
Supplemental methods 

Image processing and analysis 

Maximum projection of stacks 

The first step of image processing was performed using Acapella, the image analysis software 

designed specifically for the Opera by Perkin Elmer. The aim was to project the image stacks 

acquired for each field into single 2D images using maximum projection. First, a sliding parabola 

transformation was applied to each image layer in to reduce background noise. Second, the 

maximum projection function was applied to each stack. Third, the resulting image was saved to 

Bitmap format. The output folder was named after the plate number and the date of capturing 

of the images. The filename contained the following information separated by “_”: Plate number, 

plant ID, plate well coordinates and image field within well. The Plant-ID contained additional 

information separated by ‘-‘: genotype, tray number, tray position and leaf ID (for corresponding 

leaf size measures). The bitmap images were further processed in MATLAB. 

Pre-processing 

In MATLAB, as in most other programming languages, images are read as 2D matrices with each 

pixel represented as one value in the matrix. For grayscale images the value is an integer between 

0 (black) and 255 (white). On these matrices different mathematical operations can be performed 

to transform or analyze the images. 

Images were enhanced using a histogram expansion function. This function stretches the pixel 

intensity values over the whole grayscale range, thus increasing brightness and contrast. Next, 

images were divided in 3x3 fields and for each field entropy and thresholding effectiveness of 

Otsu’s method (Otsu, 1975) were calculated. Based on these values the quality of each image 

part was determined. Only if at least 7 of 9 parts of the imaged matched the criteria the image 

was further analyzed. The critical values were determined on sets of manually selected high and 

low-quality images. This step is crucial as it not only decreases computing time by eliminating of 

low quality images before complex analysis, but also because automated feature detection works 



more reliably if the images are relatively uniform. High quality images were then analyzed to 

detect stomata. 

Stomata detection 

Stomata appeared in images as bright, small and mostly elliptic objects with a gap in their center. 

These morphological features were used for stomata detection. Thresholds for all parameters 

were determined using training datasets and manual curation and would likely have to be 

adjusted for use with a different dataset.  

First noise was removed by applying a Gaussian filter. Then the image contrast was strongly 

increased using histogram expansion and eliminating the darkest 60% of all pixels. The image was 

then converted from grayscale to logical by setting all pixels with value of 255 to one and all 

others to zero to mask the brightest objects in the images. The result was an image of foreground 

objects (connected 1-pixels) and background (all 0-pixels). Because stomata were among the 

detected objects, but not exclusively, the following filters were applied to the initial detection 

image: 

• Objects located closely together were merged using image dilation 

• Objects smaller than 700px or larger than 2000px were removed 

• If afterwards the number of objects was still higher than 60, the image was discarded 

• Holes in objects were filled 

Upon detection of very large objects e.g. trichomes the image was discarded as this often lead to 

inaccurate stomata recognition. Objects were also filtered based on their eccentricity as stomata 

are usually ellipsoid. Stomata with eccentricity below 0.4 were removed instantly. Major axis 

length of the ellipse had to be shorter than 80px. Moreover, the area of the ellipse with the same 

second moment as the presumed stomata was calculated. Out of this area and the actual object 

area a ratio was calculated (“area ratio”) to determine how well the object fit into an elliptic 

shape. Furthermore, the intensity profile through the minor axis of the object and two offset 

parallels was analyzed to detect the characteristic stoma gap. The gap was showing up in the 

profile by two large peaks separated by a low intensity minimum. Based on whether the gap was 

detected in each of the three lines a gap score was calculated for each object. Because stomata 



were not necessarily uniformly shaped (e.g. open and closed stomata look different) various 

combinations of thresholds on these criteria were allowed for true stomata. For example, if an 

object is too round for a typical stoma it was still considered if the gap is very prominent. The 

following combinations were allowed for stomata: 

• Area ratio > 0.9 & eccentricity > 0.8 

• Profile score > 3 & eccentricity > 0.4 & area ratio > 0.8 

• Profile score > 0 & eccentricity > 0.7 & area ratio > 0.85 

• Profile score > 2 & eccentricity > 0.6 & area ratio > 0.8 

Stomata detected by the different combinations of filters were then joined. The minimum convex 

area spanned by stomata an additional quality criterion. If this area was smaller than 50% of the 

image size, the result was discarded. Finally, the median of all images for each sample was 

calculated. If the median was smaller than 33 the image was discarded, as such a low value was 

never observed in manual controls and likely caused by low quality images which passed pre-

filtering.  

Leaf size measurement 

The gridded A4 paper sheets with the fixed leaves were enumerated and scanned. Images were 

manually checked for closed leaf borders. This step was important as closed borders were 

necessary to fill the holes from disc cutting during image processing. The image analysis was also 

performed in MATLAB:  

• Splitting of image into 8 leaf fields and the reference field (black 2cm² square) using 

relative coordinates 

• For each sub-image: 

o Inversion of grayscale values 

o Conversion to logical image by intensity thresholding 

o Removal of small objects by area opening 

o Calculation of leaf area: number of white pixels in image/pixelarea in mm² 

o Pixelarea was calculated using the reference field of known size 



In case two leaves were used from one plant, these were detected by the algorithm as two 

objects and the mean was calculated. 
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