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ABSTRACT

Three methods of hydroculture were compared for their effects on the root anatomy and
morphology of tomato (Solanum lycopersicum cv. Defiant). A hydroponic deep water
culture method, an ebb-flood system using expanded clay pellets as a solid medium and
an aeroponic sub-mist system were compared, with a solid peat/perlite medium for
control. The treatments were found to have significant effects on plant root and shoot
length, as well as root and shoot biomass. Root morphology was visually distinct among
treatments, and all methods of hydroculture were associated with a significant increase
in vascular tissue in plant roots compared with the control. Root hairs were also visible
on plants grown in ebb-flood systems. Plants grown in peat/perlite medium tended to
show reduced root and shoot biomass compared with the treatment. These data seem to
corroborate the connection between hydroculture and increased plant growth rate.
Additionally, they suggest that greater water availability leads to increased diameter of
vascular structures in roots, and that root hair development is influenced by aeration and
media texture
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This work is dedicated to growing things everywhere
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Forward
Last summer, and a little ways into the fall, I worked as a student research
assistant for Bryan Peterson. I had enjoyed his course on plant propagation, and he
mentioned that he enjoyed having me in class. Over the course of the summer, I assisted
him, Stephanie Burnett, and grad student Olivia Sanchez with a couple of different
projects. One of these involved a submist system being used to propagate inkberry and
Korean lilac, and a comparison with more conventional overhead mist.
That, and a presentation about another submist paper I’d sat in on, caught my
attention. In both cases, submist seemed to promise advantages that overhead mist didn’t.
I did wonder about what aspect of the setup described actually offered the advantage—
did increased transpiration encourage root growth? Was it about increased aeration in the
root environment? Or just that the black-colored totes offered warmer root temperatures?
Originally, I conceived of my thesis as an answer to this question. The ebb-flood system,
bins filled with clay pellets that alternatively flooded and drained, seemed like a perfect
answer. I’d first heard of the setup all the way back in highschool in a how-to video about
aquaponics I’d pirated. In many ways, it’s similar to submist: both would create a humid
environment at the base of the cutting, while keeping the top dry, both would offer
excellent aeration.
Experiments work because only one or two factors vary from treatment to
treatment. As a result, any changes should be the result of those factors. Obviously
confounding variables interfere with this simplistic idea, but that’s the basic idea. In the
same way, propagating the same cuttings in both ebb-flood and submist could help
narrow down the ‘active ingredient’ in making the submist work so well in the first place.
v

