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Abstract: Conventional cultivation works to control weeds between the rows, but it ignores the weeds
in crop rows which are most competitive with crops. Many vegetable crops still require manual
removal of intra-row weeds not otherwise controlled by herbicides or conventional cultivation.
The increasing labor costs of weed control and the continued emergences of herbicide-resistant weeds
are threatening grower ability to manage weeds and maintain profitability. Intra-row weeders are
commercially available but work best in low weed populations. One strategy for rapid weed crop
differentiation is to utilize a machine-detectable compound to mark a crop. This paper proposes
a new systemic plant signaling technology that can create machine-readable crops to facilitate the
automated removal of intra-row weeds in early growth stages. Rhodamine B (Rh–B) is an efficient
systemic compound to label crop plants due to its membrane permeability and unique fluorescent
properties. The project involves applying solutions of Rh–B at 60 ppm to the roots of lettuce and
tomato plants prior to transplantation to evaluate Rh–B persistence in plants under different levels of
sunlight. Lettuce and tomato seedlings with the systemic Rh–B should be reliably recognized during
their early growth stages. An intelligent robot is expected to be developed to identify the locations
of plants based on the systemic signal inside. Reduced light treatments should help to alleviate the
photodegradation of Rh–B in plants. After being exposed to full sunlight for 27 days, the systemic
Rh–B would be detectable in tomato branches and lettuce ribs, and these plants are tolerant to root
treatments with this fluorescent compound. This paper describes the project background and plan as
well as the anticipated contributions of the research to allow the machine vision system to reliably
identify the crop plants, and thus showing technical feasibility for outdoor weed control.

Keywords: crop signaling; Rhodamine B; root treatment; vegetable plants; photostability;
weed control

1. Introduction

Weeds in lettuce and tomatoes are hard to control because of labor shortages, the increasing cost
of manual weeding and limited herbicide options. Lettuce is very sensitive to weed competition.
Furthermore, there is no tolerance for contamination of bagged lettuce salad mixed with weeds. Thus,
weeds must be effectively controlled before lettuce is to be harvested. Effective weed control prevents
weeds from competing with crops for sunlight and nutrients, which is of great significance for ensuring
crop yields. Typical weed control techniques such as non-chemical, chemical and mechanical methods
cannot reliably remove weeds from crops [1]. For instance, cover crops planted during the fallow period
not only have limited restrictions on the growth of weeds in the upcoming vegetable crop season but
also may have a negative impact on the growth of main crops [2]. Vegetable plants are very susceptible
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to weed competition yet these crops have very limited herbicide options [3]. Lettuce and tomato are
two transplantable high-value specialty crops with a small market but a high potential liability for crop
damage caused by herbicides. Herbicides are not a priority for the agrochemical industry for these
vegetable crops, meaning there is no effective herbicide for them. Current mechanical cultivation has
the capacity to remove inter-row weeds but does not effectively control weeds in the row or near the
crop plants [4]. Handweeding is needed in many vegetable crops due to partial weed control provided
by incomplete herbicide coverage. However, labor for handweeding is limited and is progressively
becoming more expensive. Although abrasive weeding can reduce labor by 66%, the cost of abrasive
grits is very high and the efficiency of this technique is very low as it does not involve automated
weed detection [5]. More efficient weed control options are needed for vegetable plants. Development
of smart robots to enable the real time recognition of crops and to perform precision weed removal
may be such an option. Automated weeding machines can reduce labor input or eliminate the use of
herbicides [6]. There are also few restrictions on the deployment of automatic weeders equipped with
spray nozzle or cultivator knife [7].

