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Profiling Enzymatic Activity of Ectomycorrhizal Root Tips Using Fluorogenic Substrates (β-glucosidase (BG), N-acetyl-β-D-glucosaminidase (NAG), acid phosphotase (AP), and leucine aminopeptidase (LAP))
Author & Date:

L. Higgins & H. Cohen 03/2012, revised from J.M. Talbot 06/2011 (Peay Lab, Univ. of Minnesota, Twin Cities)
Additional Resources:

Talbot, J.M. 2011. Fluorimetric and Oxidative Enzyme Assay Protocol for ECM root tips: CBH, BG, AG, NAG, BX, BGLU, and AP. Peay Lab Protocol. Available at: http://grad.bio.uci.edu/ecoevo/jtalbot/Webpages/protocols.html.

Pritsch, K., Courtry, P.E., Churin, J.L., et al. 2011. Optimized assay and storage conditions for enzyme activity profiling of ectomycorrhizae. Mycorrhiza 21: 589-600.

Pritsch, K., Garbaye, J. 2011. Enzyme secretion by ECM fungi and exploitation of mineral nutrients from soil organic matter. Annals of Forest Science 68: 25-32.
Courtry, P.E., Pritsch, K., Schloter, M., Hartmann, A., Garbaye, J. 2005. Activity profiling of ectomycorrhiza communities in two forest soils using multiple enzymatic tests. New Phytologist 167: 309-319.

Pritsch, K., Raidl, S., Marksteiner, E., Blaschke, H., Agerer, R., Schloter, M., Hartmann, A. 2004. A rapid and highly sensitive method for measuring enzyme activities in single mycorrhizal tips using 4-methylumbelliferone-labelled fluorogenic substrates in a microplate system. Journal of Microbiological Methods 58: 233-241.
Procedure:

Buffers & Substrate Solutions

Buffers and substrates should be made ahead of time. Autoclave all buffers before use (20min on the liquid cycle) and store them at room temperature between uses. Substrates are dissolved in methanol in opaque or amber bottles and can be stored at -20°C for up to six months. Note: Substrate solutions must be diluted to a working concentration at least 24 hours prior to performing the assay.
Stopping Buffer (1.0M Tris)


12.11g Tris base


100mL sterile DI water

Universal Buffer


12.1g Tris


11.6g maleic acid


14.0g citric acid


6.3g boric acid


1L sterile DI water

Incubation Buffer


100mL universal buffer, pH adjusted as follows:

	Enzyme(s)
	pH

	BG, NAG, AP
	4.5

	LAP
	6.5



then, adjust volume to 1000mL using sterile DI water

Rinsing Buffer*

200mL incubation buffer (pH 4.5 for BG/NAG/AP or pH 6.5 for LAP)


100mL sterile DI water

Substrate stock solutions

	Enzyme
	Substrate
	Stock Solution Concentration

	β-glucosidase (BG)
	4-methulumbelliferyl β-D-glucopyranoside
	4.5mM

(15.2mg in 10mL methanol)

	N-acetyl-β-D-glucosaminidase (NAG)
	4-methylumbelliferyl N-acetyl-β-D-glucosaminide
	4.5mM

(17.1mg in 10mL methanol)

	acid phosphatase (AP)
	4-methylumbelliferyl phosphate
	7.2mM

(18.4mg in 10mL methanol)

	leucine aminopeptidase (LAP)
	L-leucine-7-amido-4-methylcoumarin hydrochloride
	7.2mM

(22.4mg in 10mL methanol)

	
	
	

	methylumbelliferone (MUB) standard
(for BG/NAG/AP)
	4-methylumbelliferone
	10mM

(8.809mg in 5mL methanol)

	aminomethylcoumarin (AMC) standard

(for LAP)
	7-amino-4-methylcoumarin
	10mM

(8.759mg in 5mL methanol)


Store solutions in opaque or amber glass bottles at -20°C for up to six months. Gentle heat can be applied to help dissolve the substrate. Use caution, as several of these reagents are quite toxic, especially when inhaled.

Substrate incubation solutions (diluted from stocks)

	Enzyme
	Dilution
	Final Concentration

	β-glucosidase (BG)
	10mL stock + 20mL H2O + 60mL incubation buffer
	500μM

	N-acetyl-β-D-glucosaminidase (NAG)
	
	500μM

	acid phosphatase (AP)
	
	800μM

	leucine aminopeptidase (LAP)
	
	800μM

	
	
	

	MUB standard
	125μL stock + 24.875mL H2O
	50μM

	AMC standard
	
	50μM


Dilutions must be made at least one day prior to starting the assay. Store diluted solutions in opaque or amber glass bottles at -20°C for up to six months. Be sure to use the incubation buffer with the appropriate pH and sterile DI H2O for all solutions.

