








User Manual

1. Introduction

Thank you for purchasing the Hansatech Instruments FMS-300 Chlorophyll Fluorescence system!

This manual is designed to highlight the key features, setup procedures and general maintenance

of the FMS-300 chlorophyll fuorometer. It contains a general guide to design and interpretation

of investigations of chlorophyll fuorescence. It is not intended as a one-size-fts-all guide. The
confgurability of FMS-300 provides great scope to experiment and explore the responses of diferent
samples under diferent conditions, and to determine the optimum confgurations for your particular
investigation.

11 Safety

FMS-300 is capable of emitting extremely high intensity light for periods of up to 1 second. This may
present a hazard to users if the instrument is used in a manner contradictory to the information
provided in this manual.

All due care should be taken to avoid direct exposure to the

Caution. Possibly hazardous light sources (the fbre-optic cable and the fbre-optic port on

% optical radiation emitted the rear of the instrument and any optical extensions attached
from this product. to them). In particular, light should not be directed towards or

Do not view exposed source of lightin | i the proximity of eyes. All users should be made aware of the
operation. May be harmful to the eye. risk

Risk Group 2

Labels advising of the risk are located on both sides of the instrument. These should not be removed,
and should be replaced if they become detached.

FMS-300 has been assessed as Risk group 2, according to The British Standard, EN 62471: 2008 -
Photobiological safety of lamps and lamp systems classifcation (shown below).

® Risk group 0: no risk.

e Risk group 1: low risk. The product presents no risk related to exposure limits under normal usage
conditions.

® Risk group 2: moderate risk. The refex to look away from the lamp su®ces to reduce the risk.

e Risk group 3: high risk. The product can present a risk even with a momentary or short exposure.

FMS-300 has an auxiliary built-in feature which inhibits the LEDs from initiating a high intensity pulse
of light when a signifcant chlorophyll fuorescence signal is not being detected. This is designed to
suppress light pulses when the instrument is not directed at a plant sample.

This feature (“Eye Safety”) is not a substitute for responsible precautionary measures and safety
procedures. The feature can be disabled within Instrument Settings, but disabling the feature is not
generally advised.

Please refer to the Eye safety section for further information regarding this feature.

1.2 Document conventions

If viewed electronically, blue highlighted text can be clicked in order to link to other parts of this
document or to other documents and internet locations.
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1.3 Notice

Instruments must not be used in situations where failure could result in injury or death. For
applications where failure of instrument to function correctly would lead to consequential damage,
instrumentation should be checked for correct operation at intervals appropriate to the criticality of the
situation.

This manual is provided to help you install and operate the equipment. Every efort has been made to
ensure that the information contained in this manual is accurate and complete. Hansatech Instruments
Ltd does not accept any liability for losses or damages resulting from the use of this information.

Hansatech Instruments Ltd equipment warranty is limited to replacement of defective components,
and does not cover injury to persons or property or other consequential damage.

This manual, and the information contained in it, is copyright to Hansatech Instruments Ltd. No part of
the manual may be copied, stored, transmitted or reproduced in any way or by any means including,
but not limited to, photocopying, photography, magnetic or other mechanical or electrical means,
without the prior written consent of Hansatech Instruments Ltd.

14 Declaration of conformity
FMS-300 complies with the specifcations of the standards listed below:

® EN61326-1:2013 (Emissions)
Electrical equipment for measurement, control, and laboratory use -
EMC requirements - Part 1: General requirements
Group 1, Class B equipment - (emissions section only).
® EN55011:2016 (+A1/A11) (Emissions)
Industrial, scientifc, and medical equipment - Radio frequency disturbance characteristics Limits
and methods of measurement
Group 1, Class B equipment.
® EN61000-3-2:2014 (Emissions)
Electromagnetic compatibility (EMC) - Part 3-2: Limits - Limits for harmonic current emissions
(equipment input current <=16A per phase).
® EN61000-3-3:2013 (Emissions)
Electromagnetic compatibility (EMC) - Part 3-3: Limits - Limitation of voltage changes, voltage
fuctuations and ficker in public low-voltage supply systems, for equipment with rated current
<16A per phase and not subject to conditional connection.
@® EN61326-1:2013 (Immunity)
Electrical equipment for measurement, control, and laboratory use -
EMC requirements - Part 1: General requirements
Basic Environment - (immunity section only).
® CFR47Pt15B
Code of Federal Regulations: Pt 15 Subpart B- Radio Frequency Devices -
Class A Unintentional Radiators.
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15 User Registration

We recommend that all new users register their instruments with us. This can be done on the
Hansatech Instruments website in the Support section. To register your instrument, you will need the
serial number of the main component of your system. For example, for FMS-300, please register using
the control unit serial number.

1.6 FMS-300 warranty

FMS-300 and the constituent components of the supplied system are covered under warranty for one
year, parts and labour included. This, of course, is provided that the equipment is properly installed,
operated and maintained in accordance with written instructions contained within this manual.

The warranty excludes all defects in equipment caused by incorrect installation, operation or
maintenance, misuse, alteration, and/or accident. If for some reason, a fault is covered under warranty,
it is the responsibility of the customer to return the goods to Hansatech Instruments Ltd or an
authorised agent for repair or replacement of the defective part(s). For service, please contact us at the
address at the back of this manual.

Full terms and conditions of the warranty can be obtained from Hansatech Instruments Ltd.
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2. Setting up the FMS-300

2.1 What's in the box?

When opening the FMS-300 transport case for the frst time, please ensure all components of the
system are present. The standard system contains the following constituent parts:

FMS-300 control unit

PTL-100 PAR/temperature leafclip

FMS/SFO 1m fbre-optic cable

FMS/DLC box of 10 dark-adaptation leafclips

Manfrotto 244Mini Variable Friction Arm with fbre-optic support pre-attached
Manfrotto 386B-1 Nano Clamp

FluoroControl software and manuals on a USB drive

12V mains power supply

® Mains power cable.

If you also purchased the branded retort stand, this will also be included within the FMS-300 transport
case.

Please check the contents of your transport case thoroughly and report any damaged or missing items
to Hansatech Instruments. If the purchase was made through a local distributor, please report the
damaged/missing item to them in the frst instance.

2.2 Installing the software

©

FluoroControl software is designed to function

on a PC (or laptop) running Windows 10® or
newer.

The software and electronic copies of the manuals are included on a USB drive which can be found in
the transport case. Your PC will require an internet connection as the software has dependencies on
libraries that are download during the installation process.

® Insert the USB drive into a spare USB port on a PC running Windows 10® or newer.

® View the contents of the drive and double click the fle HIL.FluoroControl_XXXX_x64.msix to launch
the installer (where XXXX indicates the version number of the software).

® Follow the on-screen prompts to install the FluoroControl software.
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2.3 Connections to the control unit

Figure 1. Connections on the rear panel of the FMS-300 control unit

On the rear panel of the FMS-300 control unit, make the following connections:

Connect the power supply to the +12V 4A socket (Figure 1, A). Connect the mains lead to the
power supply and subsequently into a mains outlet.

Connect the USB-C end of the USB connection cable to the USB-C socket (Figure 1, B). Connect
the USB-A end to a spare USB port on your PC.

If necessary, connect the PTL-100 to the corresponding socket (Figure 1, C) on the control unit (i.e.
if the routine in use requires the PTL-100).

Connect the larger end of the fbre-optic cable to the rear of the FMS-300 control unit (Figure 1,
D). The fbre-optic cable has a small tab on the side (Figure 2, A) which locates into a key-way on
the control unit fbre-optic connector (Figure 2, B).

.i}\'

Figure 2. Fibre-optic cable connection on the rear panel of the FMS-300 control unit.

24 Powering up & communications

With all the necessary connections made to the control unit, power the FMS-300 on by pressing

the power button on the front panel of the instrument. The button will iluminate blue and the LCD
screen will initialise. On your PC, locate the installed FluoroControl software and run the program. The
software will locate the FMS-300 and display the Instrument Settings screen.

2.5 Fibre-optic cable support arm and clamp

The FMS-300 is supplied as standard with an articulated support arm (Figure 3, A) and clamp (Figure
3, B). These items assist with convenient, efective and secure positioning of the fbre-optic during
measurements. They can be used in conjunction with the FMS-300 branded retort stand (Figure 3, C)
(available as an optional accessory) or with standard laboratory retort stands.
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Figure 3. Fibre-optic cable Figure 4. The clamp and Figure 5. The fibre-optic cable
support arm and clamp are support arm are assembled is held securely in place by

supplied as standard with the together via a 9.5mm threaded an adapter at the end of the

FMS-300 system. connector. support arm.

At one end of the arm is a 9.5mm male thread which connects to the 9.5mm female thread on the rear
of the clamp (Figure 4). At the other end, the arm is Ftted with an adapter (Figure 5) that allows the
FMS-300 fbre-optic cable to be held securely in place during measurements. To secure the fbre-optic
cable, loosen the thumbscrew at the top of the adapter so that the fbre-optic cable can be inserted
easily into the adapter. Re-tighten the thumbscrew to secure the fbre-optic cable in place.

The jaws of the clamp are opened and closed using the handle on the side of the clamp. The jaws will
securely grip on to cylindrical items from 13 - 35mm in diameter and support loads of up to 4kg.

With the support arm and clamp securely attached to a retort stand, the arm may be adjusted to
position the sample end of the fbre-optic cable as required.

To adjust the position of the fbre-optic, loosen the arm by turning the lever anti-clockwise (Figure 6,
A). Position the fbre as necessary (Figure 6, B) and lock the arm in place by turning the lever clockwise
until hand-tight (Figure 6, C).

/4 \ 07 |
\ AN 4 SN 5 | = = == ~

Figure 6. The support arm has a wide range of motion allowing convenient and secure positioning
of the fibre-optic during measurement of different sample types.
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3. FMS-300 leafclips

3.1 Dark-adaptation leafclips

FMS-300 is supplied with a set of 10 dark-adaptation leafclips. These should be used when dark-
adaptation of the sample (or measurement in the absence of light) is required before or during the
experiment. Dark-adaptation leafclips can be used for a wide variety of diferent samples such as
broad-leaf species (including some larger Arabidopsis leaves), grasses and needle species. For faster
throughput, multiple leafclips can be used to adapt a number of samples at the same time in advance
of making measurements.

E

Figure 7. Dark-adaptation leafclips.

Dark-adaptation leafclips are comprised of two sections: an upper (Figure 7, A) and a lower section
(Figure 7, B), which are connected by a hinge (Figure 7, C). To facilitate the dark-adaptation process,
the front of the leafclip can be easily opened by applying light pressure at the rear of both upper and
lower sections, causing the spring (Figure 7, D) to compress. This action allows secure positioning on a
sample with the underside of the leaf protected by a foam pad (Figure 7, F).