So, at first, I thought I’d just be propagating apple rootstocks. Still related to
agriculture, but I get to answer a useful and interesting question. When I brought it up
with Bryan, he was initially enthusiastic, but a challenge loomed. We’d need to buy the
cuttings at exactly the wrong time of year. For a while we remained optimistic, but
eventually realized it simply wasn’t going to happen.
I had to choose a different model. Something with a history in hydroculture,
something relevant, something worth propagating cuttings or transplants from. Tomatoes
seemed the obvious choice, and had the advantage of being cheaply and easily purchased
as seed. Having transplanted more than 500 tomatoes the previous year while working at
the Black Bear Food Guild, I knew that the quality of veggie transplants could make a
huge different on any farm. I also knew just how many plastic trays and containers of
potting soil we went through, most of them ending up in the trash when we were done
with them.
If submist could produce perennials suitable for transplant, I reasoned, then surely
it could also produce annuals. And all without relying on disposable materials or
producing any waste besides nutrient-rich water perfect for fertilizing field crops
anyway!
As the project went on, time constraints and the too-rapid growth of the tomatoes
meant that it wasn’t possible to try the transplant trials I’d envisioned. Despite that,
focusing purely on root anatomy and morphology proved to be more than enough to work
on, and was incredibly interesting as well.
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INTRODUCTION
In recent years, soilless cultivation of plants using a nutrient solution
(hydroculture) has become increasingly widespread (Vermeulen, 2014). With widespread
information on techniques and many commercial nutrient formulas available,
hydroculture seems poised for rapid growth. As a method of obtaining high yields of
certain crops per unit area, especially in urban areas, it also offers opportunity to reduce
reliance on long-distance shipping of produce and provide fresh vegetables to
disadvantaged communities. Hydroculture also tends to utilize reusable clay pellets or
plastic bins rather than disposable potting soil, and for many crops can boast an improved
water use efficiency compared with conventional methods (Barbosa, 2015) (Jovicich,
2007) . For these reasons, it is likely that growing crops this way will be a key part of
future food systems.
However, hydroculture is under-studied. Its relative youth as a viable commercial
option means that most research has been focused on the methods of hydroculture that are
most easily scaled-up for commercial production. When comparing methods of
hydroculture, it becomes clear that the main differences are the ways in which nutrient
solution and gases are provided to the roots.
One of the most common methods of hydroculture is deep water culture (DWC),
in which plants are grown in a large pool of nutrient solution that is aerated with pumps
to allow for gas exchange with roots. A downside is that DWC requires a comparatively
large volume of water, and plants are vulnerable to rapid decline in the event of power
loss to air pumps. Roots formed in deep water culture tend to be longer than those grown
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in solid media(Lin, 2016) and are often said to be unsuitable for planting into solid
media.
Alternatively, aeroponic systems that spray a fine mist of nutrient solution onto
roots held in air are often marketed specifically for production of rooted cuttings, as
“cloning machines” Contrary to conventional overhead mist systems that spray water
onto cuttings treated with rooting hormone and placed in solid peat/perlite media, submist systems spray water directly onto the base of the cutting to prevent dehydration and
encourage development of adventitious roots. Though effective for propagation of
hardwood cuttings (Mehandru, 2014), its efficacy for the production of herbaceous
annuals like tomato is unknown.
A third system based on an ebb-flood design was also examined. The ebb-flood
system utilized expanded clay pellets as a medium and timed pumps to alternatively flood
a plastic tub with nutrient solution, then drain it back into a reservoir. Clay pellets (also
“hydrocorn”) are coarsely textured balls roughly 8-16mm. They are “expanded” by
baking at high temperatures, which introduce a high degree of porosity while retaining
water retention properties. These characteristics make expanded clay pellets suitable for
use as a medium in hydroculture. (Kleiber, 2010) This system can be understood as a
kind of hybrid between aeroponic and DWC systems—roots are fully immersed in
solution for a time, but as it drains they achieve a greater degree of aeration.
Tomatoes are highly sensitive to aeration (Costa, 2005), which makes them a
suitable model to investigate systems that may differ in degree of root-zone aeration. It is
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also accepted that aeration levels of nutrient solution can significantly alter root
morphology (Que, 2018).
Data on the efficacy of these systems and others are only recently becoming more
available, and comparisons of their effects on root morphology are scarce. Will tomatoes
grow and thrive in three hydroculture systems? Will the roots of the plants grown in
submist and ebb-flood systems be noticeably different from those grown in more
traditional hydroponics? If so, in what ways do they differ? By working to answer these
questions, more knowledge about the strengths and weaknesses of these systems becomes
available for future producers and horticulturalists.

MATERIALS AND METHODS

Plant Materials
Seeds of tomato (Solanum lycopersicum cv. Defiant) were purchased from
Johnny’s Selected Seeds, the specific cultivar selected for disease resistance to ensure
that the common diseases of tomato would not confound the findings. 125 seeds were
sown on February 22, with 75 sown in 72-cell trays in SunGro’s Fafard Germination Mix
and the remaining 50 in rock wool. Both the seed trays and the rock wool were kept in a
heated greenhouse with no supplemental lighting.
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Figure 1: Tomato seedlings beginning to emerge. Rock wool tray visible in foreground, 72-cell flat with Sungro
germination mix in center. Picture taken

