem pits to develop in test material 

following experimental inoculation (Tatineni and Dawson, 

2012). The X-ray CT data can also facilitate selection of 

stem-sections to sample for a specific investigation. As an 

example, this approach can be useful for embedding, 

sectioning and microscopy trials by demarcating areas of 

severe pitting for further characterization. The non-

destructive nature of the imaging process, and the ease of 

sample preparation (Du Plessis et al., 2017) makes HRCT 

scanning an ideal complementary analysis tool to existing 

methods.  

Given the spectrum of distinct stem pitting phenotypes 

produced from different citrus-CTV interactions (Dawson 

et al., 2013), it would be of interest to graphically map the 

3D morphology of pits in each case. This would be even 

more effective when defined stem pitting phenotypes can 

be induced in test material. Tatineni and Dawson (2012) 

demonstrated differences in stem pitting severity in C. 

macrophylla and Mexican lime plants infected with 

different deletion mutants of a CTV infectious clone. This 

study yielded useful resources for further analysis by 

establishing defined stem pitting phenotypes induced by 

defined CTV mutants. The incorporation of a GFP reporter 

gene in these infectious clones also provided valuable 

insights into the aberrant virus localization of CTV in cases 

of severe pitting (Tatineni and Dawson, 2012). This also 

provided the opportunity to incorporate fluorescence 

microscopy into the suite of tools available for 

characterizing CTV-induced stem pitting in citrus.  

Software tools available for analyzing HRCT scanning 

data could further be applied to allow statistical testing of 

differences in plant tissue characteristics under various 

conditions. The use of HRCT was effectively utilized for 

quantifying plant material properties at different growth 

stages, tissue development and damage and stress effects 

(Heeraman et al., 1997; Pierret et al., 1999; Han et al., 

2008; Guelpa et al., 2016; Lindgren et al., 2016). The 

addition of quantitative data to tissue damage caused by 

different stem pitting phenotypes would be a useful 

contribution to understanding their effects on tree health 

and could inform subsequent studies. 

Another application would be to track stem pitting 

development in growing material over time. To that end, it 

is possible to accommodate whole plants in a micro-CT 

scanner, although the resolution would be slightly less than 

that achievable with nano-CT. In theory the same 

resolution is technically feasible but practically the size of 

a living plant combined with the hardware size constraints 

limits the application for whole plants to 10 to 20 m. The 

success of such scans is dependent on the size and 

dimensions of the plant as material is required to be 

centered and in-frame during revolutions in the scanner. 

Du Plessis et al. (2016, 2017) outline several parameters 

for consideration when using HRCT scanning for 

application in biological sciences, including spatial 

limitations and the effects of sample size on resolution. 

High resolution CT scanning is fast becoming a 

valuable, widely used technology for a broad spectrum of 

research fields. From its initial applications in the realm of 

plant sciences for studying root development (Heeraman et 

al., 1997), its application has expanded to include studies 

aimed at quantifying wood moisture content (Lindgren et 

al., 2016), assessing stem-boring beetle damage (Lyons et 

al., 2020) and measuring density properties of maize 

kernels (Guelpa et al., 2016). The application of HRCT 

scanning to study virus-induced disease phenotypes in 

woody perennials, however, has not been extensively used. 

This technology provides a unique tool to investigate CTV-

induced stem pitting in citrus.  
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