Journal of Visualized Experiments

The use of detached leaf assays to simplify gene expression studies in potato during

infestation by the chewing insect Manduca sexta
--Manuscript Draft--

Article Type: Invited Methods Atrticle - JOVE Produced Video
Manuscript Number: JoVE59153R1
Full Title: The use of detached leaf assays to simplify gene expression studies in potato during

infestation by the chewing insect Manduca sexta

Keywords: Infestation; Manduca sexta; Solanum tuberosum var. Kennebec; herbivory; C2H2
zinc finger transcription factor; defense pathway; jasmonic acid

Corresponding Author: Susan D Lawrence
"USDA-ARS Beltsville Agricultural Research Center"
Beltsville, MD UNITED STATES

Corresponding Author's Institution: "USDA-ARS Beltsville Agricultural Research Center"
Corresponding Author E-Mail: Susan.Lawrence@ars.usda.gov
Order of Authors: Nicole G Novak

Frances G. Perez

Richard W. Jones

Susan D Lawrence
Additional Information:

Question Response

Please indicate whether this article will be Standard Access (US$2,400)
Standard Access or Open Access.

Please indicate the city, state/province, Beltsville, MD, USA
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

Nicole G. Novak

USDA-ARS

Invasive Insect and Biocontrol and Behavior Lab
10300 Baltimore Ave

Beltsville, MD USA 20705

301-504-6185

Nicole.Novak@ars.usda.gov

Dr. Lyndsay Troyer
Science Editor
JoVE

September 26, 2018
Dear Dr. Troyer

Thank you for the invitation to submit our manuscript entitled “Detached leaf assays: A simplified approach to study gene
expression in potato during infestation by the chewing insect Manduca sexta”.

The manuscript describes a novel approach to insect infestation protocols that will streamline popular methods used to create
damaged plant tissue. The challenge was to incorporate the many scientific disciplines involved in the protocol, namely;
Entomology, Plant Physiology and Molecular Biology. We believe the final product succeeds in describing a unique and useful
alternative to the more traditional infestation studies in the current literature.

For critical review of the manuscript may we suggest the following:

Jacquie Bede

Department of Plant Science

McGill University, 21,111 Lakeshore, Ste-Anne-de-Bellevue, QC, H9X 3V9, Canada.
jacqueline.bede@mcgill.ca

Linda L. Walling
Department of Botany and Plant Sciences, Center for Plant Cell Biology, University of California, Riverside, California 92521
lwalling@ucr.edu

Dominique Michaud
Service Pavilion 2440 Hochelaga Blvd. Local 2736 Laval University
dominigue.michaud@fsaa.ulaval.ca

Helen Tai

Agriculture and Agri-Food Canada, Fredericton Research and
Development Centre

850 Lincoln Road

PO Box 20280

Fredericton, New Brunswick E3B 4Z7

Email; helen.tai@agr.gc.ca

It was a pleasure to highlight the unique aspects of our work involving analysis of plant gene expression during insect herbivory!




Manuscript Click here to access/download;Manuscript;58153_R1_RE.docx 2

1  TITLE:
2 Detached Leaf Assays to Simplify Gene Expression Studies in Potato During Infestation by
3  Chewing Insect Manduca sexta
4
5 AUTHORS AND AFFILIATIONS:
6  Nicole G. Novak?, Frances G. Perez?, Richard W. Jones? and Susan D. Lawrence!
7
8 lUnited States Department of Agriculture (USDA), Agricultural Research Service (ARS), Invasive
9 Insect and Biocontrol and Behavior Lab, Beltsville, MD USA
10  2USDA-ARS Genetic Improvement for Fruits and Vegetables Lab Beltsville, MD USA
11
12 Corresponding Author:
13 SusanD. Lawrence (Susan.lawrence@ars.usda.gov)
14
15  Email Address of Co-authors:
16  Nicole G. Novak (Nicole.novak@ars.usda.gov)
17  Frances G. Perez (frances.perez@ars.usda.gov)
18  Richard W. Jones (Richard.jones@ars.usda.gov)
19
20 KEYWORDS:
21  Infestation, Manduca sexta, Solanum tuberosum var. Kennebec, herbivory, C2H2 zinc finger
22 transcription factor, defense pathway, jasmonic acid
23
24 SUMMARY:
25  The presented method creates natural herbivore damaged plant tissue through the application
26  of Manduca sexta larvae to detached leaves of potato. The plant tissue is assayed for expression
27  of six transcription factor homologs involved in early responses to insect herbivory.
28
29  ABSTRACT:
30 The multitrophic nature of gene expression studies of insect herbivory demands large numbers
31  of biological replicates, creating the need for simpler, more streamlined herbivory protocols.
32  Perturbations of chewing insects are usually studied in whole plant systems. While this whole
33  organism strategy is popular, it is not necessary if similar observations can be replicated in a
34  single detached leaf. The assumption is that basic elements required for signal transduction are
35 present within the leaf itself. In the case of early events in signal transduction, cells need only to
36 receive the signal from the perturbation and transmit that signal to neighboring cells which are
37 assayed for gene expression.
38
39 The proposed method simply changes the timing of the detachment. In whole plant experiments,
40 larvae are confined to a single leaf which is eventually detached from the plant and assayed for
41  gene expression. If the order of excision is reversed, from last in whole plant studies, to first in
42  the detached study, the feeding experiment is simplified.
43
44  Solanum tuberosum var. Kennebec is propagated by nodal transfer in a simple tissue culture
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medium and transferred to soil for further growth if desired. Leaves are excised from the parent
plant and relocated to Petri dishes where the feeding assay is conducted with the larval stages of
M. sexta. Damaged leaf tissue is assayed for the expression of relatively early events in signal
transduction. Gene expression analysis identified infestation-specific Cys2-His2 (C2H2)
transcription factors, confirming the success of using detached leaves in early response studies.
The method is easier to perform than whole plant infestations and uses less space.