Hydroculture Systems and Timers
Ebb-flood systems were designed using 5-gallon black plastic totes. Small
drainage holes were drilled in the side of each tote, approximately half an inch from the
bottom. Quarter-inch flexible plastic tubing was inserted into this hole, and the totes
filled with expanded clay pellets. Larger, 10-gallon black plastic totes were used as
reservoirs. Holes were drilled in the lids to allow the quarter-inch drainage tubes to drain
directly into the larger totes, and to allow a three-quarter inch flexible tube to be inserted
at the top of the smaller tote. The other end of the three-quarter inch tube was attached to
a 1-hp pump, such that turning on the pump would gradually fill the smaller tote with
water from the reservoir.
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Submist systems were built using the larger 10-gallon black plastic totes. A
manifold of PVC with a pump at the center was constructed, with five mist nozzles
attached to the manifold. When the pump was powered, water was sucked from the
bottom of the tote and sprayed upwards in a wide spread. This was based on materials
from Dr. Peterson and Dr. Burnett’s previous trials.
The deep water culture system was made from the smaller 5-gallon plastic totes.
Flexible quarter-inch tubing was connecting to an air pump and an air-stone attached to
the other end to encourage higher dissolved oxygen in solution. The solid medium control
used a commercial grow mix with a small amount of added nitrogen.
Systems were randomly assigned space on tables in a heated greenhouse without
blocking due to the relatively homogenous environment. Each treatment was performed
with five replicates, with each plant acting as a sub-sample within the replicate.

Seedlings were transplanted to treatment systems on March 21. Seedlings in
germination mix had their roots gently washed to remove the media and were
transplanted into 1-gallon plastic pots with Sungro’s Sunshine Mix #1, or into the ebbflood system. Seedlings growing in rock wool were placed into drilled holes in the lids of
the totes, such that the bottom of the rock wool was wetted with the nutrient solution.
Five plants were grown in each sub-system, for a total of 25 sub-samples.
The nutrient solution was based on General Hydroponics FloraGro, FloraMicro,
and FloraBloom hydroponic concentrates. These were mixed according to the
instructions for encouraging vegetative growth and the approximate concentrations for 22
liters in the ebb-flood reservoir totes and 11 liters in the hydroponic and sub-mist
5

systems. Plants grown in the solid medium received half a liter of the same concentrates
as fertigation whenever the medium dried down or leaves began to wilt.
Timers were used for both submist and ebb-flood treatments. Plants in the submist
treatment received 10 seconds of mist every 15 minutes. As a result, plant roots stayed
moist, often with a small ‘bead’ of water resting on the end. The totes under the ebb-flood
system were set to flood completely at eight hours intervals, with pumps taking
approximately 2 minutes and 30 seconds to fill them. This proved more than sufficient to
prevent wilting or water stress in the plants. Airpumps in the hydroponic systems were
not on timers and ran continuously. Reservoirs of nutrient solution were refilled
whenever they ran low.
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Figure 2: Simplified diagram of all hydroculture systems and peat-perlite control.

Data Collection
Photosynthetically active radiation (PAR), temperature, and humidity levels were
recorded with a WatchDog weather station. Readings were taken every half hour.
Average and maximum values for PAR, and average, maximum, and minimum values for
temperature and humidity were calculated.
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Figure 3: Temperature in degrees Celcius measured over time. Data collected by automated WatchDog
weather station every half hour. Average, minimum, and maximum values for each 24-hour period are
shown, starting March 3. Initial harvest occurred on day 46, secondary harvest on day 86
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Figure 4: PAR in micromoles per meters squared measured per second over time. Data collected by
automated WatchDog weather station every half hour. Average and maximum values for each 24-hour
period are shown, starting March 3. Initial harvest occurred on day 46, secondary harvest on day 86
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Relative Humidity over Time
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Figure 5: Relative humidity measured over time. Data collected by automated WatchDog weather station
every half hour. Average, minimum, and maximum values for each 24-hour period are shown, starting
March 3. Initial harvest occurred on day 46, secondary harvest on day 86
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Initial destructive harvesting took place on April 18 and 19, with the first three
plants from each group of five removed. Shoot and root height were recorded to the
nearest centimeter and plants were placed in paper bags to be dried.