To create a light-free environment for the leaf, the shutter (Figure 7, E) can be slid forward, efectively
preventing ambient light from reaching the leaf. During measurements, the sampling end of the fbre-
optic cable is inserted into the fbre receptor (Figure 7, G) and securely fastened using the thumb-screw
(Figure 7, H). Before taking measurements, the shutter is retracted to the open position, exposing the
dark-adapted sample to the fbre-optic light source.
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3.2 PTL-100 leafclip

Figure 8. The PTL-100 open-faced leafclip.

FMS-300 is supplied as standard with an open-faced leafclip, the PTL-100 (Figure 8). It can be used for
routines when measurement of samples under ambient light conditions is required.

The PTL-100 consists of a 3D printed nylon body with a front-mounted PAR sensor. A leaf temperature
sensor is mounted within the underside of the leafclip. The fbre-optic is inserted through a retaining
collar and secured in place with a thumbscrew. The end of the fbre-optic is positioned at 60° to the
plane of the sample and in close proximity to it. This maximises both sample illumination intensity and
detection of the fuorescence signal.

Figure 9. Detach the fibre-optic adapter by removing the retaining thumbscrew. Replace the adapter
with the PTL-100 and refit the thumbscrew to secure the PTL-100 in place.

The PTL-100 is ftted with an adapter at the rear of the leafclip which allows connection to the fbre-
optic support arm. To ft the PTL-100 to the support arm, detach the fbre-optic adapter from the
support arm by removing the thumbscrew (Figure 9, A-1). Slide the fbre-optic adapter of the end of
the support arm (Figure 9, B) and replace it with the PTL-100.

Reft the thumbscrew to secure the PTL-100 to the support arm (Figure 9, C). The leafclip connects
electrically to the rear of the FMS-300 control unit (see Figure 1, C in section 2.3) and the cable can

be clipped to the fbre-optic cable for convenience using the 4 pre-ftted cable clips. Loosen the front
thumbscrew on the PTL-100 (Figure 9, C-1) and insert the sampling end of the fbre-optic cable into the
clip as far as it will go. Secure the fbre-optic cable by tightening the thumbscrew.
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To position the PTL-100 on a leaf sample, frst remove the magnetic puck from the underside of
the leafclip. Move the support arm (see section 2.5) so that the underside of the PTL-100 is located
close to the required sample and lock the support arm in place. Position the leaf so that the entire
measurement aperture is covered. Holding the leaf in place, secure the sample by attaching the
magnetic puck underneath the leaf.

3.3 Positioning of leafclips

For both types of FMS-300 leafclip, positioning on the leaf is an important consideration. Necrotic/
chlorotic areas, broken tissue or areas of stress (i.e. tar spot) should be avoided. Likewise, mid-ribs or
large veined areas can cause problems when dark-adapting since the increased size of these areas may
allow stray ambient light onto the darkened leaf area.

Where possible, consistent positioning of leafclips across multiple samples constitutes good
experimental practice. When measuring single leaves across multiple young plants, try to select

the same leaf on each plant. Zivak et al. (2014), Igbal et al. (2012), and Kalaji et al. (2017) suggested

sampling the youngest fully formed leaf at the top of the plant.

When measuring multiple leaves from a larger plant, try to position the clip in the same spot on each
leaf. Consistency of data gathering will provide the most comparable results.

3.4 Light guides

FMS-300 can be used with a range of optical light guides (Figure 10) purchased separately as options.
These facilitate measurements of diferent sample types. The light guides are each constructed from
optical grade, precision borosilicate glass (N-BK7) and are light homogenising, which means that the tip
of the light guide can be placed in direct contact with the sample.

Figure 10. FMS-300 light guides for different sample types

Light guides available are:

® FMS/LG1 - 8 x 100mm hexagonal light guide
Provides an extension to the FMS-300 fbre-optic cable that can be used for samples that are not
suitable for the standard fbre. Samples held in marine or freshwater tanks such as sea grass,
coral or other aquatic plants can be measured directly under the surface of the water with the
guide positioned directly onto the sample itself. This gives maximum transmission of both light to
the sample and fuorescence from the sample.
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® FMS/LG2 - Tapered light guide (4 x 4mm sample end)
Provides a convenient solution when measuring smaller samples such as Arabidopsis and
needles. This light guide could also be used to measure fuorescence signals from liquid samples
held in small cuvettes or vials such as algae or chloroplast suspensions. The tapered form of the
light guide also provides up to 2-times amplifcation of the light delivered by the FMS-300 with
saturating light intensities of up to 60,000 pmol m? s available.

® FMS/LG3 - Tapered light guide (2.5 x 2.5mm sample end)
Similar to the 4 x 4mm tapered light guide but providing up to 3-times amplifcation of delivered
light intensities with saturating pulses of up to 90,000 umol m? s available.

To use the light guides, simply insert the end of the FMS-300 fbre-optic cable into the retaining collar of
the light guide as far as it will go. Secure the light guide in place using the thumbscrew.

Ensure that the light guides are cleaned
@ thoroughly and stored following use. The
efficiency of the light guide relies on the outer
surface being polished and damage free.
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4. FluoroControl software

FMS-300 is supplied with a comprehensive, user-friendly software package, FluoroControl, which
controls all aspects of instrument operation. FluoroControl has been developed with simplicity of use
at its core, providing a user-friendly, e¥cient platform for data acquisition. A clear, tab-based interface
with carefully considered positioning of key functions ensures a shallow learning curve allowing users
to begin measurements quickly. 6 confgurable measurement routines, which cover all conventional
fuorescence protocols, are used to acquire data. On completion of each measurement routine, a
comprehensive set of chlorophyll fuorescence parameters is presented for each saturating pulse
event.

4.1 FluoroControl functions

4.1.1 Instrument settings

Settings for all hardware functions are located within the Instrument Settings screen which is opened
by default when the software is opened. It can also be accessed from the “Settings > Instrument” menu
option at the top of the program interface.

4111 Eye Safety
Please refer to the safety notice at the beginning of this manual.

FMS-300 has a built-in auxiliary safety feature which disables the LEDs if a chlorophyll fuorescence
signal is not detected prior to initiating a saturating pulse. This safety feature is enabled by default each
time the software is opened.

In some situations when measuring samples with extremely low chlorophyll fuorescence signal, the
Eye Safety feature may disable the saturating LED as a precaution. In these circumstances, the control
unit LED will display the message “EYE” on the LCD screen next to the Actinic light (AL) indicator. If the
Eye Safety feature prevents measurements being successfully made from low signal samples, it may be
disabled from the toggle switch in the top-right corner of the Instrument Settings screen. However,
Hansatech Instruments recommend that it is re-enabled immediately following the set of
measurements to ensure safety. The Eye Safety feature will be re-enabled by default the next time the
software is launched.

ABOVE IS THE ONLY OCCASION HANSATECH
INSTRUMENTS SUGGEST DISABLING THE EYE
SAFETY FEATURE.

@ IMPORTANT: THE CIRCUMSTANCE DESCRIBED

4.1.1.2. Selecting the optical accessory

The frst step in each settings session is to defne the optical accessory that is required for the
experiment you are to carry out. Optical accessories include the diferent leafclips (supplied with the
FMS-300), light guides and other components that are available as optional accessories. Each accessory
afects the FMS-300 measurement process by one or more of the following ways:
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At the end of the measurement (or if the measurement was aborted), the acquired data must be either
erased or saved. Once saved, the data can be exported to a CSV fle format (which can be opened in
external data analysis software such as Excel or Sigmaplot), simply by clicking the Export button. At any
point, the current routine and confguration settings can be used for a new measurement by clicking
the New button. This will open a new routine in the Routine tab list labelled as New <Routine type>. At
the conclusion of each experiment, calculated and measured parameters are available to view under
the Parameters tab.

4.1.3.1. Data acquisition screen

This screen provides graphical data for the current or previously saved measurement (Figure 14). The
screen is divided into 2 separate graphs and a parameter data display area.

Fluorescence: 11844
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Figure 14. The Data Acquisition screen is divided into 2 separate graph areas for slow and fast
fluorescence components and a parameter data display area to the right of the screen.

4.1.3.1.1. The upper graph area - real-time fuorescence signal

During measurement, the fuorescence signal in the upper graph (Figure 14, A) displays the slow
fuorescence components in real-time on a linear time axis. The horizontal axis continuously rescales
during an experiment to display all data as it is acquired.

4.1.3.1.2. The lower graph area - fast fuorescence signal

For each saturating pulse, the lower graph (Figure 14, B) presents the fast fuorescence data recorded
during the pulse on a logarithmic time axis. The logarithmic axis allows the kinetics associated with fast
Tuorescence analysis (OJIP) to be interpreted visually. For multiple pulses, the data are overlaid on the
same axis. Traces for each pulse are given diferent colours, matching the colour of the corresponding
data in the real-time graph.
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4.1.3.1.3. Data panel meter

On the right side of the data acquisition screen, above the last measurement parameters table,
information specifc to the current live measurement is displayed in a data panel meter (Figure 14, C).
The data displayed depends on the routine being executed but can include:

® Fluorescence: Current fuorescence value (updated at 0.5 second intervals).

@® ETfective PAR: Depending on the settings in the routine, this value can represent either the PAR
setting as delivered by the FMS-300 or a reading from the PAR sensor on the PTL-100 leafclip (if
the PTL-100 is connected to the control unit).

@® Temperature: A reading of leaf temperature taken from the sensor on the underside of the
PTL-100 leafclip (if the PTL-100 is connected to the control unit).

® Time remaining: Time in minutes and seconds remaining for the routine currently being executed.

Depending on the routine selected, the following data are presented in the panel meter:

Routine 1 - Maximum QY: Fluorescence value and time remaining.

Routine 2 - EFective QY: Fluorescence value, efective PAR, leaf temperature, and time remaining.
Routine 3 - Quenching: Fluorescence value and time remaining.

Routine 4 - Light Response Curve: Fluorescence value, efective PAR, and time remaining.
Routine 5 - Multi Maximum QY: Fluorescence value and time remaining.

Routine 6 - Multi EFective QY: Fluorescence value, efective PAR, leaf temperature and time
remaining.

4.1.3.1.4. Last measurement parameters

Following every saturating pulse event, parameters calculated from the fuorescence measurement are
displayed in a table on the right side of the graph area (Figure 14, D). For experiments with multiple
saturating pulse events, the list of parameters values is refreshed following each saturating pulse.