INTRODUCTION:

Herbivory sets in motion a series of molecular events during which a plant can both identify the
attack and mount an appropriate response for its survival. A plant receives two basic cues from
chewing insects; one from the physical damage to the tissue and the other from insect-specific
substances. Damage-associated molecular patterns (DAMPs) are released in response to damage
created by larval mouthparts and trigger a well-defined wound response that results in an
increase in the hormone jasmonic acid and the transcription of defense genes'. One of the best-
known DAMPs is systemin, a polypeptide that is formed by the cleavage of the larger prosystemin
protein after a leaf is wounded?3. The jasmonic acid wound response is further modulated by
herbivore-associated molecular patterns (HAMPs), which can be derived from caterpillar saliva,
gut contents (regurgitant) and feces (frass)®. Insects use these substances to either boost or
evade the defense response®. Transcription factors then relay the message from hormone signals
in the defense response via regulation of downstream defense genes®?2.

Some plant-insect interaction studies used in laboratory settings are of the simulated type, with
a goal of approximating the natural method of feeding by the insect. Simulated herbivory is
usually accomplished by creating artificial damage to plant tissues with various tools that mimic
the specific mechanism of insect mouthparts sufficient to cause the release of DAMPs and trigger
the production of defense genes. Other insect-specific components such as oral secretions or
regurgitant are often added to replicate the contribution from HAMPs®!!, The creation of a
specific size and type of wound and the application of precise amounts of HAMPs is one
advantage to these types of studies and can offer more reproducible results. Natural herbivory
studies, where damage to plant tissue is accomplished by the application of field-acquired or
laboratory-reared insects, are often more challenging because wound-size and HAMP amounts
are governed by insect behavior and add variability to the data. The natural versus simulated
methods and their advantages and disadvantages are well debated in the literature?14,

To study early signaling events such as transcription factors, a certain percentage of the leaf must
be consumed in a relatively short amount of time, so larvae must begin to chew immediately and
maintain consumption until the leaf is frozen for analysis. M. sexta is a voracious feeder on
multiple solanaceous plants during many of its larval stages, making it ideal for imparting
maximum damage in a relatively short amount of time®. This is convenient when studying early
signaling events, as the plant response occurs almost immediately after an insect contacts the
leaf surface'®'’. The commonly used clip cage method of containment proves clumsy, as multiple
cages would require continual adjustments throughout the experiment to allow for the removal
or addition of larvae. The leaves must also be large enough and strong enough to support
multiple insects feeding at the same time. These types of potato plants require a large amount
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of space to observe feeding. Larvae will often relocate to the underside of the leaf surface which
also makes feeding observations quite difficult. Using whole plants to perform these experiments
is clearly cumbersome.

The current study uses detached leaves isolated in Petri dishes rather than whole plants to
streamline and simplify the whole plant approach to studying herbivory. The application of the
protocol in this study is limited to the observation of a group of C2H2 transcription factors
induced early in potato leaves after herbivorous damage by M. sexta larvae.

PROTOCOL:

NOTE: The following protocol is designed for one person to set up, make observations and collect
samples. Multiple runs of the same setup may be combined to increase biological replication.
Any additional repetitions of the experiment should be set up at the same time of day to
eliminate possible diurnal influences on gene expression. The protocol is designed to create 3
‘infested’ leaves for 5 separate harvest time points. Matched control leaves for each time point
create a total of 30 samples. The experiment may be performed with a variety of leaf sizes and
larval stages, but it is recommended that leaf size, larval stage and infestation time be consistent
throughout the procedure.

1. Preparation of the potato plants

NOTE: All steps requiring sterile technique must be performed in a tissue culture hood*?,

1.1. Prepare Kennebec plantlets from explant source.

1.1.1. Prepare propagation medium.

1.1.1.1. Add 4.43 g of Murashige and Skoog (MS) with vitamins powder, 20 g of sucrose and 2 g
of agar substitute to 1 L of reverse osmosis (RO)-purified water in a 2 L flask with a spin bar.
Transfer flask to a stir plate and mix. Adjust pH to 5.8 using NaOH while continuing to stir.
NOTE: Agar will not dissolve until autoclaved.

1.1.1.2. Add 1 mL of preservative/biocide and autoclave on liquid cycle for 20 min (121 °C, 101.3
kPa). Remove medium from autoclave immediately after the cycle is finished and cool it to 50 °C.
Transfer 100 mL of sterile and cooled propagation medium to sterile culture vessels (e.g.,
Magenta or Plantcon) using sterile technique in a tissue culture hood.

1.1.2. Prepare explant material.

1.1.2.1. Obtain explant source as Kennebec seed potatoes and remove all traces of soil by
washing with tap H20. Remove sprouts and cut into 2 cm pieces with a sterile scalpel.
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1.1.2.2. Sterilize sprout pieces by soaking for 15 s in 70% ethanol, followed by 13 minin 1:1 bleach
(1 part RO-water: 1 part concentrated germicidal/commercial grade bleach). Rinse 5 times in
sterile H,0.