Figure 6: Comparison of submist roots (left) with ebb-flood (right). Degree of branching and fine-ness of
roots is visible. Photos taken on date of initial harvest, by author.

Secondary destructive harvesting took place on May 28. Remaining plants were
removed and cuttings taken from axial stems one node down from the uppermost stem.
Cuttings selected were no more than half a centimeter in diameter. Slices were taken with
a razorblade and stained with crystal violet for 30 seconds to stain vascular structures
before flushing with DI water. Slices were then examined under 80x power and
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photomicrographs taken for later analysis. The process was repeated for root cuttings,
which were taken from within 5cm of the base of the plant’s stem. Again, plants were
placed in paper bags for drying.
Initial attempts at measurement of shoot hydraulic conductance were also made.
A hydraulic head was hung to provide water pressure, and its height in centimeters
recorded. Flexible plastic tubing was used alongisde ball valves to connect the hydraulic
head to a. After a shoot was selected, usually from the 2nd node from the top of the plant,
it would be submerged in water and severed from the plant with a fresh razorblade. The
shoot would be kept submerged, and thin strips of parafilm are wound around the end to
provide a good seal. Each end would then be inserted into a soft silicone tube, and
attached to adapters, such that when a valve is opened, water is forced against the basal
end of the stem sample. A graduated capillary tube attached to the distal end of the stem
was used to measure the amount of water forced through the stem in a given amount of
time. Darby’s formula was used, after being rearranged to give hydraulic conductivity.
Tomato plants were dried for four weeks, and root and shoot dry mass recorded
separately. Photomicrographs of vascular structures were analyzed with the Versatile
Wand plugin in ImageJ. The fraction of total area of the cutting occupied by vascular
tissues was calculated, and used for analysis.
Data Analysis
Analysis of shoot and root dry weights, shoot and root lengths, and relative size of
vascular structures was conducted using R and R Studio. ANOVA testing was conducted
first on whole datasets with Fisher’s Least Standard Difference test to determine
treatment efficacy, then repeated pairwise with Holm adjustments if results were positive.
11
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RESULTS
Analysis of Root and Shoot Length
ANOVA tests determined that differences in shoot height were not significant. However,
variance in root length was found to be highly significant between treatments (p<0.005)
Root length differences were found to not be significant between hydroponic and submist
treatments, and between peat and ebb-flood treatments. This suggests root growth was
comparable in hydroponic and submist systems, and in peat and ebb-flood systems.
Figure 8: Photographs of roots from each treatment demonstrating differing morphologies. Taken
May 28 by the author. A.) Hydroponic, B.) Ebb-flood, C.) Peat, D.) Submist

Analysis of Root and Shoot Dry Weight
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Shoot dry weight measured from the samples harvested on April 18-19 was found
to vary significantly between treatments (P<0.05). The submist treatment was found to
have a greater shoot mass compared with the hydroponic treatment and the solid medium
control, but was comparable to the ebb-flood system. Variation in root dry weight from
samples collected on the same date was also found to be significant (P<0.05), with only
the submist treatment showing an increase in root biomass compared with the others. The
plants harvested in May were found to not have any significant differences in root dry
weight, but did have variation in shoot dry weight (P<0.05)
Root/Shoot ratios were also calculated from dry weight data for each of the two
harvest dates. Ratios were not found to differ significantly between treatments (P>0.05)

Table 1. Shoot length, root length, shoot dry weight, and root dry weight of tomato seedlings grown in four
systems of culture. Plants were grown in each system for 28 days and harvested on 18 April, 2019. Means
within rows followed by the same letter are not significantly different according to Fisher's least significant
difference test with an alpha of 0.05.