The prerequisite for performing automatic weeding requires precise identification of the location
of the crop and distinguishing it from weeds before triggering weeding actions [8]. Plant sensing
technology based on specific prior knowledge makes the classification of crops and weeds more
intelligent [9]. Spectroscopic sensors have been extensively utilized for identification of crop
plants [10,11]. Cereal (such as wheat and chickpea) and vegetable (such as tomato) plants were
successfully discriminated from weeds based on the reflectance spectroscopy and discriminant
analysis models [12,13]. When spectral signals are integrated into the system along with image
features, objects with unique spectral features can be visualized from the captured images [14–17].
Hyperspectral imaging is able to obtain hundreds of bands at each pixel of an image plane for real-time
detections [18–21], but the excessive redundant information contained in the image makes it difficult to
achieve high-speed recognitions of targets [22,23]. For example, an automatic weeder developed based
on hyperspectral imaging and machine learning successfully removed the in-row weeds of a tomato
field in real time, but the tractor speed was restricted by the line scanning configuration of the spectral
imaging device [24]. Furthermore, the existing learning methods such as support vector machines,
Bayesian classifiers, convolutional neural networks (CNN) and artificial neural networks (ANN) are not
reliable enough for plant differentiation under complex backgrounds [25–27]. However, it is possible
to select a very limited number of feature bands to design a more feasible device for rapid imaging.
Single or two fluorescence wavebands chosen from numerous spectral images have already been
used for rapid determination of contaminants on Romaine lettuce leaves [28]. Fluorescence imaging
provides the spatial information for visualizing the unique fluorescence signal in specimens [29,30].
In a recent study, ultraviolet (UV) fluorescence imaging was used for the accurate detection of aflatoxin
in corn kernels [31]. In addition, topical markers and plant labels directly applied to the foliage or stem
of vegetable plants including tomato and lettuce were successfully detected based on this imaging
technology [32].

Compared to topical markers and plant labels, a systemic crop signaling compound is more
preferable if its trace amounts applied to crop roots or seeds can be translocated up into the foliage
with no harm for the crop growth, and it is photostable for a period of time in outdoor environments to
facilitate detection. Such compounds should not leak from crop plants to weeds and soil so that reliable
detection is maintained. The permeability of a signal molecule for foliar uptake is related to their
lipophilicity and molecular weight, which can be expressed using the octanol water partition coefficient
(log Kow) [33]. Moderately polar compounds (log Kow between 0 to 2) absorbed by roots through
symbiotic and extraplasmic pathways are transported from the xylem to plant shoots [34]. Fluorescent
tracers applied to roots of crops such as corn and broad bean can flow upward via an apoplastic
pathway into the stele of roots [35]. The ideal fluorescent compound will contain a fluorophore that
generates a strong and unique fluorescence signal in response to exposure to excitation light. Normally,
very low doses of fluorophores are able to generate significant fluorescence emissions. Rhodamine B



Challenges 2020, 11, 23 3 of 13

(Rh–B) with the Log Kow of 1.5 is a safe fluorescent compound on the United States Environmental
Protection Agency (USEPA) 4B list. No waiver or tolerance is required when the use of this compound
does not exceed 60 ppm on treated seeds and 2% by weight of formulated products because this dose
is unlikely to cause residues in or on food according to the code of federal regulations. USEPA believes
that the current use of Rh–B has no harmful effects on the environment or public health.

Crop signaling is a new crop identification technology that can automatically distinguish crops
from weeds at early growth stages [36]. This technique is able to accurately recognize the systemic
marker that exists in target crops but not in the weeds. For example, crop signaling has realized accurate
classification of weeds (such as groundsel and burning nettle) and snap beans treated based on Rh–B
tracer following seed pathway [37]. The highest fluorescence emission was detected on seeds treated
with 100 ppm (0.1 g L−1) Rh–B solution compared to seeds treated with other Rh–B concentrations [38].
After the seeds were sowed, the systemic Rh–B tracer was transported to snap bean stems, but it was
difficult to continue to reach the plant leaves. Similar results of systemic uptake of Rh–B also appeared
on soybean seedlings [39]. Compared to the seed pathway, Su et al. [40] further proved that Rh–B can
be more readily transported from the stem to the entire plant of snap bean through the uptake based
on the root pathway. Considering the translocation of fluorescent compounds in plants varies with
plant species, it is recommended to use other alternative vegetable crops such as lettuce and tomato.
Previous studies have found that the seed coats of tomato and lettuce are not permeable to Rh–B [41].
Accordingly, it was more feasible to try to apply this signaling compound to the root systems of tomato
and lettuce plants rather than their seed coats.