1.1.2.3. Transfer explant material to sterile tissue culture vessels with propagation medium in a
tissue culture hood using sterile technique. Transfer vessels to a plant tissue culture chamber and
grow for 2-3 weeks or until plantlets form at 24 °C, 16 h light (140 umol-m2-s1)/8 h dark
photoperiod.

1.2. Prepare nodal-propagated tissue culture potato plants.
1.2.1. Prepare nodal transfer medium.

NOTE: This will make 10 tissue culture vessels which may be used the same day or may be made
ahead of time and stored at 4 °C until nodal transfer.

1.2.1.1. Add 36.43 g of nutrient agar mix to 1 L of RO-purified water in a 2 L flask with a spin bar.
Transfer flask to a stir plate and mix. Adjust pH to 5.8 using KOH while continuing to stir.

NOTE: Agar will not dissolve until autoclaved.

1.2.1.2. Autoclave on liquid cycle for 20 min (121 °C, 101.3 kPa). Remove medium from autoclave
immediately after the cycle is finished and cool it to 50 °C. Transfer 100 mL of sterile cooled nodal
transfer medium to sterile culture vessels (see the Table of Materials) using sterile technique in
a tissue culture hood.

1.2.2. Prepare nodal cuttings.

1.2.2.1. Obtain Kennebec plantlets grown from explant material (produced in step 1.1.2).
Plantlets should have at least 3 to 4 nodes (branch points). Remove leaves using sterile scissors
or scalpel. Cut branches close to the main stem, leaving about 2 mm of branch tissue.

1.2.2.2. Remove nodal sections from stem by cutting approximately 2 mm above and below each
branch point or node. Arrange nodal cuttings in a sterile tissue culture vessel containing nodal
transfer medium (produced in step 1.2.1.2) in the same orientation as in the previous vessel
(branch pointing up).

1.2.2.3. Transfer vessels with nodal cuttings to a plant tissue culture chamber and grow for 2-3
weeks at 24 °C, 16 h light (140 pmol-m2:s%)/8 h dark photoperiod.

NOTE: Each nodal cutting will grow into a new plantlet. The number of cuttings in each vessel
determines leaf size. Fewer cuttings transferred per vessel will result in larger leaves. Three plants
per vessel will have 15 mm x 20 mm leaves in 2—-3 weeks.
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1.3. (Optional) Prepare soil grown Kennebec potato plants.
NOTE: To produce larger leaves, nodal propagated potato plantlets can be transferred to soil.

1.3.1. Transfer potato plantlets grown in nodal transfer medium to soil by gently pulling the plant
from the medium until all the root tissue is released from the agar.

1.3.2. Transfer to soil just above the 1st node from the roots and lightly pack the soil around the
transplant. Water gently to ensure soil contact with the root system.

1.3.3. Place in a growth chamber with 16 h light (140 umol-m2-s1)/8 h dark photoperiod and
25/20 °C day/night temperatures.

NOTE: Plants are ready when the top two fully expanded leaves have reached the size
appropriate for the assay.

1.4. (Optional) Prepare tuber-grown potato plants.

NOTE: Potato plants grown from tubers are larger and more robust and can be useful if rearing
larvae on plants or if overnight larval feeding is desired.

1.4.1. Place a potato tuber 6 in deep in a 10 in pot containing soil mix supplemented with 10 mL
pelleted slow release fertilizer.

1.4.2. Place in a growth chamber with 16 h light (140 umol-m2-s1)/8 h dark photoperiod and
25/20 °C day/night temperature. Plants are ready approximately 30-40 days from tuber planting.

NOTE: Do not use plants that have begun to flower.

2. Preparation of insects for feeding

2.1. Obtain desired larval stage of M. sexta.

NOTE: Larvae for this study were reared on artificial diet through the 5th instar?® and staged by
an experienced individual from the in-house insectary. Larvae may also be reared partially or
completely on plant tissue. Larvae do not eat immediately before a molt and are most likely to

eat right after molt, so appropriate staging is important?..

2.2. Transfer larvae to an appropriate containment vessel (e.g., 6-, 12-, 24-well tissue culture
dish) depending on larval size. There should be one larva per well in the dish.

NOTE: Larvae may display territorial or cannibalistic behavior without a food source and may
become injured if housed together.
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2.3. (Optional) Starve larvae for up to 2 h as this may improve larval feeding.

NOTE: Larvae should be in a containment vessel stored in the growth chamber during this time.
3. Components setup for the infestation experiment

NOTE: See the schematic summary in Figure 1.

3.1. Make placement templates for each harvest time point.

NOTE: It is helpful to set up 5 different trays for each harvest time point. This keeps samples
organized and allows the dishes to be moved around more efficiently as a set without changing
their arrangement. If percentage-of-damage calculations will be performed, this is essential as

before- and after-infestation images must be captured at the same focal length.

3.1.1. Obtain 5 sturdy trays capable of holding a set of six appropriately sized Petri dishes and
line with white paper.

NOTE: The size of the Petri dish is based on the leaf size chosen for the feeding assay. The leaf
should fit easily in the dish without touching the sides. For instance, a 60 mm x 15 mm dish is
suitable for leaves up to 50 mm in length or width.

3.1.2. Trace a set of six circles using the appropriately sized Petri dish on the paper in each tray.
Label one set of circles ‘control’ A, B and C and the other ‘infested’ A, B, and C. Also label each
placement template with the appropriate harvest time.