Measurement

Hydroponic

Submist

Ebb-Flood

Peat

Shoot Length (cm)

53.7 a

46.1 a

51.5 a

42.8 a

Root Length (cm)

52.9 a

61.3 a

37.7 b

28 b

Shoot Dry Weight (g)

10.5 b

17.3 a

14.2 ab

9.3 b

Root Dry Weight (g)

1.6 b

4.5 a

2a

1.5 b

Root/Shoot Ratio

10.5 b

17.3 a

14.2 ab

9.3 b
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Table 2. Shoot vascular area, root vascular area, shoot dry weight, and root dry weight of tomato seedlings
grown in four systems of culture. Plants were grown in each system for 68 days and harvested on 28 May,
2019. Means within rows followed by the same letter are not significantly different according to Fisher's
least significant difference test with an alpha of 0.05.

Measurement

Hydroponic

Submist

Ebb-Flood

Peat

Shoot Dry Weight (g)

18.3 c

31.6 ab

36.2 a

23 bc

Root Dry Weight (g)

2.6 a

4.3 a

4.7 a

3.9 a

Root/Shoot Ratio

18.28 c

31.6 ab

36.24 a

23.02 bc

Shoot Vascular Area
(%)

20.3 a

9.05 a

9.56 a

11.8 a

Root Vascular Area (%)

42.1 a

39.8 a

34.5 a

18.6 b

Analysis of Vascular Tissue Area
All vascular tissue data was calculated based on the plants harvested May 28.
There was no significant difference in the percentage area occupied by vascular tissue in
the stem cuttings. The difference in area occupied by vascular tissue in root cuttings,
however, was found to be significant (P<0.05). All hydroponic systems showed a
markedly higher area of vasculature in the root cuttings taken, with the solid medium
control having a lower area (Fig. 2)
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Figure 9: Cross sections of roots taken May 28. Roots selected from within 3-5cm of base of stem and
sectioned with razor. Sections were then stained for approx. 30 seconds with crystal violet to stain
vasculature. Photos taken at 80x power. A.) Hydroponic, B.) Ebb-Flood, C.) Peat, D.) Submist

Hydraulic Conductance
Due to time constraints and discouraging results, insufficient data points were
collected to draw conclusions. However, those that were recorded follow.
Treatment

Hydraulic
Head (cm)

Cutting
Diameter
(cm)

Cutting
Length (cm)

Flow rate

Hydraulic
resistance

Ebb-food

41

.5

2.7

.03/min

0.004

Hydroponic

42

.4

3.2

.042/min

0.006

Submist

42

.5

3

.024/min

0.003

Peat

41

.5

2.3

.042/min

0.003
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DISCUSSION
A striking aspect of the data is the strong correlation between hydroculture and
increased biomass compared with the solid medium control. Nutrients and water are often
limiting resources for a plant’s growth, and as hydroculture makes these more readily
available, increased plant growth rate is the result.
With more water available to the plant, physiological responses to take advantage.
It’s accepted that greater water availability is associated with decreased xylem density
and increased area (Jacobsen et al, 2007) This is clearly displayed in Figure 9, showing
the difference in root anatomy from differing water availability. Both the relative area
occupied by vascular tissues, as well as the size of vascular channels themselves appear
larger.
This may suggest a primary cause of decreased survival among plants grown in
hydroponic solutions and transplanted into the field—xylem embolism. It’s well
understood that plants experiencing decreased water availability and drought decrease
hydraulic conductance, primarily through modifications to xylem structure (Jupa, 2016).
The much larger xylem noted in tomatoes grown in hydroculture are a response to the
opposite condition, much higher water availability. However, when moved into the field,
xylem suitable for extremely high hydraulic conductance may leave the plant susceptible
to cavitation or vessel collapse. If this occurs in more than 40% of vessels, water
transport drops to near zero and the plant dies (Jacobsen, 2019). This would help explain
why a “hardening off” period of decreased water availability has been found to
17