4.1.3.2. Parameters screen

Once the current measurement routine has concluded, parameters associated with each saturating
pulse event are displayed in the Parameters screen. An example of a Quenching routine parameter set
is shown in Figure 15.
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File Settings Window Help

Quenching ‘" Data acquisition | Parameters

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Pulse 6 Pulse 7 Pulse & Pulse 9 Pulse 10
Parameter Is 67z 128 189s 250z s 312 377s 438 490z
Fu/Frn Actinic Actinic Actinic Actinic Actinic Far Red Dark Dark Dark

~  Ratiometric (dark-adapted sample) (5 items)

Fv/Fo 5.03266
Fo/Fm 0.165764
Wl 0.519623
Vi 0.7808

~  Rati tric (light-adapted ple} (4 items)
©PSII 0.264458 = 0385306 0441939 047164 0490186 0.72348 0.710158 0.708162
Fv'/Fm' 0678668 = 0.682086 0.686889  0.688271 0.689826 = 0.605786  0.77637 0.771058 0.768871
W 0.594205  0.614497 0601278 0589113 058583 0.65512 0.66707 0.623634
W 0.860153  0.88276 0508886  0.921477 0931329 0.881183 0.833777 0.795929

~  Quenching: Puddle Model (3 items)

NPQ 1.38283 1.34568 1.29408 1.27938 1.26289 0.449639 0.494293 0.512861
qN 0658591  0.651437 0641087 0.638045  0.634584 0.358022 0.381467 0.390792
qP 0389672 0564894 0643391 0.685253  0.710594 0.931876 0.921018 0.921041

~  Quenching: Lake Model (Kramer) (4 items)

@Psil 0.264458  0.385306 0441939 047164 0490186 0.72348 0.710158 0.708162
Y(NPQ) 0426858  0.35264 03148 0.29656 0.284521 0.0857689 = 0.095876 0.0989335
VIR AINBASA | AIEINEA | AIAIET | NI210 n778702 n1on7es N 1020688 n 10700

Figure 15. Results of a Quenching routine displayed in the Parameters screen.

The Parameters screen is arranged in a categorised list of parameters with values displayed in a clearly
identifed column for each saturating pulse event. Diferent routines will present diferent sets of
parameters according to the requirements of each routine. A comprehensive list of all the parameters
calculated by FMS-300 can be found in the Glossary of Parameters which is included on the USB drive
that was supplied with the FMS-300 system.
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5. Measurement routines

FluoroControl ofers 6 measurement routines which cover all conventional fuorescence protocols.
Aspects of the routines are confgurable from a series of simple user-inputs. In all routines, FMS-300
records fast-fuorescence data at increased acquisition frequencies of up to 100 kHz during every
saturating pulse event allowing redox states of the PSIl electron acceptors to be analysed for both light-
and dark-adapted sample states. Upon completion of each measurement routine, a comprehensive set
of parameters are presented for each saturating pulse event which can be viewed in the Parameters
tab (Figure 15). Please refer to the Parameters screen section for further information.

The following sections provide a “how-to” guide to selecting, confguring and executing experimental
routines with FMS-300. A more full description of the theory behind each of the routines can be found
in the FMS-300 Glossary of Parameters along with a comprehensive description of the parameters
measured. The Glossary of Parameters is included on the USB drive that was supplied with the FMS-300
system.

5.1 Routine 1. Maximum QY

Provides a measurement of Fv/Fm and OIJIP analysis-related parameters from a dark-adapted sample.
Fv/Fm is a fundamental parameter that characterises the maximum quantum yield/e¥ciency of PSII
photochemistry and is used widely as one of the most common techniques for measuring “stress” in
leaves (Murchie and Lawson 2013).

Whilst Fv/Fm is a useful and widely employed parameter for assessing the overall health of PSII, OlIP
analysis goes a step further by providing temporal and kinetic information about the photosynthetic
response. It ofers a more detailed view of how plants adapt and respond to environmental
conditions and stressors, making it a valuable tool for research and a more precise diagnostic tool for
understanding the dynamics of photosynthesis.

5.1.1 Dark-adapting samples

General principles for sample dark-adaptation times
exist and are used widely in the literature. However,
the time taken for NPQ components to fully relax is
nuanced and depends on a number of contributing
factors. For good experimental design, it is important
to understand your sample, the factors affecting dark
relaxation and the requirements of your study when
defining the appropriate dark-adaptation time.

©

A common question when measuring Fv/Fm is “how long should | dark-adapt my samples?”. A general
principle is that 15 - 30 minutes (Xia et al., 2023) in the dark should be su¥cient for most samples.
However, in practice, the time required is more nuanced. The dark-adaptation time may be shorter or
longer than the general principle and is dependent on several diferent variables.
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® Sample type
Diferent types of samples will dark-adapt at diferent rates.

@ Light history
Samples that have been subjected to high or continuous light in the hours prior to measurement
may require longer dark-adaptation times. High or continuous light conditions mean that non-
photochemical quenching (NPQ) components will be active. Of the 3 components of NPQ, high-
energy and state transition related NPQ relax back within 10 - 30 minutes in the dark. NPQ
associated with photoinhibition may take signifcantly longer (up to 60 hours, Lichtenthaler 2004).
Conversely, samples that have been exposed to low light or dark conditions will dark adapt
quicker since the NPQ efects are less signifcant.

® Stress
If samples are under any biotic or abiotic stress conditions, dark-adaptation times may be
afected.

The time required for dark-adaptation may be determined experimentally by making measurements
of Fv/Fm on diferent representative samples of your study material with diferent periods of dark-
adaptation. The optimum dark-adaptation is the shortest time beyond which Fv/Fm does not increase
with longer dark-adaptation. In the graph in Figure 16, this would be around 30-35 minutes.

Fv/Fm values following greater periods
of dark-adaptation

0.85
0.83
0.81
0.79
0.77
0.75

Fv/Fm value

0.73
0.71
0.69

0.67
5 10 15 20 25 30 35 40 45 50 55 60 65

Minutes of dark-adaptation

Figure 16. In the results graph above, the Fv/Fm value does not increase further after 35 minutes of dark-
adaptation time. Therefore, for this particular sample, 35 minutes is the required dark-adaptation time.

5.1.2 Maximum QY settings

5.1.2.1. Recommended optical accessory

Fv/Fm must be measured from a fully dark-adapted sample. The dark-adaptation leafclip is therefore
recommended for use where possible. For samples where the dark-adaptation clip cannot be used (i.e.
liquids, lichens, fruits, cacti etc.), alternative dark-adaptation methods should be used. Samples may be
covered with a dark-coloured cloth or measured in a dark room.
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5.1.2.2. Dark delay
This setting allows a period of dark-adaptation to be defned prior to the frst saturating pulse event.

Set this to the minimum of 0.1s to ensure that dark-adaptation is not afected by higher measuring

LED intensities. A single 400ns pulse from the measuring LED will be used as the Fo parameter value
prior to the onset of saturating illumination. Longer dark delay durations may be defned if you wish to
observe the fuorescence signal declining and stabilising at the dark-adapted state. If so, it is critical that
the measuring LED intensity is not actinic. Please refer to the Measuring LED settings section for further
information.

5.1.2.3. Pulse intensity

The intensity in pmol m?2 s of the saturating pulse at the sample surface. The intensity must be
sufciently high to fully reduce PSII reaction centres to derive an accurate value for the maximum
fuorescence from a dark-adapted sample (Fm).

It is important to consider the efects of higher light intensities and/or blue light when studying fast-
fuorescence kinetics. For most dark-adapted samples, red light at intensities between 3,500 - 5,000
pmol m2 st will be sufcient to fully reduce PSII reaction centres and allow an accurate determination
of Fm. This is because dark-adaptation shuts down NPQ components meaning that all absorbed light is
either quenched via photochemical activity or fuorescence emission.

If the experiment is designed to look at the fast Fuorescence kinetics (OJIP) during a saturating pulse
event, it is important to consider how high light intensity and/or blue light can efect the photochemical
phase (O -J) of the fast-kinetics. Both high light intensities and blue light will transiently reduce the
primary electron acceptor Q, faster thus increasing the net rate of PS Il closure, represented by the Mo
parameter (Tsimilli-Michael 2020). This will lead to an earlier and higher amplitude ] step (1 - 2 ms).

Blue photons have greater energy and absorption by leaves than red photons. Blue photons are
absorbed in the frst 150 um of the leaf surface where chloroplasts have increased chlorophyll a/b
ratios. Blue light is absorbed by both yellow carotenoids and chlorophyll a and b whereas red photons
are absorbed only by the chlorophylls. This means a greater absorption of blue light energy by the
antenna pigments in the light harvesting complex (Padhi et al, 2021).

Conventional OJIP analysis (as published by Strasser et al, 2000 and Strasser et al, 2004), was conducted
using red light at intensities of 3,500 - 5,000 umol m2 s*and therefore, when using higher light
intensities or blue light, this should be borne in mind during interpretation.

The minimum and maximum intensity settings available are shown in brackets below the user input.
These values will vary according to the currently selected optical accessory.

5.1.2.4. Pulse width (s)

Duration of the saturating pulse in seconds. The minimum and maximum pulse width settings available
are shown in brackets below the user input. The value defned here depends largely on the type of
results required. For the Fv/Fm (maximum photochemical e¥ciency of PSIl), a pulse width of between
0.8 and 1 second is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the
Fm will not be reached in this time with some samples leading to calculation errors in many associated
parameters. If the aim of the experiment is to study the rate of reduction of Q, at the J step (F), then a
pulse width of 0.1s is adequate since F occurs at 1 - 2ms.
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5.1.2.5. Dark relaxation (mins)

Enabling dark relaxation provides further saturating pulses at given times depending on the number
of minutes selected in the user input. These pulses allow the relaxation kinetics of NPQ processes
triggered by the initial saturating pulse to be observed. The diferent settings will provide the following
pulses:

® 0: No dark-relaxation pulses. Routine fnishes on completion of the Maximum QY measurement.
® 1:Pulses after 30s and 1 mins of darkness following the Maximum QY measurement.

@® 2:Pulses after 30s, 1 and 2 mins of darkness following the Maximum QY measurement.

® 5:Pulses after 30s, 1, 2 and 5 mins of darkness following the Maximum QY measurement.

® 10: Pulses after 30s, 1, 2, 5 and 10 mins of darkness following the Maximum QY measurement.

Fast fuorescence data is also captured during the dark relaxation pulses. This provides interesting
data showing the redox states of the diferent electron acceptors in the electron transport chain as the
sample transitions from fully light-adapted to re-dark-adapted.

5.2 Routine 2: Effective QY

Provides a measurement of the ®PSIl parameter (also known by the synonyms Y[II], Fq'/Fm’, AF/Fm’). It
indicates the efective quantum yield of PSII photochemistry whilst at a steady-state of photosynthesis
under stable ambient light conditions. It is shown to be an accurate indicator of operational PSII
efciency in the light (Murchie & Lawson, 2013), providing an indication of the proportion of light
absorbed by PSll-associated chlorophyll molecules used in photochemistry. Since ®PSII is the quantum
yield of PSII photochemistry, it can be used to calculate linear electron transport through PSIl and as
such, an indication of overall photosynthetic capacity (Maxwell & Johnson 2000).

®PSII should only be applied as a comparative parameter on samples with similar Fv/Fm values. In
addition, it is important that samples are under comparable ambient light conditions. Photosynthetic
rates vary under changing ambient light conditions with each of the 3 competing processes
(photochemistry, NPQ and fuorescence) in a state of fux depending on the stability of the ambient
light conditions.