3.2. (Optional) Set up a camera for ‘before infestation’ and ‘after infestation’ image capture.

3.2.1. Secure a camera on a stand at the appropriate focal length for image capture of all Petri
dishes in the placement template.

3.3. Label the harvest time point tubes.

3.3.1. Label a set of 30, 1.7 mL microcentrifuge tubes corresponding to each circle in the
placement template. Label the tubes to appropriately identify the perturbation
(control/infested), the plant replication letter (A, B or C) and the harvest time point (number of
minutes post infestation period).

3.4. Prepare Petri dishes chosen in step 3.1.1.
3.4.1. Place a sterile filter paper disc in each of the 30 Petri dishes from step 3.1.1. Add sterile

water to moisten the discs; do not allow excess water to pool in the dish. Place each dish in each
of the six circles in each placement template.
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3.4.2. Position three potato plants next to each placement template. Ensure that plants are all
the same age and relative size.

4. Performing infestation

NOTE: One harvest time point/placement template is set up at a time.

4.1. Remove the top two size-matched leaves from each plant with sterile scissors and place one
leaf in the control Petri dish and one in the infested Petri dish for each plant (A, B and C). Carry

out this process as quickly as possible.

4.2. (Optional) Transfer the placement template to the camera stand to capture a ‘before
infestation’ image.

4.3. Transfer larvae to each infested dish using soft touch forceps as quickly as possible. Set the
timer for desired ‘infestation’ time.

NOTE: The period of time when larvae are consuming the leaf tissue is the ‘infestation time’. This
is something that can be determined empirically using a few test leaves/larvae before the start

of the actual infestation. The chosen ‘infestation time’ should be consistent for all infested leaves.

NOTE: Larvae should be handled with care by soft touch forceps. 2nd through 4th instar may be
grasped gently by their horn or midsection.

4.4, Observe feeding to make sure all larvae are eating. Larvae should be added/removed based
on feeding behavior. Keep lids on the Petri dishes as much as possible.

NOTE: Multiple larvae may be used per leaf.

4.5. Remove larvae from leaves at the end of the infestation time. Start the timer for the harvest
time.

4.6. (Optional) Transfer the placement template to the camera stand to capture the ‘after
infestation’ image.

NOTE: All six leaves in the placement template are harvested at the specific harvest time.

5. Harvesting leaves

5.1. Transfer each leaf to the corresponding labeled tube at the end of each harvest time point
and immediately freeze by dropping the tube into liquid N». Store the harvested plant tissue at -

80 °C until the isolation of RNA.

5.2. Repeat steps 4-5.1 for each harvest time point.
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6. Processing leaf tissue for gene expression analysis

6.1. Grind the frozen leaf tissue to a powder with a micropestle.

6.2. Isolate total RNA and process for gene expression as previously described??.
7. (Optional) Estimating leaf damage

7.1. Visually estimate percent of leaf damage or calculate leaf area in the before- and after-
infestation images.

7.2. Measure leaf area with software tools (e.g., Phenophyte)?3.
7.3. From leaf area measurements, calculate percentage of damage as
% damage = [(leaf area before — leaf area after)/leaf area before] x 100.

REPRESENTATIVE RESULTS:

Leaf consumption defines success of the protocol. Healthy, accurately staged larvae should begin
feeding immediately after placement on the leaf surface and feeding should continue in a fairly
consistent manner throughout the infestation time. In Video 1, the larva at the top begins to
chew immediately after placement and maintains a consistent rate while feeding. This is
especially important if assaying early gene expression events after infestation. The larva at the
bottom did not consume any leaf material and is an example of an unsuccessful infestation.

Visual approximations during leaf consumption are monitored to ensure enough damage is
produced. The amount of leaf material consumed can be calculated as the percentage of damage
by using images of leaves before and after the infestation. Figure 2 illustrates the variable rates
of consumption by different developmental stages of M. sexta larvae on different types of potato
plants. The leaves in Figure 2A were detached from 2-week-old nodal-propagated tissue culture
plants. All the leaves in this figure are of the same size but were subjected to infestation by
different stages of larvae for 5 min. Figure 2A: |-V, Video 2, Video 3, Video 4, and Video 5
illustrate the different rates of consumption and feeding styles for each larval stage from a
portion of the infestation. This is helpful in determining how much damage is possible using each
leaf and larval stage combination and illustrates the voracious nature of the older larvae. The use
of 1st instar larvae is not recommended as their mandibles are not developed enough to produce
damage in the 5 min infestation window. It is important to note that younger more tender leaves
derived from tissue-culture-grown plants are often more palatable to larvae. Based on these
results, 4th instar larvae were chosen to further assess damage to leaves from more mature, soil
grown potato plants. The soil grown plants more closely approximate those acquired in the field.
Figure 2B illustrates the range of damage when 3rd and 4th instar larvae were applied to leaves
detached from soil-grown potato plants. Two-week-old nodal propagated plants were
transplanted to soil and grown for an additional 3 weeks. Damaged leaves from soil grown plants
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fell into three groups; 15-20%, 20-30%, and 30-40%. The three leaves in each group are shown
to represent the different levels of damage for each range. The leaves from more mature soil-
grown plants needed more larvae applied and a longer infestation time to reach the same level
of damage observed in the leaves from younger nodal-propagated plants. These results illustrate
the range of outcomes possible from successful herbivory from different types of plants.