Fluorescent compounds are affected by degradation under excitation wavelengths. Specifically,
the photodegradation of Rh–B is caused by UV and green light [42,43]. After a sufficient period of
time, Rh–B would be completely degraded because of fluorescence decay [44]. During the critical
period of weed removal, it is meaningful to ensure the detectability of Rh–B fluorescence in plants [45].
In a recent study, the systemic Rh–B applied to roots of celery transplants was detectable for 27 days
in plant shoots in a natural outdoor environment (Figure 1) [46]. Nevertheless, it is not known how
susceptible Rh–B is to decay in different levels of sunlight. The movement of Rh–B in the plant
over time should be examined due to photobleaching. Furthermore, it is unverified whether tomato
and lettuce seedlings containing Rh–B signal after growing outdoors for about 4 weeks can still be
detectable by computer vision. If the dye fluorescence in most parts of plants were photodegraded after
a period of time, chlorophyll fluorescence images are expected to be used as the basis for crop material
extraction. Additionally, the effect of fluorescent compounds on plant vigor should be assessed due to
their potential toxicity to plant cells [47].
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The focus of this research proposal is to investigate the persistence of Rh–B in lettuce and tomato
seedlings under different illumination treatments. Three illumination conditions including one full
(100%) sun treatment (with 100% sun intensity and the 100% solar spectrum) and two reduced light
treatments based on green houses will be considered. The plants in the polycarbonate greenhouse
have 0% solar UV since polycarbonate absorbs UV light, and only visible illumination at 50% of the
normal sunlight reached the plants. The glass greenhouse has both solar UV and solar visible light
at the 20% light level. The specific objectives of this proposal are (1) to establish a systemic crop
signaling technique using systemic Rh–B at 60 ppm to identify tomato and lettuce plants, (2) to assess
photostability of Rh–B tracer under these three illumination levels, (3) to visualize the Rh–B treated
plants after 27 days of exposure to sunlight, and (4) to determine if the application of the Rh–B to the
seedlings before transplanting affected their foliage biomass after transplanting. We believe that this is
the first study to assess the signal level of systemic Rh–B in lettuce and tomato plants after sunlight
exposure to allow machine vision detection.

2. Research Analyses of Rh–B in Lettuce and Tomato

2.1. Fluorescence Signals

The 523 nm green LED light illuminates Romaine lettuce generating a profile containing both
spectral reflection and emission. The spectrum below 550 nm corresponds to the reflectance of the
LED light on the lettuce leaf. Most of the excitation light above 550 nm is blocked by the 550 nm
short-wave filter. Romaine lettuce has green leaves with sturdy ribs (also known as the main vein)
down their centers. For leaf ribs containing Rh–B, the fluorescence emission with a local maximum
intensity is observed at approximately 585 nm and 685 nm. The camera bandpass filter at 575 nm
tailored to the emission of the Rh–B is used to capture the fluorescence signal between 562 and
588 nm. The fluorescence emission observed at about 685 or 730 nm was an autofluorescence signature
associated with plant chlorophyll [38]. In this project, the 675 nm bandpass filter specifically for
chlorophyll fluorescence emission (peak at 685 nm) is employed to obtain the chlorophyll image which
can be used as the basis for extracting the plant material.

The fluorescence images associated with Rh–B and chlorophyll in lettuce plants were respectively
captured by the imaging system using 575 and 675 nm filters. The chlorophyll content reaches the
highest in the mesophyll of leaves [48]. The intensity of chlorophyll fluorescence centered at 675 nm in
leaf midribs is weaker than that in green parts of the leaves. Rh–B dye has significant fluorescence
emission on the inner and outer layers of lettuce leaves. The intensity of the Rh–B signal at the leaf
midrib is greater than other parts (such as secondary vein and apex) of the leaf because this indicates
that the Rh–B tracer is transferred from the root to the leaf through the xylem [40]. Overall, such a
system has the potential to monitor the growth of green plants and to identify target crops based on
chlorophyll and Rh–B fluorescence.