Following a change in the ambient light regime, typical plants will achieve steady-state photosynthetic
rates within about 15 - 20 minutes although this can vary signifcantly between plant species (Johnson
et al 1990). Steady-state means that each of the 3 competing processes stabilise at a specifc level. In

a chlorophyll Ffuorescence experiment, steady-state is observed when the fuorescence signal under
constant actinic light reaches a plateau or “fat-line”. Further information regarding the measurement of
®PSII can be found in the FMS-300 Glossary of Parameters.

5.2.1 EFective QY settings

5.2.1.1. Recommended optical accessory

®PSII must be measured from a sample in a steady-state of photosynthesis and the choice of optical
accessory depends on the requirements of your experiment. For example, if you wish to make
measurements on samples in the presence of light provided by external LED panels in a lab or
greenhouse setting, you should choose the PTL-100 open leafclip so that the samples are exposed

to the external light during measurements. Should you wish to use light directly from the FMS-300 to
achieve steady-state photosynthesis, either the PTL-100 or the dark-adaptation leafclips could be used.
In this case, using the dark-adaptation leafclips would ensure that the samples were receiving the
amount of light defned in the routine and not subject to cumulative efects of any external or ambient
lighting.
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5.2.1.2. Pre-conditioning

This setting allows samples to achieve steady-state photosynthesis under a given set of ambient/actinic
light conditions. The option can be confgured for 3 diferent scenarios depending on the requirements
of the experiment.

® Disabled
Use this option if your samples are already at a steady-state of photosynthesis and no further
intervention is required prior to the measurement.

® Ambient
This option should be selected when steady-state photosynthesis is to be achieved via the use of
external ambient or actinic light. For example, measuring under light provided by natural sunlight
or lighting panels in a lab or greenhouse setting. Selecting this option will allow the duration of
the exposure to external light to be defned prior to the saturating pulse event. The fuorescence
signal will be recorded and plotted during this pre-conditioning period to ensure that steady-
state photosynthesis (denoted by a signal plateau or “fat-line”) has been reached. The duration
required to achieve steady-state depends on the sample species and light history but as a general
principle, 15 - 20 minutes should be sufcient from the onset of the external illumination (Johnson
et al 1990).

® Actinic
Selecting this option allows steady-state photosynthesis to be achieved using the FMS-300 as a
source of actinic light. Within this option, users may set the duration and intensity (in
pmol m2 s?) of the light delivered by FMS-300. As with the Ambient setting option, the
fuorescence signal will be recorded and plotted during this pre-conditioning period to ensure
that steady-state photosynthesis has been reached.

5.2.1.3. Pulse intensity

The intensity in pumol m2 s of the saturating pulse. The general principle for selecting a sufcient
saturating light intensity for ®PSIl measurements is the same as for measurement of Fv/Fm from dark-
adapted samples. The saturating pulse must be sufciently bright to transiently reduce Q, to achieve
the maximum fuorescence value (denoted as Fm' in a light-adapted sample).

When in light-adapted steady-states of photosynthesis, the light intensity required to achieve complete
reduction of Q, is signifcantly higher than for a dark-adapted sample due to the contribution of the
NPQ components active in light-adapted sample states.

Using the highest light intensity available is recommended for most samples although, the requirement
will vary according to diferent sample types.

It is worth noting that work published initially by Loriaux et al in 2013 found that even under high
saturating light intensities, complete reduction of Q, may not be achieved. Rapid turnover of the PSII
plastoquinone (PQ) acceptor pools is thought to quench some of the fuorescence and therefore
prevent the complete reduction of Q,. This introduces some potential for the true Fm'’ to be
underestimated.

5.2.1.4. Pulse width (s)

Duration of the saturating pulse in seconds. The minimum and maximum pulse width settings
available are shown in brackets below the user input. A pulse width of between 0.8 and 1 second

is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the Fm’ will not be
reached in this time with some samples leading to calculation errors in many associated parameters.
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5.2.15. PFDaforETR

In principle, the linear relationship between PSIl operating e¥ciency (PPSII) and linear electron fux
allows the use of ®PSII to estimate the noncyclic electron transport rate (ETR) through PSII (Baker
2008). The parameter, denoted by the nomenclature ETR, is calculated as follows:

ETR = ®PSII x PAR x PFDa x fraction

PSII

PFDa refers to the amount of incident light received at the leaf surface which is in turn, absorbed by the
antenna pigments. This value is frequently assumed to be 0.84, i.e., 84% of incident light.

This assumption may be reasonable for many mature green leaves (Baker 2008), but is not always the
case and large deviations from this value can frequently occur (Ehleringer 1991, Hodanova 1985, Jones
1992).

To achieve the most accurate estimation of ETR, PFDa should be measured using an integrating sphere
with a light source similar to that used to drive photosynthesis and a spectroradiometer or quantum
sensor (Baker 2008). The resulting value can then be entered into the PFDa for ETR user input in the
FluoroControl software.

5.2.1.6. Fraction__ for ETR

PSll
As with PFDa described above, the value for fraction,, is frequently an assumed value, which here
is 0.5 (Baker 2008). This value represents the proportion of absorbed incident light intercepted by
PSIl antennae with respect to PSI antennae (Murchie and Lawson 2013). Although the 0.5 value for
fraction_,, has been estimated for leaves, it is unlikely to be accurate in many situations (Baker 2008).
The procedure is not straightforward and involves numerous assumptions (Laisk et al 1996, Laisk et al

2006, Mivake et al 2004).

Another problem is that leaves of many species accumulate non-photosynthetic pigments, such as
anthocyanins, which can markedly modify not only PFDa but also fraction,,. This is often the case when
leaves experience environmental stresses during development (Baker 2008).

All things considered, the actual proportionality of light use by each of the photosystems is extremely
difcult to quantify accurately, and therefore, the use of the 0.5 assumed value is frequently used
(Murchie and Lawson 2013) in the absence of a known value.

5.3 Routine 3: Quenching
This routine is used to perform a full quenching analysis based on the protocol defned in Baker 2004.
The quenching routine allows 3 separate components to be analysed:

® Maximum photochemical e®Fciency from a dark-adapted sample.
® Non-photochemical quenching component.
® Contributions of sub-components of non-photochemical quenching.

The term non-photochemical quenching (NPQ) refers to processes from within the photosynthetic
membrane that are not photochemical in origin (Ruban 2016), i.e. the process is not dependent or
driven by light alone. NPQ is a dynamic and rapidly responsive process that helps photosynthetic
organisms adapt to changing light conditions. It helps them optimise photosynthesis while protecting
the photosynthetic machinery from harm caused by excessive light. This balance between capturing
light for photosynthesis and safely dissipating excess energy through NPQ is crucial for the overall
health and survival of photosynthetic organisms.
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It is important to note that the parameters relating to NPQ
are measurements of changes in heat dissipation relative
to the dark-adapted state. The same increase in heat

dissipation will be characterised by a smaller increase in
quenching in situations where the dark-adapted Fm is a
higher value. Direct comparison of leaves with different
light histories or of different species can be ambiguous.
In general terms, direct comparison of NPQ from
samples with different Fv/Fm should be avoided
(Maxwell and Johnson 2000).

©

5.3.1 Quenching settings

5.3.1.1. Recommended optical accessory

The Quenching routine requires an initial measurement of Fv/Fm to be used as a reference point
from which non-photochemical activity can be calculated. Fv/Fm must be measured from a fully dark-
adapted sample and therefore, the dark-adaptation leafclip is recommended for use where possible.
For samples where the dark-adaptation clip cannot be used (i.e. liquids, lichens, fruits, cacti etc.),
alternative dark-adaptation methods should be used. Samples may be covered with a dark-coloured
cloth or measured in a dark room.

5.3.1.2. Dark delay

This setting allows a period of dark-adaptation to be defned prior to the frst saturating pulse event.
Set this to the minimum of 0.1s to ensure that dark-adaptation is not afected by higher measuring

LED intensities. A single 400ns pulse from the measuring LED will be used as the Fo parameter value
prior to the onset of saturating illumination. Longer dark delay durations may be defned if you wish to
observe the fuorescence signal declining and stabilising at the dark-adapted state. If so, it is critical that
the measuring LED intensity is not actinic. Please refer to the Measuring LED settings section for further
information.

5.3.1.3. Fv/Fm pulse intensity in pmol m=2 st

The intensity of the saturating pulse at the sample surface required to capture the dark-adapted Fv/Fm
value. According to Baker 2008, this pulse (and all subsequent saturating pulses in the actinic and dark
relaxation phases of the experiment), should be greater than 6,000 pmol m?2 s*. The intensity must

be sufciently high to fully reduce PSII reaction centres to derive an accurate value for the maximum
fuorescence from a dark-adapted sample (Fm).

It is important to consider the efects of higher light intensities and/or blue light when studying fast-
fuorescence kinetics. For most dark-adapted samples, red light at intensities between 3,500 - 5,000
pumol m2 st will be sufFcient to fully reduce PSII reaction centres and allow an accurate determination
of Fm. This is because dark-adaptation shuts down NPQ components meaning that all absorbed light is
either quenched via photochemical activity or fuorescence emission.
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If the experiment is designed to look at the fast Fuorescence kinetics (OJIP) during a saturating pulse
event, it is important to consider how high light intensity and/or blue light can efect the photochemical
phase (O - ) of the fast-kinetics.

Both high light intensities and blue light will transiently reduce the primary electron acceptor Q, faster
thus increasing the net rate of PS |l closure, represented by the Mo parameter (Tsimilli-Michael 2020).
This will lead to an earlier and higher amplitude J step (1 - 2 milliseconds).

Blue photons have greater energy and absorption by leaves than red photons. Blue photons are
absorbed in the frst 150 um of the leaf surface where chloroplasts have increased chlorophyll a/b
ratios. Blue light is absorbed by both yellow carotenoids and chlorophyll a and b whereas red photons
are absorbed only by the chlorophylls. This means a greater absorption of blue light energy by the
antenna pigments in the light harvesting complex (Padhi et al, 2021).

Conventional OJIP analysis (as published by Strasser et al, 2000 and Strasser et al, 2004), was conducted
using red light at intensities of 3,500 - 5,000 umol m? s*and therefore, when using higher light
intensities or blue light, this should be borne in mind during interpretation.

Intensities of saturating pulses in all 3 phases may be defned independently. Therefore, the intensity
of the initial Fv/Fm measurement may be set lower than for the actinic and dark relaxation phases if
required. In this case, it is important to ensure that the Fv/Fm pulse is su¥ciently high to fully reduce
PSII reaction centres.

The minimum and maximum intensity settings available are shown in brackets below the user input.
These values will vary according to the currently selected optical accessory.

5.3.1.4. Fv/Fm pulse width

Duration of the Fv/Fm saturating pulse in seconds. The minimum and maximum pulse width settings
available are shown in brackets below the user input. A pulse width of between 0.8 and 1 second
is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the Fm will not be
reached in this time with some samples leading to calculation errors in many associated parameters.