After successful herbivory is complete and percent damage is assessed, leaf tissue is assayed for
gene expression. Gene expression results should indicate a robust induction or repression of
transcripts involved in the response to infestation. Figure 3 illustrates the gene expression
profiles of six C2H2 transcription factors from a successful herbivory experiment in detached
leaves. C2H2 zinc finger StZFP2 was induced by M. sexta herbivory in potato in previous whole
plant studies?®. Although StZFP2 was induced by herbivory in the detached leaf assay, infestation
was not significant when compared to the effect of the detachment itself. However, two other
StZFP2 homologs, StZFP5 and StZFP7, were significantly induced at 40 and 80 min post herbivory
when compared to detached controls. StLOX3 and StMYC2 are marker genes induced by both
wounding and herbivory and indicate the involvement of jasmonic acid regulated defense
pathways. The goal of this particular study was to identify infestation-responsive transcription
factors among a panel of candidate genes. The identification of two C2H2 zinc finger transcription
factors that are robustly responsive to M. sexta herbivory supports the use of detached leaves
for infestation assays.

FIGURE AND TABLE LEGENDS:

Figure 1: Flowchart for the infestation protocol. Schematic representation of the steps included
in the experimental workflow of the infestation section of the protocol.

Figure 2: Leaf damage caused by M. sexta larvae. (A) Percentage damage to tissue culture leaves
at each larval stage over 5 min. Roman numerals |-V refer to videos 2-5 respectively that show
each instar feeding on the leaf pictured. (B) Range of damage to soil-grown leaves by 4th instar
over 20 min.

Figure 3: Gene expression analysis of leaves. Real-time quantitative polymerase chain reaction
(RT-gPCR) gene expression analysis of C2H2 zinc finger transcription factors is shown. Mean
transcript level is, 27T with (ACT = CT of test gene — CT of exogenous control gene). Excised
control leaves in (blue) and excised infested leaves in (red) are shown at each time point. Each
value is the average of three biological replicates. Three-way ANOVA was conducted on the ACt
values. Significant differences in control leaves over time are indicated with capital letters.
Significant differences in infested leaves over time are indicated in lower case letters. Significant
differences between control and infested leaves at the same time point is shown with an asterisk
(*). Pr > F values were all less than 0.001, except for StZFP6 control treatment with 0.0086. Error
bars represent standard deviation. NCBI accession numbers are: StLOX3-X96406.1, StZFP2-
BQ121105.2, StZFP4-CV500970.1, StZFP6-DN587601.1, StZFP7-DN590005.1. Spud DB accession
numbers from http://solanaceae.plantbiology.msu.edu are StMYC2-PGSCO003DMT400045204,
StZFP3-PGSC0003DMT400040144, StZFP5-PGSCO003DMT400040141. This figure has been
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modified from?2.

Video 1: Video clip of larval feeding. Second instar M. sexta larvae feeding on a leaf from two
week old tissue culture grown potato plant.

Video 2: Video clip (I) of larval feeding. Second instar M. sexta larva feeding on a leaf from two
week old tissue culture grown potato plant.

Video 3: Video clip (1) of larval feeding. Third instar M. sexta larva feeding on a leaf from two
week old tissue culture grown potato plant.

Video 4: Video clip (1) of larval feeding. Fourth instar M. sexta larva feeding on a leaf from two
week old tissue culture grown potato plant.

Video 5: Video clip (IV) of larval feeding. Fifth instar M. sexta larva feeding on a leaf from two
week old tissue culture grown potato plant.

DISCUSSION:

The use of existing whole plant herbivory methodologies is unnecessary to achieve the goal of
this particular study (i.e., screen a set of candidate genes for their response to infestation). The
obvious benefit of the detached leaf refinement is shortening the time it takes to perform
herbivory assays. The unwieldy nature of whole plants with clip cages is eliminated and assays
are performed sooner, since plants as young as 2 weeks can be used to harvest leaves. It also
requires a much smaller footprint during feeding and less growth chamber space; both important
when these resources are limited.

The limitation of this assay, namely detachment, is encountered when defense-gene expression
is assayed. Detachment itself causes a wound response and it is therefore important to assess
what effect detachment has on basal levels of defense-gene expression. In one study involving
simulated herbivory, transcript levels of a well-known defense gene protease inhibitor Il (PIN2)
were unexpectedly high in the control leaves of detached potato leaves likely due to “wounding
caused during collection of the leaf”?>. However, application of insect regurgitant from M. sexta
greatly enhanced levels of PIN2 gene expression. This illustrates the need to use controls to tease
out the effect of detachment from the infestation response.

Detached leaf assays are often performed to save time, space and resources. They have been
used in screening for resistance to fungal diseases in wheat?®?’, and insect resistance in
soybean?® and chickpea?. The assay is widely accepted in the study of the pathogen that causes
late blight in potato3®3!, A recent study found that detached leaf assays were equivalent to whole
plant assays in determining late blight resistance in the field2.

Scant evidence exists in the literature, however, for the use of detached leaves to assay for
defense-gene expression. One study profiled six defense genes in response to spider mite
infestation of detached lima bean33. The leaves also produced volatiles that induced defense
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responses in nearby uninfested leaves, a well-known strategy of defense-gene expression in
plants3*. To our knowledge, no chewing insect herbivory studies to date utilize detached leaves
to assay for gene expression.