2.2. Photostability of Chlorophyll

As a photosynthetic pigment in vegetable crops, chlorophyll is very sensitive to
photodegradation [49]. For example, Falco et al. [50] demonstrated that gold nanoparticles translocated
to soybean plants greatly decreased the fluorescence intensity of chlorophyll emitted by leaves.
Chlorophyll appears a more effective indicator of the toxicity of exogenous substances applied to plants
in comparison to the growth characteristics of plants [51]. Thus, the photostability of chlorophyll
fluorescence in lettuce seedlings under full sunlight should be investigated to determine whether
Rh–B has a potential effect on chlorophyll. The chlorophyll fluorescence intensities in the control
group and the Rh–B treated group showed no significant difference on both the first day and the 22nd
day of plants transplanting. Similar results were obtained for lettuce plants grown under different
illumination conditions (20%, 50%, and 100%). Solar radiation data were plotted to show the variations
of sunlight with time. A visibility of 100% represents a reference standard for chlorophyll fluorescence.
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After lettuce transplanting, the visibility of chlorophyll fluorescence fluctuated at different durations.
The variations of growing conditions such as temperature and humidity may stress the plant and
ultimately influence its chlorophyll fluorescence [52]. Nevertheless, no significant differences in the
chlorophyll visibility among different groups were observed at different time points. This fluorescence
visibility remained at a level comparable to the initial value throughout, regardless of the lighting
conditions, and whether or not the plants contained the Rh–B tracer. This indicates that the illumination
condition and Rh–B treatment have no significant effect on plant chlorophyll fluorescence.

2.3. Visibility of Rh–B under Full Sunlight Irradiation

The visibility of Rh–B in the above ground tissues of lettuce and tomato grown under outdoor
daylight over time should be assessed. The plants hydroponically exposed to 60 ppm Rh–B for 36 h
showed a strong translocation of this fluorescent compound in the leaves. The difference between
Rh–B treated plants and control plants was very clear after evaluating their fluorescence intensities.
The ratio of the visibility of mean fluorescence of lettuce plants at each time point is obtained by
calculating the ratio of the average intensity of a specific date to the original intensity of the initial date.
The visibility of 100% implies the reference standard of mean intensity of Rh–B in entire leaves of the
plants. Furthermore, the intensity of full sunlight as a function of time was plotted. The cumulative
effect of solar radiation on Rh–B fluorescence decay over time should be presented. It took about
22 days for Rh–B visibility to drop from 100% to about 35% as the Rh–B intensity decreased with
increasing irradiation time. Its intensity dropped slowly in the first week, then the signal decreased
steadily as sunlight intensity become stronger. The decline in Rh–B visibility in the third week was
greater than that in the second week. The visibility of Rh–B at day 22 was still significantly higher than
that of the control group. The visibility of Rh–B fluorescence can remain for more than 3 weeks in
lettuce under full sunlight.

The translocation and photobleaching of Rh–B in tomato above ground tissues including stems
and leaves over time was examined. Compared with the control plant, the fluorescence of Rh–B
is observed in the stems and veins of tomato plants at 0 day (after hydroponic exposure for 48 h).
The Rh–B compound is transported through the veins reaching the leaves. Stronger Rh–B signals were
imaged at the leaves in the lower layer of the plant exposed to sunlight for 6 days. Compared with
the initial stage, the intensity of Rh–B signal in plant leaves did not weaken but increased. This is
probably because the Rh–B residues in the soil pellet continue to flow upward to the leaves after plant
transplantation. The rate of fluorescence decay of Rh–B in the leaves was lower than its accumulation.
However, when the tomato plants were transplanted outdoors for 13 days, the fluorescence intensity of
the dye in plant leaves was significantly lower than that of the previous week. The Rh–B fluorescence
in the main stem of tomato plant became very weak after transplanting for 21 days. Although the dye
fluorescence in most parts of tomato plants gradually disappeared, the strong Rh–B signal remained in
the lateral branches of the plant at 27 days. Overall, Rh–B can be detected in tomato plants grown
outdoors for about 4 weeks, which is of great benefit for the accurate identification of vegetable crops.