5.3.1.5. Delay after Fv/Fm pulse

The delay after pulse setting defnes the time in seconds between the end of the initial dark-adapted
saturating pulse and the onset of actinic illumination. This setting, along with settings throughout the
actinic and dark relaxation phase of the routine, require careful consideration. Diferent settings will

result in wide variation within the reported parameters.

A longer delay between the end of the dark-adapted pulse and the onset of actinic illumination will
result in a lower initial NPQ measurement since the sample will begin to re-dark-adapt. Shorter
durations between the 2 light events will, in turn, result in a higher NPQ value for the frst pulse in the
actinic phase of the experiment. Without knowledge of the NPQ parameter and how these settings can
afect the values, a rigorous model interpretation of the NPQ induction kinetics is difcult (Nies et al
2021).

5.3.1.6. Actinic intensity in pmol m2s

This setting determines the light intensity delivered by FMS-300 at the sample surface during the actinic
phase of the experiment. The purpose of the actinic phase is to drive photochemistry at a moderate
rate for a period of time sufcient to achieve a steady-state fuorescence emission. This phase is
interspersed with several, evenly spaced saturating pulses from which the induction kinetics of NPQ
can be derived.
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The intensity should be su®ciently bright to drive photochemistry and trigger NPQ components but
not too bright that the sample becomes light-saturated. The intensity used therefore depends largely
on the sample and its optical characteristics. In Baker 2004, the quenching model suggested an actinic
light intensity of 685 in umol m2 s, Whilst this setting may be sufcient to derive clear kinetics of NPQ
in some samples, the setting may be saturating or, by contrast, insu®cient, for other species. It is
therefore important to experiment with the settings during the experimental design phase to ensure
that results of the experiment can be analysed appropriately.

5.3.1.7. Actinic phase pulse count

Defnes the number of saturating pulse events within the actinic phase of the quenching experiment.
Parameters including those associated with NPQ, ®PSIl and ETR are calculated for each saturating
pulse.

Fast fuorescence data are also acquired during each of the saturating pulses with a number of
diferent parameters calculated. This provides intresting detail on the redox states of the diferent
electron acceptors in the electron transport chain as the leaf moves from being dark-adapted to fully
light-adapted under the constant actinic illumination.

A sufcient number of pulses coupled with a suitable pulse interval (see below) should be defned in
order to fully achieve a light-adapted, steady-state of photosynthesis.

5.3.1.8. Actinic phase pulse interval (s)

Defnes the period of time between saturating pulses whilst the sample is under the defned actinic
light conditions. As a general principle, many lab groups use intervals of 30, 60 or 120 seconds for this
setting (Nies et al 2021).

5.3.1.9. Actinic phase pulse intensity in pmol m=2 s

The intensity at the sample surface in umol m? s of the saturating pulses in the actinic phase of the
experiment. The saturating pulse must be sufciently bright to transiently reduce Q, to achieve the
maximum fuorescence value (denoted as Fm' in a light-adapted sample).

When in light-adapted steady-states of photosynthesis, the light intensity required to achieve complete
reduction of Q, is signifcantly higher than for a dark-adapted sample due to the contribution of the
NPQ components active in light-adapted sample states.

Using the highest light intensity available is recommended for most samples although, the requirement
will vary according to diferent sample types.

It is worth noting that work published initially by Loriaux et al in 2013 found that even under high
saturating light intensities, complete reduction of Q, may not be achieved. Rapid turnover of the PSII
plastoquinone (PQ) acceptor pools is thought to quench some of the fuorescence and therefore
prevent the complete reduction of Q,. This introduces some potential for the true Fm'’ to be
underestimated

5.3.1.10. Actinic phase pulse width (s)

Duration of the saturating pulse in seconds. The minimum and maximum pulse width settings
available are shown in brackets below the user input. A pulse width of between 0.8 and 1 second

is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the Fm’ will not be
reached in this time with some samples leading to calculation errors in many associated parameters.
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5.3.1.11. PFDa for ETR

In principle, the linear relationship between PSIl operating e¥ciency (PPSII) and linear electron fux
allows the use of ®PSII to estimate the noncyclic electron transport rate (ETR) through PSII (Baker
2008). The parameter, denoted by the nomenclature ETR, is calculated as follows:

ETR = ®PSII x PAR x PFDa x fraction

PSII

PFDa refers to the amount of incident light received at the leaf surface which is in turn, absorbed by
the antenna pigments. This value is frequently assumed to be 0.84, i.e., 84% of incident light. This
assumption may be reasonable for many mature green leaves (Baker 2008), but is not always the case
and large deviations from this value can frequently occur (Ehleringer 1991, Hodanova 1985, Jones
1992). To achieve the most accurate estimation of ETR, PFDa should be measured using an integrating
sphere with a light source similar to that used to drive photosynthesis and a spectroradiometer or
quantum sensor (Baker 2008). The resulting value can then be entered into the PFDa for ETR user input
in the FluoroControl software.

5.3.1.12. Fraction__, for ETR

Psll
As with PFDa described above, the value for fraction, is frequently an assumed value, which here
is 0.5 (Baker 2008). This value represents the proportion of absorbed incident light intercepted by
PSIl antennae with respect to PSI antennae (Murchie and Lawson 2013). Although the 0.5 value for
fraction_,, has been estimated for leaves, it is unlikely to be accurate in many situations (Baker 2008).
The procedure is not straightforward and involves numerous assumptions (Laisk et al 1996, Laisk
et al 2006, Miyake et al 2004). Another problem is that leaves of many species accumulate non-
photosynthetic pigments, such as anthocyanins, which can markedly modify not only PFDa but also
fraction . This is often the case when leaves experience environmental stresses during development
(Baker 2008). All things considered, the actual proportionality of light use by each of the photosystems
is extremely difcult to quantify accurately, and therefore, the use of the 0.5 assumed value is
frequently used (Murchie and Lawson 2013) in the absence of a known value.

5.3.1.13. Far-red pulse intensity in pmol m2 s

Intensity of the far-red pulse at the sample surface. At the end of the actinic phase of the experiment,
the actinic light is switched oF. A pulse of far-red light is delivered by FMS-300 which allows the
measurement of the minimal fuorescence level denoted by the Fo’ parameter. To obtain this accurately
in a light-adapted leaf, PSIl reaction centres must be fully oxidised. This is achieved using a pulse of far-
red light (Murchie and Lawson 2013).

In some situations, the far-red pulse may not be su¥cient to completely re-oxidise PSIl reaction
centres. Additionally, NPQ can partially relax and therefore, an overestimation of Fo’ may occur
(Baker 2008). An additional method of calculating Fo’ is used by FMS-300 so that either a measured
or calculated Fo' may be used for forward calculation of parameters. The equation as proposed by
Oxborough and Baker, 1997, is as follows.

Fo' = Fo/[(Fv/Fm) + (Fo/Fm)]

Prior to the far-red pulse and subsequent measurement of Fo’ under far-red light, relevant paramters
that require an Fo' value are presented using a calculated Fo' according to the Baker and Oxborough
(1997) formula above. Parameters using a calculated Fo’ have a sufx of (¢c). Once the Fo’ under far-

red light has been obtained, a further set of parameters are presented that are calculated using the
measured Fo'. These parameters are denoted by a su®x of (m). In this way, FMS-300 allows parameters
using both measured and calculated Fo’ values to be compared.
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5.3.1.14. Far-red pulse width
Sets the duration of the far-red pulse when measuring the Fo’ value.

5.3.1.15. Dark relaxation phase pulse count

Defnes the number of saturating pulse events within the dark relaxation phase of the quenching
experiment. Parameters including those associated with NPQ, ®PSIl and ETR are calculated for each
saturating pulse. Fast fuorescence data is also captured during the dark relaxation pulses. This
provides interesting data showing the redox states of the diferent electron acceptors in the electron
transport chain as the sample transitions from fully light-adapted to re-dark-adapted. A su¥cient
number of pulses coupled with a suitable pulse interval (see below) should be defned in order to
analyse the dark relaxation kinetics and, in turn, the diferent components of NPQ.

5.3.1.16. Dark relaxation phase pulse interval (s)

The defnes the period of time in seconds between saturating pulses during the dark relaxation phase
of the experiment. As a general principle, many lab groups use intervals of 30, 60 or 120 seconds for
this setting (Nies et al 2021).

5.3.1.17. Dark relaxation phase pulse intensity in pmol m=2s*

The intensity in pmol m?2 s of the saturating pulses at the sample surface in the dark relaxation phase
of the experiment. The saturating pulse must be su¥ciently bright to transiently reduce Q, to achieve
the maximum fuorescence value (denoted as Fm' in a light-adapted sample).

When a leaf has been exposed to high light conditions, the light intensity required to achieve complete
reduction of Q, is signifcantly higher than for a dark-adapted sample due to the contribution of

the NPQ components that remain active for a period of time when the actinic illumination has been
switched of. Using the highest light intensity available is recommended for most samples although, the
requirement will vary according to diferent sample types.

It is worth noting that work published initially by Loriaux et al in 2013 found that even under high
saturating light intensities, complete reduction of QA may not be achieved. Rapid turnover of the
PSII plastoquinone (PQ) acceptor pools is thought to quench some of the fuorescence and therefore
prevent the complete reduction of QA. This introduces some potential for the true Fm’ to be
underestimated.

5.3.1.18. Dark relaxation phase pulse width (s)

Duration of the saturating pulse in seconds. The minimum and maximum pulse width settings
available are shown in brackets below the user input. A pulse width of between 0.8 and 1 second

is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the Fm’ will not be
reached in this time with some samples leading to calculation errors in many associated parameters.

54 Routine 4: Light Response Curve

The Light Response Curve routine allows the user to analyse the electron transport rate (ETR)
parameter for a series of periods of actinic illumination with increasing intensity. At the end of the
experiment, FluoroControl plots ETR vs PPFD and calculates parameters including maximum ETR
(ETRmax) and the minimum saturating irradiance (Ek). Users can enable dark relaxation analysis which
will perform up to 5 additional saturating pulses once the actinic illumination has been switched of.
This allows the dark relaxation induction kinetics of non-photochemical quenching to be analysed.
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Fast fuorescence data are also acquired for each of the saturating pulse events which allows the redox
states of the diferent electron acceptors in the electron transport chain to be studied as the actinic
light intensity increases though the experiment.

FMS-300 can execute light response experiments either using a rapid light curve (RLC) technique or a
more traditional steady-state light curve (SSLC) method depending on the duration of the actinic steps
defned by the user.

5.4.1 Light response curve settings

5.4.1.1. Recommended optical accessory

A rapid light curve-based routine will typically begin with an initial quasi-dark period of no more than
10 seconds (see below). Therefore, it is recommended to use the dark-adaptation leafclip for these
experiments.