Assay Preparations

Prior to starting any assays, be sure you have everything you need ready to go:

· Carefully read through the entire protocol.
· Thaw diluted substrate solutions. If any precipitates are present, apply gentle heat to re-dissolve them.

· Set the Blue Lab shaker/incubator to 21°C.

· Be sure you have enough of each buffer to account for all enzymes you wish to test.

· Locate the P300 multichannel pipet, P300 or P200 pipet tips, multichannel reagent wells (each is labeled with a corresponding buffer or substrate solution; be sure to use the correct well for each solution), and the two microplate carriers for the tabletop centrifuge in Red Lab.
· Locate the black measurement plates, each of which should be labeled with one of the substrate names; rinse them a couple of times with DI water (do not scrub or use soap) and let them air dry. Obtain a fresh filter plate (these are absurdly expensive; be sure you know what you’re doing before you go ahead and use one). Also locate the balance filter plate (used to balance the centrifuge) and the two black plates that are designated for flowthrough only.

· Familiarize yourself with the luminescence/fluorescence spectrometer in the NMR room in Olin. If the cuvette reader is currently hooked up, swap it out for the plate reader. Ask Logan, Hannah, or Alan Younis for help. Also, be sure you are trained in how to use WinRHIZO (a software program for scanning and measuring roots, loaded onto the Kennedy Lab PC).

ECM Root Tip Sample Preparation
ECM root samples remain viable for up to four weeks when stored in intact soil cores at 4-6°C, and up to one week when stored in tap water (not DI) at 4-6°C. For the assay, select clean, vital, and intact ECM root tips 2-4mm in length, making note of relevant factors such as tip morphotype, soil type, putative host, etc. If the assay is to be performed immediately, place ECM tips directly into a 96-well filter plate (Pall Corp. AcroPrep 96-filter plate, 30-40μm mesh size; see layout below). Otherwise, pick tips into 1.7mL microfuge tubes containing tap water, refrigerate, and use within 1 week. In addition, select 8 non-mycorrhizal (NM) roots to use as a control (see plate setup below).

Assay Plate Setup

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 50μM
	subst. blank

	B
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 25μM
	subst. blank

	C
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 12.5μM
	subst. blank

	D
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 6.3μM
	subst. blank

	E
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 3.1μM
	buff. blank

	F
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 1.6μM
	buff. blank

	G
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 0.8μM
	buff. blank

	H
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. ECM
	subst. NM
	MUB 0.4μM
	buff. blank


Note: ECM = ectomycorrhizal root tip. NM = non-mycorrhizal control. Column 11 is used to construct a MUB fluorescence standard curve. Subst. blank = substrate solution incubated without roots. Buff. blank = incubation solution only (without roots or substrate).

Performing the Assay
Use the P300 multichannel pipet to add the following volume (in μL) of rinsing buffer (pH 4.5 for BG/NAG/AP, pH 6.5 for LAP) to the correct wells of the filter plate:

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	B
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	C
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	D
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	E
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	F
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	G
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150

	H
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	
	150


Pick ECM root tips as described above into the correct wells in the filter plate. Be sure to also include non-ECM tips as a control (Column 10). Leave the samples in this rinsing buffer until you are ready to begin the substrate solution incubation step.

Meanwhile, to construct the MUB standard curve, add the following volumes (in μL) of sterilized DI water to the black measurement plate (not the filter plate):

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	
	
	
	
	
	
	
	
	
	
	0
	

	B
	
	
	
	
	
	
	
	
	
	
	50
	

	C
	
	
	
	
	
	
	
	
	
	
	75
	

	D
	
	
	
	
	
	
	
	
	
	
	87.5
	

	E
	
	
	
	
	
	
	
	
	
	
	93.8
	

	F
	
	
	
	
	
	
	
	
	
	
	96.9
	

	G
	
	
	
	
	
	
	
	
	
	
	98.4
	

	H
	
	
	
	
	
	
	
	
	
	
	99.2
	


Next, add the following volumes (in μL) of 50μM MUB (for BG/NAG/AP) or 50μM AMC (for LAP) standard to the black measurement plate:

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	
	
	
	
	
	
	
	
	
	
	100
	

	B
	
	
	
	
	
	
	
	
	
	
	50
	

	C
	
	
	
	
	
	
	
	
	
	
	25
	

	D
	
	
	
	
	
	
	
	
	
	
	12.5
	

	E
	
	
	
	
	
	
	
	
	
	
	6.2
	

	F
	
	
	
	
	
	
	
	
	
	
	3.1
	

	G
	
	
	
	
	
	
	
	
	
	
	1.6
	

	H
	
	
	
	
	
	
	
	
	
	
	.8
	


Then, use the P300 multichannel pipet to add the following volumes (in μL) of stopping buffer (pH 4.5 for BG/NAG/AP, pH 6.5 for LAP) to the corresponding wells of the black measurement plate:

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	B
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	C
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	D
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	E
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	F
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	G
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150

	H
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150
	150


The measurement plate is now ready to go. Since the standard solutions are sensitive to light, store the plate in the dark until you are ready to use it. We have a few opaque plate lids for this purpose.

Next, centrifuge the rinsing buffer out of the filter plate. To do so, you must set the plate on top of one of the black plates labeled “flowthrough only” and tape it in place with labeling tape. Unless you are assaying two plates at once, you must also prepare a balance plate (use the one labeled “balance only”), using DI water to create a properly-weighted plate. Tape this balance plate on top of the other flowthrough plate, and slide both the assay plate and the balance plate into the microplate carriers for the Red Lab centrifuge. Spin the plates at 2000rpm for 3min. Discard the flowthrough.

Now, add 100μL of diluted substrate solution (i.e., BG, NAG, AP, or LAP) to the following wells of the filter plate, working quickly to minimize any inaccuracies in the incubation period:

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	100

	B
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	100

	C
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	100

	D
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	100

	E
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	

	F
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	

	G
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	

	H
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	
	


At this point, the incubation has begun. Be sure to note the time at which the incubation starts, or start a stopwatch.

Finally, add incubation buffer (pH 4.5 for BG/NAG/AP, pH 6.5 for LAP) to the following wells of the filter plate (this is the buffer blank):

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	A
	
	
	
	
	
	
	
	
	
	
	
	

	B
	
	
	
	
	
	
	
	
	
	
	
	

	C
	
	
	
	
	
	
	
	
	
	
	
	

	D
	
	
	
	
	
	
	
	
	
	
	
	

	E
	
	
	
	
	
	
	
	
	
	
	
	100

	F
	
	
	
	
	
	
	
	
	
	
	
	100

	G
	
	
	
	
	
	
	
	
	
	
	
	100

	H
	
	
	
	
	
	
	
	
	
	
	
	100


Carefully seal the plate with plastic sealing film (if you keep it clean, you can reuse the same film for the duration of the assays) and set it in the Blue Lab shaker/incubator (at 21°C) with gentle shaking. Cover the window with cardboard to protect the fluorophores from light. The correct incubation times for each enzyme substrate are as follows (in my experience, you should shoot for the lower end of the spread):

	Enzyme
	Incubation Time

	β-glucosidase (BG)
	15-30min

	N-acetyl-β-D-glucosaminidase (NAG)
	15min

	acid phosphatase (AP)
	15-30min

	leucine aminopeptidase (LAP)
	60min


At the end of the incubation, carefully transfer the liquid from the filter plate to the corresponding measurement plate by centrifuging as above (2000rpm for 3min). Be sure that you correctly align the two plates, include a balance plate (pre-filled with the correct volume of DI water), and most importantly, write down the exact duration of the incubation (from the moment you add the substrate to the moment you turn on the centrifuge). This will be important for your later calculations.

After centrifuging, remove the measurement plate and cover it with one of the opaque lids to protect the fluorophores from light. You can store these plates in the fridge as they’re generated (one per enzyme) and measure them all at once.

To conduct the next enzyme assay, simply fill the filter plate with rinsing buffer (as shown on page 4) to remove excess substrate from the sample wells. Continue the procedure from there onward, using a new measurement plate and substrate solution for each round. Be sure to adjust the incubation period to reflect the suggested incubation time for the new enzyme. Also, be sure to use the correct pH buffer for each step, since the enzymes are sensitive to changes in pH.