The previously defined infestation responsive C2H2 zinc finger, StZFP2 was not significantly
induced by infestation in the current detached leaf assay. Aside from the obvious difference of
whole plant versus detached leaves, the previous study utilized a continuous type of infestation
in which plant tissue was assayed for gene expression immediately following the removal of the
larvae?*. This is different from the discontinuous type of infestation utilized in the current study,
where larval removal was followed by a resting period before leaf harvest. During this recovery
period, StZFP2 levels decrease quickly and may result in a lower level of StZFP2 induction. There
could also be other so-far undefined systemic signaling components that may contribute to the
augmented induction observed in the whole plant study. Another possibility is that StZFP2
transcripts could have peaked before the 20 min harvest time. It is clear, however, that the
impressive induction of StZFP5 and StZFP7 transcripts make this type of infestation protocol
relevant. Another limitation of the present method would be the inability to use root feeding
larvae such as corn rootworm. It would also not be suitable when whole plant communication
such as root to leaf signaling® or signaling from systemic leaves3®37 is being studied.

Success of this protocol depends heavily on the quality and accurate staging of larva used in the
experiment. Rearing skills and basic knowledge of M. sexta behavior are helpful but not critical.
However, obtaining healthy, appropriately staged larvae can directly affect feeding success.
Larvae enter a quiescent period that precedes each larval molt during which they do not feed?".
Clearly, such larvae will not damage leaf tissue. The ideal time to use larvae is just after a molt. A
developmentally staged cohort of insects of a particular larval stage will also improve the
reproducibility of gene expression as plants may respond differently to each developmental
stage.

Access to an insectary would be ideal for the supply of larvae. M. sexta eggs or larvae can also be
ordered from commercial sources3®3° and reared on diet or plant material to the appropriate
stage. There are also several online tools that can help identify each instar*>-42, Larvae reared on
diet will not contain plant specific components such as microbial symbionts acquired by larvae
reared on plants*®. Gene expression profiles may be altered if these components are missing.
Larvae may be partially or completely reared on their host plant if these effects are important to
the study. Withholding food from insects a few hours prior to feeding experiments can also
improve feeding behavior. Field-collected larvae could also be robust and advantageous as they
have been exposed to proper trophic levels, but that adds another variable which may or not be
suitable for all studies.

The production of healthy, insect- and pesticide-free plants is also critical. Plants with viruses,
insect pests and fungal organisms will introduce confounding factors and present a challenge in

obtaining reproducible data.

Many larval instars, potato plant ages and leaf sizes can be combined to customize the protocol
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for a specific type of study. The length of the infestation and harvest times can also be adjusted.
Potentially, many other plant—insect interactions could be studied using detached leaves if whole
plant observations are used as a baseline. The detached leaf assay is a relevant and valuable
alternative to whole plant herbivory studies to analyze gene expression.
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w/Vitamins

nutrient agar mix

paper filter discs

petri dish, 60X15 mm or 100X15 mm
potato tubers

pots, 10"

preservative/biocide

seed potatoes for explant source
slow release fertilizer (14-14-14)
soft touch forceps

soil mix
sterile culture vessel
sterile culture vessel

Company

PhytoTechnology Laboratories

Fisher Scientific

Carolina Biological Supply
Company

Great Lakes Hornworm
Carolina Biological Supply
Company

Great Lakes Hornworm
Thomas Scientific

PhytoTechnology Laboratories
PhytoTechnology Laboratories
Fisher Scientific

Fisher Scientific
any

Griffin Greenhouse Supplies, Inc.

Plant Cell Technology
any

any

BioQuip

Griffin Greenhouse Supplies, Inc.

PhytoTechnology Laboratories
Fisher Scientific
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Comments/Description

product is Gelzan
many other companies sell these products

30-50 eggs
50, 100, 250 or 500 eggs

any instar

any instar
these have been tested in liquid N2 and will not explode

used to make propagation medium
product is Murashige & Skoog Basal Medium with vitamins, sucrose, and Gelzan
Whatman circles-purchase to fit in petri dish

purchase size appropriate for leaf size
suggest Maine Farmer’s Exchange

product is PPM (Plant Preservative Mixture)
suggest Maine Farmer’s Exchange
Osmocote is a popular brand name

product is Sunshine LC1 mix
Magenta-type vessel, PTL-100
product is MP Biomedicals Plantcon
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royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoingrights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated -in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or froni allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors, All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;rebuttal
document.docx

Thank you for the opportunity to submit a revision of JOVE59153 "Detached leaf assays: A
simplified approach to study gene expression in potato during infestation by the chewing insect
Manduca sexta. Each editorial and reviewer comment is answered in blue text. For ease of
reading and continuity of line numbering, all line numbers referenced in this document refer to
the ‘clean’ version of the manuscript.

Editorial comments:

Changes to be made by the author(s) regarding the manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

The manuscript has been checked for spelling and grammar.

2. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your
Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e.
“This figure has been modified from [citation].”

Reprint and permission information is at the following link under the subheading ‘Figures and
tables’ https://www.biomedcentral.com/about/policies/reprints-and-permissions

The following is stated: “Reproduction of figures or tables from any article is permitted free of
charge and without formal written permission from the publisher or the copyright holder,
provided that the figure/table is original, BMC is duly identified as the original publisher, and
that proper attribution of authorship and the correct citation details are given as acknowledgment.
If you have any questions about reproduction of figures or tables please contact us.”