2.4. Effects of Light Conditions on Rh–B Photostability

The effects of three sunlight conditions (20%, 50%, and 100% illuminations) on Rh–B
photodegradation were investigated. The intensity of Rh–B fluorescence of lettuce continued to
increase after transplanting and reached the maximum on the 6th day because the Rh–B internalized
within or adhering to seedling roots continued to transport upwards and to accumulate in lettuce
leaves. During this period, the decay of average fluorescence of Rh–B in abaxial surfaces of lettuce
plants was lower than its accumulation under all three light conditions. After, the Rh–B emission
under full sunlight decreased rapidly and eventually decreased to less than those under 20% or 50%
light condition. Nevertheless, the Rh–B fluorescence on abaxial surfaces is detectable for about 4
weeks under 100% solar radiation. The rate of Rh–B photodegradation is subject to different light
conditions. The results of the Rh–B signal were expected to show that there are significant differences
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in the mean fluorescence intensity of the abaxial surfaces of lettuce plants after 27 days of transplanting.
These differences exist between the control group and the Rh–B treated group, as well as among
different Rh–B treated groups under three light conditions. The visibility of Rh–B in lettuce abaxial
surface during the 2nd week was stronger than its initial visibility. The visibility of Rh–B under
full sunlight dropped to less than 20% after 27 days, which was lower than those at 20% and 50%
illumination conditions, but still higher than that of the control group. Significant differences in Rh–B
fluorescence were observed between the treatment group and the control group under each of the above
irradiations. For plants in three treatment groups, the Rh–B signal mainly appeared in the outer leaves,
while there was no dye fluorescence observed in the new leaves of the inner layer. Similar results have
already been observed in celery plants (both top view and bottom view) grown outdoors for about
4 weeks (Figure 2) [53]. It is known that Romaine lettuce in North America is sold as a whole head
after removing the outer leaves, which means that only the inner leaves without the marker will be
consumed by consumers. Overall, the 20% and 50% illuminations can help to slow the decay of Rh–B
fluorescence. Rh–B signals on abaxial surfaces can be effectively detected in lettuce plants under three
light conditions for 27 days.
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The movement and persistence of Rh–B on adaxial surfaces (top view) of lettuce and tomato plants
should also be evaluated. The fluorescence intensities of Rh–B under three illumination conditions
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would be steadily weakened after plant transplantation. On the 27th day, the Rh–B fluorescence
of adaxial surfaces under the 20% illumination was higher than that under the 50% illumination,
while the fluorescence value under the full daylight was the lowest. The mean Rh–B fluorescence on
the entire adaxial surface was higher than the intensity of the samples from the control group. Similarly,
the stems of celery plants showed very strong Rh–B signals, as seen from the top view of Figure 2.
The fluorescent signals of Rh–B are anticipated to be clearly detected at the ribs of the outer leaves
of lettuce. Besides lettuce crops, similar results are expected to be obtained in Rh–B-treated tomato
seedlings as well. After a 27-day outdoor exposure, the Rh–B fluorescence on the entire adaxial surfaces
of both the lettuce and tomato plants under reduced sunlight (20% or 50%) irradiations should show
higher photostability than that under 100% sunlight. These reduced light treatments are experimental
and not feasible for real outdoor weed control. The Rh–B fluorescence in treated plants is stronger
than that in the control group under 100% sunlight condition, which will make it possible to identify
the crop plants in the field based on the Rh–B marker. In recent studies, the locations of lettuce and
tomato were successfully determined using topical fluorescent markers or plant labels directly applied
to the crop plants [54,55]. The stem soil entry locations of these vegetable crops in the top view and
side view images were easily recognized by measuring the center of mass. Based on their proposed
crop signaling approaches, real-time weed control can be achieved in field experiments. Accordingly,
the anticipated results of our study would show the reliability of Rh–B as a robot-identifiable systemic
signal for outdoor weed control.