Reading the Measurement Plates

Fluorescence is read using the plate reader attachment for the Perkin Elmer LS55 luminescence spectrometer, located in Olin 114 (the NMR room). See Logan, Hannah, or Lisa Holmes (Chemistry Lab Director) for the door code. If the cuvette reader is currently attached to the machine, you’ll need to switch it out for the plate reader, which is stored in the cabinet underneath the machine. This is a fairly tricky task, and although there are directions in the manual, it is worthwhile to get someone to help you the first time you try it. If needed, talk to Logan, Hannah, or Alan Younis (Scientific Electronics Specialist).

Once the plate reader is successfully attached, turn the spectrometer on. It will need to warm up for about five minutes. Meanwhile, log onto the computer, being careful to follow the directions taped to the side of the console (check ‘workstation only’, username ‘winlab’, password ‘room114’). If you try to log into the wrong account, the computer will freeze up and you’ll have to reboot it. It’s a pain.

Once you’re in, open FL Winlab, then open kennedylab.mth. In the window that appears when you opened the method file, select the ‘Setup Parameters’ tab and confirm the following settings:

Excitation (Ex wl) = 364nm

Emission (Em wl) = 450nm

Excitation slit (Ex slit) = Emission slit (Em slit) = 5nm

Em filter = 1%T attenuator

TEM = out

Number of measurement cycles = 1

Read time for each well = 0.5sec

Cycle time per plate = 120

Leave all of the boxes under ‘Injector/External Device Control’ unchecked.

Edit the destination filename to give the run a descriptive title, including the enzyme name, your group name, and the current date. You must set a new filename for each run you perform. 
In the same window, go to the ‘Setup Plate’ tab. You should see an array of red circles and blue dots arranged like a 96-well microplate. A blue dot inside a red circle indicates that the corresponding well is set to be measured using the settings you just entered. Each well should be pre-selected, but if not, click on a well to select it. Click ‘park’ to send the plate reader apparatus to its starting position. Then, open the plate reader and set the (uncovered) measurement plate in its holder, making sure that it is oriented correctly and secure.

Under the ‘User Info’ tab, indicate the various blanks, standard concentrations, and experimental samples as they appear in your protocol. Also, include such information as root tip morphotype, host species, sample number, standard concentrations, and so forth by entering a brief ID in the box underneath the ‘Samples’ button. This information will be reported in your data file. You can also enter your own name where it says ‘Analyst: ’.

Before you begin the run, confirm that the plate reader is properly configured. To do so, navigate to the other window and select Applications > LS-50B Status. In the window that appears, make sure that ‘Source Mode’ is ‘fluor’, ‘Ex. Corr.’ is on, and the ‘Ex. Mono’ and ‘Em. Mono’ settings match those from the previous page. Close out of the LS-50B status window.

Once you’re satisfied with the plate setup, click the green stoplight at the top of the method window to begin the run. This will take a few minutes. Once the run is complete, return to ‘Setup Plate’ and click ‘park’. You may now remove the plate from the reader.

The fluorescence data is saved to the filename you indicated in the folder named ‘GML’, located on the desktop. Copy your data file and paste it into the Microbiology class folder (My Documents > Kennedy Lab Assays > Microbiology). Change the .wpr extension to .xls to your file to make it readable in Excel. Now, you may upload this Excel document containing fluorescence data to WebDisk or e-mail it to yourself.
Repeat this data acquisition step for each plate you generate, making sure to give each run a distinct and descriptive name. When you’re done, log off of the computer and turn off the fluorimeter. Rinse all plates and reagent reservoirs several times with DI water (do not use soap or scrub them) and set them to air-dry. Put all substrate and standard solutions back where you found them, and return the buffers. Keep the filter plate and root tips for image analysis.

Estimating Root Tip Size with WinRHIZO

When you calculate enzyme activity for your root tip samples, you must account for the different sizes among root tips. To do this, we use a software program called WinRHIZO to estimate the surface area of each root tip from a scanned image.

Since our scanner takes pictures from below, we need to transfer the root tips out of the opaque-bottomed filter plate and into a transparent plate. We have several four-by-twelve well culture dishes for this purpose. Once you’ve finished running all of your enzyme assays, use forceps to gently transfer the root tips into the new transparent plates. To assist in the transfer and image capture and prevent the tips from drying out, load 500μL of DI water (not tap water) into each well before moving the tips. Since you will need four transparent plates to accommodate the 80 tips, be very careful to keep track of which well of which plate contains each sample.
WinRHIZO is loaded onto the Kennedy Lab’s PC. WinRHIZO also requires a key in the form of a USB drive in order to operate; the key should be plugged into the front of the computer. If not, look in some nearby drawers or ask a lab member. Login to the computer with the username ‘Bodine105’ and the password ‘science’, then double-click on the WinRHIZO.exe icon in the Start menu. A window will ask you to select an image capture device; select the first option in the list.