3. Please revise the title to avoid punctuation.

Title has been changed from “Detached leaf assays: A simplified approach to study gene
expression in potato during infestation by the chewing insect Manduca sexta” to “The use of
detached leaf assays to simplify gene expression studies in potato during infestation by the
chewing insect Manduca sexta”

The revised title has been added to the document. However, the authors feel that the original
title conveyed the importance of the simplified protocol, namely the detached leaf assay, better
with the colon.

4. Keywords: Please provide at least 6 keywords or phrases.

Additional keywords have been added to the manuscript.

5. Please define all abbreviations before use.

This has been done for the first use of each abbreviation throughout the manuscript.

L]


https://www.biomedcentral.com/about/policies/reprints-and-permissions
https://www.biomedcentral.com/about/contact-us
http://www.editorialmanager.com/jove/download.aspx?id=925564&guid=b782d655-46d7-48c2-8fca-598c9325a6a3&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=925564&guid=b782d655-46d7-48c2-8fca-598c9325a6a3&scheme=1

6. Please use Sl abbreviations for all units: L, mL, pL, h, min, s, etc.

All units have been changed to Sl abbreviations.

7. Please include a space between all numerical values and their corresponding units: 15 mL, 37
°C, 60 s; etc.

The manuscript has been checked to make sure there is a space between values and their
corresponding units.

8. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please
ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add
references to published material specifying how to perform the protocol action. See examples
below.

Detail has been added throughout the protocol and per editor’s specific requests in 9-14 below.
9. 1.1.1.3: Please specify the preservative/biocide used in the protocol.

The preservative/biocide is Plant Preservative Mixture (PPM) and was originally not included
because it is a proprietary mixture. It has been added to the protocol in line 130.

10. 1.1.1.4: Please specify the sterile culture vessels used in the protocol.

The sterile culture vessels are Magenta or Plantcon and are trade names for this type of culture
vessel. This has been added to the protocol in steps 1.1.1.2 (line 133), 1.1.2.2 (line 142), 1.2.1.2
(line 160), and 1.2.2.2 (line 170).

11. 1.1.2.4: What is the composition of 1:1 bleach?

1:1 bleach is 1 part RO (reverse osmosis) purified water and 1 part concentrated
germicidal/commercial grade bleach. This information has been added to the protocol in step
1.1.2.1 (lines 139 and 140).

12.1.2.1.1: Please specify the amount of nutrient agar powder added.

36.43 ¢
This has been added to the protocol in step 1.2.1.1 (line 154).

13.3.1.1, 3.4.1: Please specify the size of the petri dish.



The size of the petri dish is dependent on the size of the leaf used for the infestation. An
example size has been added to the protocol for clarity in the NOTE immediately after step 3.1.1
(line 238 and 239). Additionally, two size options are listed in the materials list.

14. 7: Please specify how to calculate % damage of leaves.

This detail has been added in step 8 (lines 314-317) of the protocol.

15. After you have made all the recommended changes to your protocol (listed above), please
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the
most cohesive story of the Protocol. Please note that shorter steps can be combined so that
individual steps contain 2-3 actions and maximum of 4 sentences per step.

The protocol has been reorganized and essential steps for video production have been
highlighted.

16. Please highlight complete sentences (not parts of sentences). Please ensure that the
highlighted part of the step includes at least one action that is written in imperative tense.

Complete sentences have been highlighted and contain at least one action written in the
imperative tense.

17. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be
highlighted.

Each step’s sub-steps have been included in the highlighted section of the protocol.

18. Figure 2, Figure 3 (I-1V): Please name these video clips as movie 1, 2, 3, 4, and 5,
respectively.

Figure 2 has been changed to movie 1 and Figure 3 (I-1V) have been changed to movie 2-5 in
both the legend section and the results section.

19. Figure 4: Please define error bars in the figure legend.
The error bars in Figure 4 (now Figure 3) are standard deviation (line 399).

20. Lines 458-461: Please remove the weblink and use a superscripted numbered reference
instead.

The weblink references have been removed, replaced with the superscripted numbered references
40-42 (line 465), and properly referenced in the reference section (line 639-line 651).



21. References 3, 8: Please provide complete citation information including journal name,
volume number, and page number.

Citation information has been added to complete reference 3 and 8.

22. Table of Equipment and Materials: Please sort the items in alphabetical order according to
the Name of Material/ Equipment.

The Materials list has been sorted alphabetically.

Reviewers' comments:

Reviewer #1:

No changes were suggested by this reviewer.

Reviewer #2:

Major Concerns:

none

Minor Concerns:

-Lines 129 and 161 "15psi" This is not an international unit for pressure. The United States is
probably the only country in the world that still uses pounds and inches.

15 psi has been changed to 101.3 kPa (line 131 and 158).

-Line 185: change to "Fewer cuttings"

“Less cuttings” has been changed to “Fewer cuttings” (line 177).

-Line 278: Are sterile scissors really needed to feed a leaf to a non-sterile caterpillar in a
relatively short feeding assay?

Yes. The introduction of microorganisms not inherent to the plant or insect may affect gene
expression.

-Line 321: Please explain how percent damage is measured and calculated based on the images.
This was added to the protocol in step 8 (lines 314-317).

-Line 457: Please list commercial sources, for those who do not maintain a Manduca colony.



Reference 38 and 39 were added to specify sources of Manduca sexta and sources were also
added to the materials list.

-Figure 1: For a controlled study, it would be better to randomize the positions of the leaves.
Otherwise, there can be environmental effects, e.g. one side of the room is slightly darker or
cooler.