For SSLC, the open-faced PTL-100 allows measurements of light response based on the preceding light
history with no dark-adaptation period necessary. However, if NPQ kinetics are also of interest during
the SSLC experiment, a dark-adapted sample should be used for an initial measurement of Fv/Fm and
therefore, the dark-adaptation leafclip should be used.

54.1.2. PFDaforETR

In principle, the linear relationship between PSIl operating e¥ciency (PPSII) and linear electron fux
allows the use of ®PSII to estimate the noncyclic electron transport rate (ETR) through PSII (Baker
2008). The parameter, denoted by the nomenclature ETR, is calculated as follows:

ETR = ®PSII x PAR x PFDa x fraction

PSII

PFDa refers to the amount of incident light received at the leaf surface which is in turn, absorbed by
the antenna pigments. This value is frequently assumed to be 0.84, i.e., 84% of incident light. This
assumption may be reasonable for many mature green leaves (Baker 2008), but is not always the case
and large deviations from this value can frequently occur (Ehleringer 1991, Hodanova 1985, Jones
1992).

To achieve the most accurate estimation of ETR, PFDa should be measured using an integrating sphere
with a light source similar to that used to drive photosynthesis and a spectroradiometer or quantum
sensor (Baker 2008). The resulting value can then be entered into the PFDa for ETR user input in the
FluoroControl software.

5.4.1.3. Fraction_. forETR

PSII
As with PFDa described above, the value for fraction, is frequently an assumed value, which here
is 0.5 (Baker 2008). This value represents the proportion of absorbed incident light intercepted by
PSIl antennae with respect to PSI antennae (Murchie and Lawson 2013). Although the 0.5 value for
fraction_, has been estimated for leaves, it is unlikely to be accurate in many situations (Baker 2008).
The procedure is not straightforward and involves numerous assumptions (Laisk et al 1996, Laisk
et al 2006, Miyake et al 2004). Another problem is that leaves of many species accumulate non-
photosynthetic pigments, such as anthocyanins, which can markedly modify not only PFDa but also
fraction_ . This is often the case when leaves experience environmental stresses during development
(Baker 2008). All things considered, the actual proportionality of light use by each of the photosystems
is extremely difcult to quantify accurately, and therefore, the use of the 0.5 assumed value is

frequently used (Murchie and Lawson 2013) in the absence of a known value.
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5.4.1.4. Dark delay

This setting allows a period of dark-adaptation to be defned prior to the frst saturating pulse event.
Rapid light curve experiments will typically begin with an initial quasi-dark period of no more than

10 seconds. This allows rapid reoxidation of the primary electron acceptor (Q,), without substantial
relaxation of the non-photochemical quenching coe®¥cient (Schreiber, 2004). This contrasts with an
extended, full dark-adaptation period of several minutes or more, used, for example, in measurements
of fast chlorophyll fuorescence induction. Under full dark-adaptation, the light and dark reactions
become inactive, leading to complete re-oxidation of the photosystems (Rascher et al., 2000). If
complete re-oxidation of PSI and PSIl occurred, illumination in the RLC protocol would have an
induction efect, making interpretation of the data more complex.

5.4.1.5. Actinic step duration (s)

Sets the duration in seconds for each period of actinic illumination during the light response curve. The
value set depends on the type of light curve experiment required. For SSLC experiments, the duration
must be sufcient for steady-state fuorescence to be achieved at each actinic step.

For RLC-based experiments, the opposite is necessary; fuorescence should not achieve steady-state.
Recommended durations in RLC experiments are 10 seconds at each actinic step (White and Critchley
1999). Durations greater than 10 seconds can be used but should be less than 30s (Houliez et al 2017).

5.4.1.6. Number of actinic steps

Defnes the number of actinic light steps and the intensities used for each of st skl

those steps. The number of actinic steps is selected from a drop-down user g ~

interface. The available choices are 8 - 12 steps. Below this user interface,

a light table is populated with the number of rows refecting the number of Step Intensity
actinic steps selected (Figure 17). ] 10

The intensity of each actinic step is initially pre-populated with default 25| »

values. These values may be manually overwritten with custom actinic
intensity settings to suit your experiment. A slow, double-click in the 3 50
intensity setting box makes the value editable. The ideal settings for the

intensities will generate several data points in each of the light-limited, light- 4 100
saturated and photoinhibited/down-regulated regions described in section 5 175
5.4.1.9 below.
3] 250
For samples that photosynthesise more e¥ciently under lower light
conditions, measuring more data points during the light-limited region i.e. ! 350
more steps at lower actinic intensities, will provide a better estimation of g 500
the a parameter. If the sample is high-light tolerant, then more data points
in the light-saturated and photoinhibited regions i.e. more steps at higher Figure 17. Setting the
actinic intensities, will provide more interesting results. number and intensity of

each actinic step.
5.4.1.7. Pulse intensity in pmol m2s

The intensity in pumol m2 s of the saturating pulses at the sample surface in the dark relaxation phase
of the experiment. The saturating pulse must be su¥ciently bright to transiently reduce Q, to achieve
the maximum fuorescence value (denoted as Fm' in a light-adapted sample). When a leaf has been
exposed to high light conditions, the light intensity required to achieve complete reduction of Q, is
signifcantly higher than for a dark-adapted sample due to the contribution of the NPQ components
that remain active for a period of time when the actinic illumination has been switched of.
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Using the highest light intensity available is recommended for most samples although, the requirement
will vary according to diferent sample types.

It is worth noting that work published initially by Loriaux et al in 2013 found that even under high
saturating light intensities, complete reduction of Q, may not be achieved. Rapid turnover of the PSII
plastoquinone (PQ) acceptor pools is thought to quench some of the fuorescence and therefore
prevent the complete reduction of Q,. This introduces some potential for the true Fm' to be
underestimated.

5.4.1.8. Pulse width (s)

Duration of the saturating pulse in seconds. The minimum and maximum pulse width settings
available are shown in brackets below the user input. A pulse width of between 0.8 and 1 second

is recommended. If the saturating pulse is shorter than 0.8s, there is a risk that the Fm’ will not be
reached in this time with some samples leading to calculation errors in many associated parameters.

5.4.1.9. Dark relaxation (mins)

Enabling dark relaxation provides further saturating pulses at given times depending on the number
of minutes selected in the user input. These pulses allow the relaxation kinetics of non-photochemical
processes triggered by the increasing light intensities within the light response experiment to be
studied. The diferent settings will provide the following pulses:

® 0: No dark-relaxation pulses. Routine fnishes on completion of the light response curve.
@® 1:Pulses after 30 s and 1 min of darkness following the light response curve.

® 2:Pulses after 30s, 1 and 2 mins of darkness following the light response curve.

® 5: Pulses after 30s, 1, 2 and 5 mins of darkness following the light response curve.

® 10: Pulses after 30s, 1, 2, 5 and 10 mins of darkness following the light response curve.

Fast fuorescence data is also captured during the dark relaxation pulses. This provides interesting
data showing the redox states of the diferent electron acceptors in the electron transport chain as the
sample transitions from fully light-adapted to re-dark-adapted.

5.4.1.10. Lightresponse analysis tab

Upon completion of the light response routine, in addition to calculated parameters being available

to view in the Parameters tab, a further Analysis tab is available to view (Figure 19). The tab contains a
graphical plot of the calculated electron transport rate over PAR for each of the actinic steps defned in
the light response routine. The purpose if this analysis method is to show the three distinct regions of
the light response of a sample. Those regions are as follows:

® Light-limited region (Figure 18, A)
Photosynthetic rates are limited by low light levels in the light-limited region. The parameter a
indicates the slope of the rise of ETR vs. PPFD and is proportional to efciency of light capture
(efFective quantum yield or ®PSII) (Schreiber, 2004).

® Light-saturated region (Figure 18, B)
During this phase, the capacity of the electron transport chain limits the electron transport rate.
The ETR vs. PPFD curve reaches a plateau where maximum ETR occurs (denoted by the parameter
ETR, ) (Schreiber, 2004). The minimum saturating irradiance, denoted by the parameter E,
(sometimes referred to as |,), is determined by fnding the intercept of a and ETR__ (Sakshaug et
al., 1997) and can be related to quenching. Below E,, photochemical quenching is the dominant
pathway whereas non-photochemical quenching is dominant above E, (Henley, 1993).
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® Photoinhibited/Down-regulated region (Figure 18, C)
In this region, where the plant is subjected to supra-saturating light intensities, the ETR vs. PPFD
curve often tends to decline, which could be associated with photoinhibition (Henley, 1993).
This efect would be more likely to occur with traditional P — E or SSLCs, where steady-state
photosynthetic rates are achieved. However, as steady-state is not achieved in RLC protocaols,
there isn't normally sufcient time for photodamage to occur. It has been suggested that the
decline of ETR at supra-saturating light intensities could be linked to dynamic down-regulation of

PSII (White and Critchley, 1999).

1200 1400 1600

o 200 400 600 800 1000
PAR (umol m?s)

Figure 18. With ETR plotted against PPFD, the graph shows three distinct regions; (A) Light-
limited region, (B) Light-saturated region and (C) Photoinhibited/Down-regulated region.
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Figure 19. The Analysis tab is available to view on completion of a light response curve routine.
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The Analysis tab lists the values for ETR calculated during the experiment and the PAR values used

in each of the corresponding light steps in a table on the left side of the screen (Figure 19). From this
data, a curve that models the relationship between PAR and ETR can be calculated. The plotted curve
is a line of best ft for the measured data which is modelled using the Levenberg-Marquardt algorithm
(Levenberg, 1944 and Marquardt, 1963) which was developed to solve non-linear least squares
problems.

The algorithm fnds values for the parameters a, 3 and ETRs for a curve with the best Tt to the
measured data. It then repeats the calculation, fne-tuning the values of the parameters until it reaches
a stable solution to the equation with the least error. These parameter values can be used in the
equation to plot a curve and to calculate values of ETR __ and E,.

The value calculated for a is the slope of the linear part of the curve, the light-limited region at low PAR
values. B is the slope at the end of the curve (at higher PAR values). ETRs is the maximum possible ETR
if there is no decrease in ETR at higher PAR levels. ETR _ is the maximum ETR value of the curve. E, is
the minimum saturating irradiance, the PAR value corresponding to the point at which the extrapolated
linear part of the curve (where a is determined) reaches ETR .

5,5 Routine 5: Multi-Maximum QY

The Multi-Maximum QY routine provides a tool for executing multiple Fv/Fm measurements with

the results traces overlaid in the graph axes. This approach is particularly useful when making either
multiple measurements on a single plant or when making single measurements from multiple samples
where having all measurements in a single fle is advantageous.

5.5.1 Multi-Maximum QY settings

The settings for this routine are the same as for Routine 1: Maximum QY (see section 5.2) except that
the measurement of dark relaxation kinetics is not ofered in this routine.

5.6 Routine 6: Multi-Effective QY

The Multi-EFective QY routine provides a tool for executing multiple ®PSII measurements with the
results traces overlaid in the graph axes. This approach is particularly useful when making either
multiple measurements on a single plant or when making single measurements from multiple samples
where having all measurements in a single fle is advantageous.