2.5. Effects of Rh–B on Plant Growth

Since Rh–B may pose a potential risk to the normal growth of lettuce and tomato, the effect of
Rh–B on the plant vigor would be assessed. Lettuce plants in the first experiment are treated with Rh–B
solution of 60 ppm for 36 h. Plants are harvested and weighed after growing in outdoor soil for 3 weeks.
The results are expected to show that there is no difference in the biomass of fresh foliage of lettuce
between Rh–B treated group and control group. In the second experiment, both lettuce and tomato
seedlings are soaked in the Rh–B solution for 48 h before transplanting to soil and growing under three
illumination conditions. The foliar biomass is measured 4 weeks after transplanting. No difference is
anticipated to be observed in foliage biomass between Rh–B treated and control plants, regardless of
lettuce or tomato. Furthermore, there would be no difference in tomato fruit yield between the control
group and the treatment group. This suggests that Rh–B in tomato tissues have no negative impact
on subsequent generations. Overall, the application of this dosage of Rh–B to seedling roots of both
lettuce and tomato for 48 h does not inhibit plant growth. The Rh–B fluorescence parameters taken
from the seedlings are related to the intensities of the optical signals of this compound. The chlorophyll
fluorescence parameter of the entire crop plant will also be determined to evaluate the chlorosis.
Although the seedlings may not show obvious symptoms of toxicity including chlorosis and wilting
toxicity, the content of the Rh–B compound in lettuce leaves and tomato fruits should be tested for
food safety in future study.

3. Materials and Methods

3.1. Fluorescence Macroscope and Spectroscopic Sensor

The fluorescence imaging system used in this project consists of a desktop computer and an
imaging chamber (Figure 3). The chamber includes a multispectral monochrome camera, a green
illumination device, and a couple of optical filters. Computer software is used to control the imaging
unit and the light panel to capture plant fluorescence images. The imaging unit (QSI 660 6.1, Quantum
Scientific Imaging, Inc., Poplarville, MS, USA) is a charge coupled device (CCD) camera located in the
upper part of the chamber. The camera is coupled with a filter wheel with two bandpass emission
filters centred at 675 nm (FF02-675/67-31-D) and 575 nm (FF03-575/25-31-D) to ensure that only the
wavelengths emitted from a plant reach the detector. The lamp panel positioned in the center consists
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of 12 light-emitting diode (LED) lamps (peak intensity at 523 nm) (Model LZ4-40G108-0000, 10 Watt,
LED Engin Inc., San Jose, CA, USA). A total of 12 short-pass filters (FES0550, 25 mm, 10 Watt, Thorlabs
Inc., Newton, NJ, USA) are mounted in front of 523 nm LEDs to block any light more than 550 nm.
A mirror is placed on the bottom right side of the chamber to allow a side view of a target plant located
at the bottom of the chamber.Challenges 2020, 11, x FOR PEER REVIEW 8 of 13 
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A spectrometer in the region of 350 to 1050 nm (model Glacier X, thermoelectrically cooled,
2048 element, B&W Tek, Newark, DE, USA) is utilized to collect the emission light of lettuce leaf
under the 523 nm LED. Spectral data are recorded by placing the optic probe of spectrometer in the
imaging chamber in close to lettuce leaf ribs containing Rh–B and control leaves (healthy and green),
respectively. A computer is used to perform control of the spectrometer.