Since only one tray/placement template/set of 6 leaves is set up at a time, and each set makes a
relatively small footprint we didn’t consider randomizing the leaf positions. This can certainly
be done however. A unique placement template could be created for each infestation/harvest
time point. If before and after images are recorded, the template (and arrangement of the leaves)
would need to be kept consistent.

-Figure 3B: How was the amount of damage quantified? Did this involve some sort of image
processing, e.g. Image J, or is this a visual estimate by the researchers?

For panel A, visual estimates were made based on the damage in panel B. Panel B % damage
was calculated using a leaf area calculation program called Phenophyte. Detail referring to these
two options has been added to the protocol section in step 8 (lines 314-317).

-Figure 4: What statistical test was used to calculate significance, what P-value was used, what
do the error bars mean (standard deviation or standard error)? Please provide GenBank ID
numbers or some other record locator for the genes.

The following was added in lines 392-403, Figure 3 legend “Mean transcript level is, 2"—dCT
with (dCT =CT of test gene-CT of exogenous control gene). Excised control leaves in (blue) and
excised infested leaves in (red) are shown at each time point. Each value is the average of three
biological replicates. Three-way ANOVA was conducted on the ACt values. Significant
differences in control leaves over time are shown with capital letters. Significant differences in
infested leaves over time are shown in lower case letters. Significant differences between control
and infested leaves at the same time point is shown with an asterisk (*). Pr> F values were all
less than 0.001, except for StZFP6 control treatment with 0.0086. Error bars represent standard
deviation. NCBI accession numbers are: StLOX3-X96406.1, StZFP2- BQ121105.2, StZFP4-
CV500970.1, StZFP6-DN587601.1, StZFP7-DN590005.1. Spud DB accession numbers from
http://solanaceae.plantbiology.msu.edu are StMY C2-PGSC0003DMT400045204, StZFP3-
PGSC0003DMT400040144, StZFP5-PGSC0003DMT400040141”

-Table of Materials: Capitalize Fisher Scientific. Capitalize Eppendorf, if you are recommending
use of this specific brand of microcentrifuge tube. Otherwise, call them 1.7 ml microcentrifuge
tubes. Add Manduca to the list of required materials for this experiment.

Eppendorf has been changed to microcentrifuge in the materials list. Manduca sexta sources
have also been added.


http://solanaceae.plantbiology.msu.edu/

-1t should be noted that the Manduca larvae used were raised on artificial diet rather than plants
(Judging by the pictures in Figure 3A). This will undoubtedly affect plant responses.

Yes, we agree. This was mentioned in the protocol (lines 210-212) and discussion (lines 465-
469).

-1t should be noted that the time of day (or time in the day-night cycle of the growth chamber)
matters for these experiments. About half of all plant genes show significant diurnal variation.
This is also a reason for analyzing the leaves as quickly as possible. If samples are processed
over a two-hour time period, there is likely to be measurable variation in gene expression.

Thank you for pointing this out. The following statement has been added to the paragraph at the
beginning of the protocol “Any additional repetitions of the experiment should be set up at the
same time of day to eliminate possible diurnal influences on gene expression.” (line 110-111)
The comparison between detached and infested leaves at each time point allows the reader to see
the response to infestation and how it compares to detachment. This also indicates how the gene
may be affected diurnally.

Reviewer #3:

Major Concerns:

1. For the analysis of gene expression in early response to herbivorous damage by the larvae of
M. sexta in potato leaves, the authors randomly selected 6 transcription factors belonging to the
same group C2H2. Analysis of the expression of genes encoding transcription factors belonging
to different families or transcriptome analysis seems to be more interesting. Such global data
would significantly increase the value of the entire manuscript.

Our lab is interested in C2H2 ZFPs, especially those that are infestation responsive. While data
mining for ZFPs in potato we discovered five potato homologs to StZFP2 on a 28,000 base
stretch of chr 11. There were only 2 homologs in this region of chr 11 in the tomato genome (a
close relative of potato). Since we have found that over-expression of StZFP2 can enhance
tolerance to Manduca sexta we were curious whether any of the 5 additional StZFP2-like genes
were also responsive to infestation. In other words, the method was primarily developed to be a
quick ‘screen’ of a subset of similar genes. You have a good point that perhaps a more global
test of the assay would be interesting. However, we did examine, StLOX3 and StMYC2 as
markers for wounding and infestation. These genes demonstrate that the leaves were responsive
to detachment (wounding), but infestation did not significantly enhance their expression.

2. In this article, the authors point out that this simplified approach can be used for the analysis
of gene expression profiles, although the aspect related to the description of the expression
analysis is strongly overlooked. In this respect, the authors refer to the indicated reference
(Lawrence & Novak, BMC Research Notes, 2018). Lawrence & Novak (2018) for analysis of
gene expression used quantitative RT-PCR (RT-gPCR). Meanwhile, in this manuscript the
authors use Semi-qRT-PCR (line 395). This experiment really needs quantitative real-time PCR.



Please explain!!!

Thank you for bringing attention to this because it is an error in the current manuscript! Semi-
quantitative has been changed to Real-Time gRT-PCR in the current manuscript (line 391). Both
the 2018 publication and this one used the same methods.

Minor Concerns:
1. Please explain the shortcut RO (page 4 lines: 124, 157).

RO is reverse osmosis purified water. This detail has been added to the protocol in lines 126 and
154,