5.6.1 Multi-EFective QY settings

The settings for this routine are the same as for Routine 2: EFective QY (see section 5.3).

5.7 User-interface differences when using “multi” routines

When selecting either of the “Multi” routines, the user-interface and data acquisition screens difer
slightly from other routines. These diferences refect other tools and functionality required when
making multiple measurements in a single data fle.

“Multi” routines save individual measurements or runs, as part of a session. Once a session has been
started, users can make as many runs as required either on the same, or multiple samples. The traces
from these individual runs will be overlaid both in the upper and lower graphs of the data acquisition
screen. At the end of the session, all runs are saved, and may be exported to CSV, as a single Fle.
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5.7.1 “Multi” session controls
Multi Maximum QY 5 Data acquisition Parameters

Begin session  Label: #6 Run Stop Erase last run Erase all runs End session Save Export New Run count: 5

[ (O R R N A
A B CDE F GHIJK

Figure 20. Controls for the data acquisition screen when making measurements
using Multi Maximum QY and Multi Effective QY routines.

Before beginning a session, the measurement confguration options should be selected. For
information on the available options for the Multi Maximum QY routine, please refer to section 5.2. For
the Multi EFfective QY confguration settings, please refer to section 5.3. Once the settings have been
confgured, all measurements within the session will use the same settings i.e. sessions cannot consist
of measurements with diferent light intensities.

® To begin a session, click on the “Begin session” button (Figure 20, A). This will disable the routine
confguration settings panel.

® Allocate an identifcation label to the frst run in the session by entering alphanumeric characters
into the label entry feld (Figure 20, B). If no label is entered, a default label structure of #xx will be
automatically assigned (where xx corresponds to the run number within the current session).

® Position the FMS-300 fbre-optic (with the relevant leafclip for the routine) onto a sample, then
click the “Run” button (Figure 20, C) to execute the measurement. The fuorescence signals will be
plotted in the upper and lower graphs of the data acquisition screen with parameters associated
with the measurement populating the Last Measurement Parameters bar.

® The identifcation label that was assigned prior to execution of the measurement will populate the
run list to the right of the graph area (Figure 21, A).

® Continue to make measurements within the session as required. Subsequent runs will be over-
plotted in the upper and lower graph areas with their corresponding ID labels added to the
bottom of the run list (Figure 21, A).

® The “Erase last run” button (Figure 20, E) can be used to delete the most recent run. The “Erase all
runs” button (Figure 20, F) can be used to delete all runs within the session.

® The Run count (Figure 20, K) indicates the number of individual runs that have been made within
the current session.

® Once all measurements required have been completed, click on the “End session” button (Figure
20, G) to conclude the measurement session. The “Save” button (Figure 20, H) will now become
active allowing the session to be saved as a single fle containing all measurement data. Once
saved, the data can be exported to CSV fle format using the “Export” button (Figure 20, 1).

Other controls on the data acquisition screen are:

@® Stop. Aborts current run (Figure 20, D).
® New. Creates a new instance of the routine in a new routine tab (Figure 20, J).
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5.7.2 Highlighting individual measurements
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Figure 21. In “Multi” routines, individual measurements/runs within the session may be
highlighted for better visualisation and comparison between measurements.

The Data Acquisition screen in “Multi” routines has an additional panel between the graph area and the
last measurement parameters panel. Within a session, each run is listed in chronological order from
oldest to most recent and indicated either by a user-defned alpha-numeric ID label (Figure 21, A) or
alternatively, by a default ID corresponding to the run number within the current session. Each run is

also fanked by a coloured disc which corresponds to the trace colour within each of the fuorescence
graphs.

With multiple runs in a session, the graph areas can become “busy”. Using the runs list panel, users
may select individual or groups of individual runs to highlight for closer visual inspection.

By default, all traces are displayed with equal emphasis within the graph areas. These runs are also
highlighted within the run list panel with a grey background behind the ID label.

Clicking on a single run within the list panel prioritises the specifc measurement in the graph areas by
reducing the visibility of all non-selected runs (Figure 21, C). In addition, only the selected run within the
list panel is highlighted with a grey background (Figure 21, A).
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Groups of individual runs may be selected:

@® For aconsecutive group of runs:
Click the frst run to be highlighted, hold down the Shift key then click the last required run.
® For a non-consecutive group of runs:
Click the frst run to be highlighted, hold down the Control key then click all other required runs.

From the Trace selection panel (Figure 21, B), users may toggle the emphasis of either all runs, no runs,
or the most recent (last) run.

To assist with visual inspection of selected measurements, the Contrast slider at the bottom of the
Trace selection panel allows the contrast between selected and non-selected measurements to be
adjusted. The visibility of non-selected measurements is reduced by moving the slider to the right and
increased by moving the slider to the left.

5.8 Exporting data from FluoroControl

Following completion of each experiment, measured data must be initially saved before it can be
exported to a comma separated values (CSV) fle format. CSV fles can be opened in a wide range of
commercially and freely available data processing software programs such as Microsoft Excel™, Google
Sheets™, and Sigmaplot.

From the Data Acquisition screen in any routine, the “Export” to CSV button becomes available once the
experiment has been saved to *.FMS format. Clicking the “Export” button brings up the Windows “File
save as...” dialogue allowing you to save the CSV fle to a location of your choosing.

5.8.1 Format of the exported CSV data fle

The exported CSV data fle contains all information from the saved experiment. The data is grouped
into separate sections which allows maximum Fexibility in further analysing diferent elements of the
experiment. Each section is clearly defned with a “START SECTION: XX” row in the CSV fle (where “XX” is
the name of the section as described in the list below). The diferent data groups are as follows:

e Section 1: Software
This section contains information relating to the version of software in use when the exported
measurement was initially made. This information should be relayed to Hansatech Instruments
during a request for technical support.

e Section 2: Instrument
Relates to the FMS-300 control unit used to make the exported measurement. The model and
serial number, frmware version, and date and time of instrument calibration are all shown.
As with the software information above, this information is important to relay to Hansatech
Instruments when requesting technical support.

e Section 3: Routine Confg
The specifc routine and all the confguration settings defned for the experiment. It also includes
instrument settings information used for the experiment. Data including optical accessory
confgured, measuring LED intensity, and gain setting from the instrument settings screen are
saved along with the exported fle data.

e Section 4: Runs
This section is only populated when the experiment uses a Multi Maximum or Efective QY routine.
It shows the number of runs recorded within the experiment and the date and time when they
were initiated.

Hansatech Instruments Ltd

Narborough Road, Pentney, King's Lynn, Norfolk PE32 1)L, UK

Tel: +44 (0)1760 338877 Ha nsa teC'h
info@hansatech-instruments.com Instruments
www.hansatech-instruments.com



User Manual

e Section 5: Parameters
Contains all measured and calculated parameters for each saturating pulse events during the
routine. The section consists of a minimum of 3 columns within the CSV fle. The frst column
shows the category of the parameter. This category relates to the group in the FluoroControl
Parameters tab where the specifc parameter can be found. The second column shows the name
of the parameter. The third column shows the values for each of the parameters for the frst
saturating pulse event in the experiment. Subsequent columns are populated if more than one
saturating pulse event occurred within the experiment.
e Section 6: Kinetics
Presents individual time-stamped data points from each saturating pulse event. This allows the
fast fuorescence kinetics (OJIP curve) to be replotted for further analysis. The frst column contains
the relative time of each fuorescence data point capture. Subsequent columns contain the
measured data points; one column for each of the saturating pulse events within the experiment.
e Section 7: Linear
This section contains the individual time-stamped data points from the entire experiment in a
sequential format. This section consists of a minimum of seven columns as follows:
e Block start time (s)
FMS-300 acquires data in blocks of 100 milliseconds. In standard acquisition (i.e. not during a
saturating pulse event), data points are captured at a frequency of 10 Hz or 1 data point every
100 milliseconds (i.e. 1 data point per block). The start time of each of the 0.1 second blocks is
listed in the Block start time column.

e Actinic
This column indicates the actinic or saturating light intensity provided by the FMS-300 at the
time the fuorescence data point was captured. The value is displayed in pmol m?2 s,

e PAR
This column shows data gathered from the PAR sensor on the PTL-100 at the time the
fuorescence data point was captured. This value will only be displayed if the PTL-100 was
connected to the FMS-300 and confgured as the optical accessory in the instrument settings
screen. The value is displayed in pmol m?2 s,

e Temp
This column shows data gathered from the leaf temperature sensor on the PTL-100 at the time
the fuorescence data point was captured. This value will only be displayed if the PTL-100 was
connected to the FMS-300 and confgured as the optical accessory in the instrument settings
screen. The value is displayed in °C.

e Sample time
The sample time column shows the relative time during the experiment where the fuorescence
data point was captured. During standard acquisition rates, subsequent row values will be
0.1 second increments. However, during saturating pulse events, data acquisition frequency
changes to allow capture of fast fuorescence kinetics. The incremental change from row-to-row
in this column refects this frequency change.

e Fluor
This column shows the acquired fuorescence value for each data point. If there are more than
one saturating pulse events within the experiment, there will be multiple Fluor columns.

Hansatech Instruments Ltd

Narborough Road, Pentney, King's Lynn, Norfolk PE32 1)L, UK

Tel: +44 (0)1760 338877 Ha nsa teC'h
info@hansatech-instruments.com Instruments
www.hansatech-instruments.com



User Manual

6. References

Baker NR. Chlorophyll fuorescence: a probe of photosynthesis in vivo. Annu Rev Plant Biol. 2008;59:89-
113. https://doi.org/10.1146/annurev.arplant.59.032607.092759. PMID: 18444897.

Neil R. Baker, Eva Rosenqvist, Applications of chlorophyll fuorescence can improve crop production
strategies: an examination of future possibilities, Journal of Experimental Botany, Volume 55, Issue 403,
August 2004, Pages 1607-1621, https://doi.org/10.1093/jxb/erh196

Ehleringer JR. 1991. Temperature and energy budgets. In Plant Physiological Ecology, ed. RW Pearcy, |
Ehleringer, HA Mooney, PW Rundel, pp. 97-135. London: Chapman and Hall

Henley WI (1993). Measurement and interpretation of photosynthetic light-response curves in algae in
the context of photoinhibition and diel changes. ] Phycol 29:729-738

Hodanova D. 1985. Leaf optical properties. In Photosynthesis during Leaf Development, ed. Z Sestak,
pp. 107-127. Praha: Academia

Houliez, E., Lefebvre, S., Lizon, F., Schmitt, F.G., (2017). Rapid light curves (RLC) or non-sequential
steady-state light curves (N-SSLC): which fuorescence-based light response curve methodology
robustly characterizes phytoplankton photosynthetic activity and acclimation status? Mar Biol (2017)
164:175

Igbal, M.J., Goodwin, P.H., Leonardos, E.D. and Grodzinski, B. (2012), Spatial and temporal changes
in chlorophyll fuorescence images of Nicotiana benthamiana leaves following inoculation with
Pseudomonas syringae pv. tabaci. Plant Pathology, 61: 1052-1062. https://doi.org/10.1111/j.1365-
3059.2012.02592.x

Johnson, G., Horton, P., Scholes, J., Grime, P. (1990). Fluorescence Responses on Step Changes in
Irradiance by Plants from Diferent Light Habitats. In: Baltschefsky, M. (eds) Current Research in
Photosynthesis. Springer, Dordrecht. https://doi.org/10.1007/978-94-009-0511-5 711

Jones HG. 1992. Plants and Microclimate (2nd edition). Cambridge: Cambridge Univ. Press. 428 pp.