3.2. Plant Treatment and Imaging

Two experiments are planned to be conducted to investigate whether the application of 60 ppm
Rh–B to plants roots before transplanting could affect their subsequent growth and the photostability
of Rh–B in plants under different light conditions (seven hours of solar radiation per day). In the
first trial, the root pellets of 360 Romaine lettuce seedlings from a commercial transplant supplier are
submerged in a Rh–B solution of 60 ppm or deionized (DI) water for 36 h (180 samples per treatment).
On day 1, day 8, day 15, and day 22, the plants are placed in the imaging chamber for image collection.
After, both 360 Romaine lettuces and 360 tomatoes will be planted in the second trial. In addition to
the Rh–B and control treatments, the factor of illumination was added in this study. The three light
conditions are (1) 20% sunlight for plants grown in a glass greenhouse with an illumination level of 20%
of natural sunlight (both visible and UV light were at this level), (2) 50% sunlight for plants grown in a
polycarbonate greenhouse with all UV light absorbed by the polycarbonate (no UV light on the plants)
and the visible portion was 50% of the level of natural sunlight, and (3) 100% sunlight for plants grown
outdoors (9 plants for each group). The fluorescence images of plants are collected after transplanting
at different days 0, 6, 13, 20, and 27 days. All plants are illuminated by the 523 nm green light. For each
plant, two images are acquired based on filters at 675 nm and 575 nm, respectively. The 675 nm image
(exposure time = 2 s) is for chlorophyll fluorescence, while the 575 nm image (exposure time = 5 s)
is for Rh–B fluorescence. Besides a top view, a side view is provided by a mirror nearby the plant.
After harvesting, the above ground fresh biomass of each plant will be collected.
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3.3. Visualization of Fluorescence Signals

After imaging of Rh–B and chlorophyll, quantitative measurements of their fluorescence intensities
will be performed. The average intensity measurement of a plant in an image typically requires three
steps, involving region of interest (ROI) selection, segmentation of background, and calculation of the
mean intensity from the ROI. Fluorescence intensity in each ROI is extracted by using the open source
software (Fiji ImageJ, National Institutes of Health, Bethesda, MD, USA). The main operations are as
follows: (a) converting an original image into a pseudo color image; (b) setting a threshold to select
entire leaves of both control and treated plants as the ROI using “Image −> Adjust −> Threshold”;
(c) selecting measurement parameters (such as the standard deviation and the mean gray value) to
be acquired using the “Analyze −> Set Measurements” command; (d) Extracting the mean value of
the pixels bounded by the ROI using the “Analyze −> Measure” command. Differences of the mean
intensity of plant fluorescence signals were evaluated by Tukey honestly significant difference (HSD)
test, and analysis of variance (ANOVA) based on IBM SPSS Statistics 24.0 version (SPSS Inc., Chicago,
IL, USA).

4. Discussion

Visibility of Rh–B tracer and its application on the vigor of lettuce and tomato are evaluated
under three illumination conditions. In this project, green light at 523 nm is selected instead of UV
light to excite Rh–B, because the green light illumination proved to have higher performance [40].
Although the uptake of Rh–B via roots to the aerial parts of both lettuce and tomato crops can be
observed, the translocation and accumulation of this dye differ between the two different plant
architectures. The translocation of Rh–B and its accumulation in plant above ground tissues are
regulated by leaf architecture and transpiration flow pattern. Rh–B has been shown to move through
tomato stems to leaves, but the dye in lettuce is transported directly to leaf ribs since the Romaine
lettuce plant does not have a stem. This means that Rh–B tracer can readily reach the leaves of lettuce
plants, but it has to travel a longer distance (from roots to subapical tissues) to be transported to
different layers of tomato leaves. As the Rh–B solution can more easily reach the leaves on side
branches that are closer to tomato roots, the accumulation of Rh–B in those lower leaves is higher than
that of upper leaves. Overall, the distribution of Rh–B in lettuce leaves appears similar, while the Rh–B
aggregation in different parts of the tomato plants is very non-homogeneous.