Arrange the transparent plates on the glass, then use forceps to prod each tip into the center of its well. To calibrate the image, lay a penny or some other object of known dimensions on the glass as well. Carefully lay the cover over the plates, and click on the scanner icon in WinRHIZO. When the scanner software opens, set the document type as ‘photograph’, then click ‘preview’. In the preview window, choose the ‘Thumbnail’ tab. Rotate the image if necessary and select the mirror image option (this is important). Then, click over to the ‘Normal’ view tab, and click ‘Scan’ in the main window.

When the scan is complete, WinRHIZO will prompt you to calibrate the image. Simply follow the instructions onscreen (use millimeters). Now you’re ready to analyze. Locate the first root tip sample (you can zoom in and out using the Z’s in the bottom left corner of the window) and click and drag to draw a box around it. The software will draw green lines wherever it sees a root and display the total projected area (PA) on the left-hand side of the window. When prompted, enter the sample’s identification and your name (leave ‘Soil volume analyzed’ alone). The first time you analyze a region, you will be asked where to save the data. Create a new data file and save it with a descriptive name in the Microbiology folder (My Documents > Microbiology). Often, the computer sees roots where there aren’t any, so double-check each analysis. If you see any lines that shouldn’t be there, exclude them by selecting Regions > Exclusion > Define, then drawing a box around the area to be excluded. Don’t be too heavy-handed about this part, since you can often wind up excluding more than you really wanted. Each successive analysis will be saved to the file you established; be sure to check regularly to check that the values are being saved properly. Alternatively, you can just copy down the PA for each tip by hand.
Constructing Standard Curves and Calculating Enzyme Activity

The standard curve models fluorescence as a function of MUB concentration, which in turn allows you to estimate the rate of substrate cleavage in each of the samples. The curve is constructed using the values generated from column 11, corrected using the buffer blank values.

I have prepared a template workbook to help perform these calculations, although you may also set up your own. It might be helpful for you to follow along in the workbook as you read through these directions.

First, copy and paste the raw fluorescence values into the appropriate grids in the “BG, NAG, AP, LAP” spreadsheet. Most of the calculations are built into the workbook, but you must edit a few details, such as the project name, date, any notes you might have, and the incubation duration.

First, calculate the means of the four buffer blanks and four substrate blanks in each plate. These averages will be subtracted from the total fluorescence of the MUB standards and of the sample root tips, respectively.

To correct for the fluorescence inherent in the incubation buffer, subtract the mean buffer blank from each of the eight fluorescence values of the MUB standards in column 11. Then, plot the corrected fluorescence in these wells as a function of MUB concentration and find the best-fit model via linear regression. Have Excel report the equation and R2 values. The slope of the curve is called the extinction coefficient (e) (for our purposes, disregard the y-intercept). Copy this coefficient into the neighboring cells as directed in the workbook comments, and replace the dummy incubation time values with your own.

A separate worksheet is provided for you to record the surface areas of your tips (calculated using WinRHIZO). As WinRHIZO reports several different surface-area related values, be sure that you are only recording ‘projected area’ (PA). Otherwise, it will be difficult to compare enzyme activity rates across different experiments. The numbers you record in the “SURFACE AREA” worksheet are automatically copied into the appropriate grid in the “BG, NAG, AP, LAP” worksheet.

Calculate raw enzyme activity values using the following formula:
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Next, calculate total enzyme activity using the following formula. This calculation converts micromoles of substrate into picomoles and standardizes activity levels to account for different root tip surface areas.
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Finally, to account for enzymatic activity in roots not due to the presence of mycorrhizal fungi, calculate the mean total activity of the eight non-ECM root samples in column 10. Subtract this mean from the ECM root samples in columns 1-9. These values represent the amount (in picomoles) of substrate converted in each root tip per minute per square millimeter.

That’s it! Of course, you still have to determine what statistical tests are required to answer your specific experimental question, as well as how to display the data in the manner that most effectively tells your story. But that’s your problem.
* Be sure to clearly label these buffers with their correct pH, as using the wrong buffer will affect the assay’s outcome.
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