drastically increase survival and growth rate after transplant from hydroculture systems in
cabbage seedlings (Frantz, 1999). It’s likely that xylem are restructured during this time,
maintaining water transport through the plant during the water stress following transplant.
In addition, there were significant differences in root biomass, which might give a
clearer picture of water uptake and transport. In this experiment, the sub-mist and
hydroponic DWC systems showed higher root biomass than the ebb-flood and the
control.
It is likely that differences in medium are the cause. The expanded clay pellets
used under the ebb-flood treatment have extremely high porosity when compared with a
mineral field soil, but less so when compared with hydroponic or submist systems. It’s
generally accepted that greater soil porosity is associated with greater root growth and
less root branching (Dexter, 2003). Figures 6 and 8 supports this theory, with roots
grown in ebb-flood system appearing to be more branched and finer compared with long,
thin root morphology seen in the other two treatments.
However, it is also possible that this data is confounded by the properties of the
medium. Closely tangled roots made collection of all root biomass from ebb-flood
systems difficult. Some degree of lost biomass is inevitable when harvesting and
measuring root samples in this way, just as when using a solid peat-based medium.
There are also other confounding factors to consider. Hydroponic and ebb-flood
plants grew in totes that were physically smaller than those used to grow submist plants,
which could well have affected root growth. Plants grown in the peat-perlite control were
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likely root-bound by the end of the study, given the faster-than-average growth rate,
which would invalidate some of the differences observed.
The growth of tomatoes grown in the control might also have been limited by the
method of fertilization. Fertigation with the same nutrient solution used in the
hydroculture systems would seem to be the best option, but the treatments were likely
still receiving more nutrients than the control over the course of the study. This may have
confounded comparisons of total biomass.
Root/Shoot ratios were not found to differ, even when total biomass did—this
may be due to the highly variable nature of these measurements, as well as the
confounding features mentioned earlier.
The sub-mist treatment was associated with higher shoot biomass, while the
hydroponic deep-water culture treatment tended to demonstrate the opposite. This seems
to strongly suggest that the increased aeration present in the sub-mist system led to an
increased growth rate. Previous study has confirmed that higher dissolved oxygen levels
in solution are related to greater biomass production in hydroponic systems (Hernandez,
2017)
Aeration is potentially a limiting factor in the growth of plants grown with the
deep water culture method. In tomatoes especially, limited root aeration can decrease
growth throughout the plant (Yi, 2015).
This interpretation of the data is supported by the higher shoot biomass also
observed in ebb-flood systems. The highly porous clay pellets used in these systems
provide excellent aeration as nutrient solution drains down. A positive relationship can
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then be suggested between root aeration and plant growth rates across differing
hydroculture methods. Further research on dissolved oxygen levels in hydroponic culture
and oxygen availability in various solid media is necessary.
In this sense, root environment can exert whole-plant effects, and must be
considered when choosing a method of hydroculture.

CONCLUSIONS

When growing crops in soil, it is crucial to understand how different choices can
impact the greater agroecosystem. Planting rows closer may decrease weed competition,
but increase the risk of fungal disease—every different option has trade-offs, and the
decision of what is best can only be made on a case-by-case basis. The same is absolutely
true of hydroculture. Sub-mist systems are likely to grow longer, less branched roots than
ebb-flood systems with clay pellets, as is hydroponic deep-water culture. The highly
aerated submist and ebb-flood systems tended to show increased shoot growth rates
compared to peat and hydroponic DWC. All methods of hydroculture tend to produce
plants with larger xylem that make them more susceptible to drought stress. Plants grow
more rapidly in hydroculture than in a solid medium. All of these can be beneficial or
detrimental, depending on the needs of the grower. While this research surely contains
useful information in that regard, more study to verify results and establish meaningful
response curves to aeration and medium porosity are necessary.
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