It is feasible to use the Rh–B solution following the root pathway to distinguish control plants
from vegetable plants containing this marker. The systemic Rh–B solution of 60 ppm applied to lettuce
roots for 36 h is detectable for about 3 weeks under full sunlight, while the same concentration of Rh–B
applied to plant roots for 48 h is detected in both lettuce and tomato plants for about 4 weeks regardless
of sunlight conditions (33%, 75% or 100%). The duration of treatment of plant roots with Rh–B solution
affects the visibility of the fluorescent signal in plant leaves. The solar radiation level is also a factor
affecting the visibility of Rh–B in plants. A reduced dose of excitation light is helpful for reduction of
photobleaching [56]. In this project, the reduced light treatments (20% and 50%) would extend the
persistence of Rh–B fluorescence on plants, but these experimental lights are not feasible for weed
control in the field. The 60 ppm Rh–B is considered a safe dose for lettuce and tomato plants. In a recent
study, Su, Slaughter and Fennimore [46] demonstrated that the application of 60 ppm Rh–B to celery
roots for more than 48 h would significantly impact the plant vigor and growth. Therefore, this dose of
Rh–B allows lettuce and tomato plants grown under sunlight to be continuously detected for about
4 weeks and these vegetable plants can tolerate the root treatment of this solution. Nevertheless,
more research is expected to be conducted in different seasons and latitudes to further evaluate the
photobleaching of Rh–B and its effects on plant development. The absorption and transmission of
Rh–B may also depend on the plant species. For example, the same Rh–B may behave differently in
various plants with different genetic traits. The impact of the Rh–B dye on other plant species should
be assessed to study the effectiveness of the crop signaling technique.
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This systemic crop signaling could provide useful spatial information for finding the location
of crop plants in the field. As the fluorescence emission of Rh–B lasted about 4 weeks under
natural conditions, the Rh–B signal in crop plants could be constantly detected during that period.
The chlorophyll images captured in the study can be used as the basis for extracting plant materials
containing Rh–B labels. Based on the fluorescence images of Rh–B and chlorophyll, the plant root or
main stem can be exactly located. In the recent study of Raja, Nguyen, Slaughter and Fennimore [55],
the lettuce plants with topical markers were effectively classified from weeds using two images
including one white light illuminated image for all green plants and one UV light illumination image
for the topical marker. Although the Rh–B signal in the top view images of plants appears a little
bit difficult to detect after 27 days, the position of the plant in the field can still be easily located
based on stronger Rh–B signals in the side view images. For example, Raja, Slaughter, Fennimore,
Nguyen, Vuong, Sinha, Tourte, Smith and Siemens [36] developed a multi-view imaging system that
successfully determined the location of tomato plants, especially when the fluorescent labels (plastic
straws) applied to the plants were not visible from the top because of the occlusion of crops or weeds.
The plant position was readily calculated based on the plant label geometric appearance in the six
mirror images on different sides of the plant. The detection results were successfully used to guide the
path of a robotic weed knife, thereby automatically controlling weeds in lettuce and tomato crops [54].
In order to realize the real-time detection of various vegetable crops with systemic Rh–B, it is required
to develop a more sensitive computer vision system that can acquire images within 3 to 5 milliseconds
to meet the speed of over 3 km h−1. The ultimate goal of this project is to develop an intelligent
machine using systemic crop signaling to automatically identify vegetable crops and remove universal
intra-row weeds at early growth stages in the field.

5. Conclusions

Rh–B is used as a temporary systemic signal to indicate the location of lettuce and tomato plants
grown under different levels of sunlight. The Rh–B at 60 ppm could be transported into the plant leaves
through the root system and detected in adaxial and abaxial surfaces of plant leaves. The systemic Rh–B
does not show negative effect on the plant vigor. Reduced solar radiations are helpful for mitigating
Rh–B fluorescence decay. After plant roots are exposed to the Rh–B solution for 48 h, the Rh–B signal in
lettuce and tomato plants is identifiable for 27 days under full sunlight without risk of crop yield loss,
making it an indispensable signal for potential applications in plant/machine interaction. In conclusion,
systemic crop signaling using root treatment can reliably recognize transplanted lettuce and tomato
plants for early season weed control. On-line recognition of crop locations in the field would assist in
the successful execution of automated tasks, such as precision spraying and in-row weeding.
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