Kalaji, M.H., Goltsev, V.N., Zuk-Gotaszewska, K., Zivcak, M., & Brestic, M. (2017). Chlorophyll
Fluorescence: Understanding Crop Performance — Basics and Applications (1st ed.). CRC Press. https://
doi.org/10.1201/9781315153605

Laisk A, Loreto F. 1996. Determining photosynthetic parameters from leaf CO2 exchange and
chlorophyll fuorescence. Ribulose-1,5-bisphosphate carboxylase/oxygenase specifcity factor, dark
respiration in the light, excitation distribution between photosystems, alternative electron transport
rate, and mesophyll difusion resistance. Plant Physiol. 110:903-12

Laisk A, Eichelmann H, Oja V, Rasulov B, R "amma H. 2006. Photosystem Il cycle and alternative electron
fow in leaves. Plant Cell Physiol. 47:972-83

Levenberg, Kenneth (1944). “A Method for the Solution of Certain Non-Linear Problems in Least
Squares”. Quarterly of Applied Mathematics. 2 (2): 164-168. https://doi.org/10.1090/qam/10666.

Lichtenthaler, H.K., Babani, F. (2004). Light Adaptation and Senescence of the Photosynthetic
Apparatus. Changes in Pigment Composition, Chlorophyll Fluorescence Parameters and Photosynthetic
Activity. In: Papageorgiou, G.C., Govindjee (eds) Chlorophyll a Fluorescence. Advances in Photosynthesis
and Respiration, vol 19. Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-3218-9 28

Hansatech Instruments Ltd

Narborough Road, Pentney, King's Lynn, Norfolk PE32 1)L, UK

Tel: +44 (0)1760 338877 Ha nsa teC'h
info@hansatech-instruments.com Instruments
www.hansatech-instruments.com



User Manual

Loriaux, S. D., Avenson, T.J., Welles, J. M., McDermitt, D. K., Eckles, R. D., Riensche, B., & Genty, B.
(2013). Closing in on maximum yield of chlorophyll fuorescence using a single multiphase fash of sub-
saturating intensity. Plant, cell & environment, 36(10), 1755-1770.

Marquardt, Donald (1963). “An Algorithm for Least-Squares Estimation of Nonlinear Parameters”.
SIAM Journal on Applied Mathematics. 11 (2): 431-441. https://doi.org/10.1137/0111030. hdl:10338.
dmlcz/104299.

Kate Maxwell , Giles N. Johnson, Chlorophyll fuorescence—a practical guide, Journal of Experimental
Botany, Volume 51, Issue 345, April 2000, Pages 659-668, https://doi.org/10.1093/jexbot/51.345.659

Miyake C, Shinzaki Y, Miyata M, Tomizawa K. 2004. Enhancement of cyclic electron fow around PSI at
high light and its contribution to the induction of nonphotochemical quenching of chl fuorescence in
intact leaves of tobacco plants. Plant Cell Physiol. 45:1426-33

E.H. Murchie, T. Lawson, Chlorophyll fuorescence analysis: a guide to good practice and understanding
some new applications, Journal of Experimental Botany, Volume 64, Issue 13, October

Nies, Tim & Niu, Yuxi & Ebenhdh, Oliver & Matsubara, Shizue & Matuszynska, Anna. (2021). Chlorophyll
fuorescence: How the quality of information about PAM instrument parameters may afect our
research. https://doi.org/10.1101/2021.05.12.443801.

Oxborough K, Baker NR.

Resolving chlorophyll a fuorescence images of photosynthetic e¥ciency into photochemical and non-
photochemical components—calculation of gP and Fv'/Fm’ without measuring Fo'.

Photosynthesis Research 54, 135-142. 1997.

Padhi, B., Chauhan, G., Kandoi, D., Stirbet, A., Tripathy, B.c., & Govindjee, G. (2021). A comparison
of chlorophyll fuorescence transient measurements, using Handy PEA and FluorPen fuorometers.
Photosynthetica, 59(SPECIAL ISSUE), 399-408. https://doi.org/10.32615/ps.2021.026

Rascher, U, Liebig, M., Luttge, U., (2000). Evaluation of instant light-response curves of chlorophyll
fuorescence parameters obtained with a portable chlorophyll fuorometer on site in the feld. Plant Cell
Environ. 23, 1397-1405.

Alexander V. Ruban, Nonphotochemical Chlorophyll Fluorescence Quenching: Mechanism and
Efectiveness in Protecting Plants from Photodamage, Plant Physiology, Volume 170, Issue 4, April 2016,
Pages 1903-1916, https://doi.org/10.1104/pp.15.01935

Sakshaug, E., Bricaud, A., Dandonneau, Y., Falkowski, P.G., Kiefer, D.a., Legendre, L., Morel, A., Parslow,
J., Takahshi, M., (1997) Parameters of photosynthesis: defnitions, theory and interpretation of results. ]
Plankton Res 19:1637-1670

Schreiber, U. Pulse-Amplitude-Modulation (PAM) Fluorometry and Saturation Pulse Method:

An Overview. In: Papageorgiou, G.C., Govindjee (eds) Chlorophyll a Fluorescence. Advances in
Photosynthesis and Respiration, vol 19. Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-3218-
9 11 (2004).

Strasser RJ, Srivastava A, Tsimilli-Michael M The fuorescence transient as a tool to characterize
and screen photosynthetic samples. In: Mohanty P, Yunus, Pathre (eds) Probing photosynthesis:
mechanism, regulation and adaptation. Taylor and Francis, London, pp 443-480 (2000)

Strasser, R.J., Tsimilli-Michael, M. and Srivastava, A. Analysis of the Chlorophyll a Fluorescence Transient.
In: Papageorgiou, G.C. and Govindjee, Eds., Chlorophyll a Fluorescence: A Signature of Photosynthesis,
Springer, New York, 321-362 (2004).

Hansatech Instruments Ltd

Narborough Road, Pentney, King's Lynn, Norfolk PE32 1)L, UK

Tel: +44 (0)1760 338877 Ha nsa teC'h
info@hansatech-instruments.com Instruments
www.hansatech-instruments.com



F M S o 3 OO User Manual 43

Tsimilli-Michael M.
Revisiting JIP-test: An educative review on concepts, assumptions, approximations, defnitions and
terminology. Photosynthetica. 2020 Jan 1;58(special issue):275-92.

Qian Xia, Hao Tang, Lijiang Fu, Jinglu Tan, Govindjee Govindjee, Ya Guo.
Determination of Fv/Fm from Chlorophyll a Fluorescence without Dark Adaptation by an LSSVM Model.
Plant Phenomics. 2023;5:0034.https://doi.org/10.34133/plantphenomics.0034

White, A.., & Critchley, C. (1999). Rapid light curves: a new fuorescence method to assess the state of
the photosynthetic apparatus. Photosynth. Res., 59, 63-72.

Zivcak, Marek & Olsaovska, Katarina & Slamka, Pavol & GalamboSova, Jana & Rataj, Vladimir & Shao,
Hongbo & Kalaji, Hazem & Brestic, Marian. (2014). Measurements of chlorophyll fuorescence in
diferent leaf positions may detect nitrogen defciency in wheat. Zemdirbyste. 101. 437-444.

Hansatech Instruments Ltd

Narborough Road, Pentney, King's Lynn, Norfolk PE32 1JL, UK
Tel: +44 (0)1760 338877 a e C‘

|nfo@hansatech-_lnstruments.com Instruments
www.hansatech-instruments.com



	Front cover
	Contents
	Introduction
	Safety
	Document conventions
	Notice
	Declaration of conformity
	User Registration
	FMS-300 warranty

	Setting up the FMS-300
	What’s in the box?
	Installing the software
	Connections to the control unit
	Powering up & communications
	Fibre-optic cable support arm and clamp

	FMS-300 leafclips
	Dark-adaptation leafclips
	PTL-100 leafclip
	Positioning of leafclips
	Light guides

	FluoroControl software
	FluoroControl functions
	Instrument settings
	Eye Safety
	Selecting the optical accessory
	Measuring LED
	Important considerations
	Setting the intensity of the measuring LED

	Setting the gain

	Beginning a routine 
	Routine tab list

	Routine tab
	Data acquisition screen
	The upper graph area – real-time fluorescence signal
	The lower graph area – fast fluorescence signal
	Data panel meter
	Last measurement parameters

	Parameters screen



	Measurement routines
	Routine 1: Maximum QY
	Dark-adapting samples
	Maximum QY settings
	Recommended optical accessory
	Dark delay
	Pulse intensity
	Pulse width (s)
	Dark relaxation (mins)


	Routine 2: Effective QY
	Effective QY settings
	Recommended optical accessory
	Pre-conditioning
	Pulse intensity
	Pulse width (s)
	PFDa for ETR
	FractionPSII for ETR


	Routine 3: Quenching
	Quenching settings
	Recommended optical accessory
	Dark delay
	Fv/Fm pulse intensity in µmol m-2 s-1
	Fv/Fm pulse width
	Delay after Fv/Fm pulse
	Actinic intensity in µmol m-2 s-1
	Actinic phase pulse count
	Actinic phase pulse interval (s)
	Actinic phase pulse intensity in µmol m-2 s-1
	Actinic phase pulse width (s)
	PFDa for ETR
	FractionPSII for ETR
	Far-red pulse intensity in µmol m-2 s-1
	Far-red pulse width
	Dark relaxation phase pulse count
	Dark relaxation phase pulse interval (s)
	Dark relaxation phase pulse intensity in µmol m-2 s-1
	Dark relaxation phase pulse width (s)


	Routine 4: Light Response Curve
	Light response curve settings
	Recommended optical accessory
	PFDa for ETR
	FractionPSII for ETR
	Dark delay
	Actinic step duration (s)
	Number of actinic steps
	Pulse intensity in µmol m-2 s-1
	Pulse width (s)
	Dark relaxation (mins)
	Light response analysis tab


	Routine 5: Multi-Maximum QY
	Multi-Maximum QY settings

	Routine 6: Multi-Effective QY
	Multi-Effective QY settings

	User-interface differences when using “multi” routines
	“Multi” session controls
	Highlighting individual measurements

	Exporting data from FluoroControl
	Format of the exported CSV data file


	References



