


CHAPTER 2
METHODS

Identification and Collection _
Figure 1. Nostoc at Ephram White Park,

.. . hydrated state.
Free-living Nostoc colonies were v

collected from the edges of a gravel
walking path at Ephram White Park, in
northern Warren County, Kentucky (Fig. 1
& 2). Soil, gravel or organic matter
clinging to the underside of the colonies
was removed during collection or prior to
use in a study. The samples were dehydrated and stored in a laboratory until needed for
use in a study.
g;ﬂ%?a%égl stzttc:_: 2t Ephram White Park To conduct a microscopic
examination samples were hydrated
with water for approximately an hour
during which time they became
gelatinous. Portions were thinly sliced
and oriented on a slide in order to view

the cross-section and examined under a

microscope utilizing all magnifications.



Hydration Study

Twelve dehydrated, continuous colonies of Nostoc were selected and hydrated
at room temperature on the lab bench in a shallow pool of water placed on saturated
paper towels within petri dishes to prevent the creation of an oxygen deficient
environment. The mass of each colony was measured at specific intervals (.25, .5, 1, 2, 4,
12, and 24 hours) to determine the change in mass while hydrating and also the time
required to fully hydrate. Mass was measured using an electronic balance with a “wind
screen” to prevent any fluctuations in measurement from outside forces. After the
passing of each time interval, each colony was lifted from its petri dish and blotted using
a ChemWipe to remove excess water prior to measuring its mass.

This study was repeated to gain a longer time scale perspective for eighty-four
hours, with measurements taken every twelve hours. The colonies were maintained on
top of fine mesh, plastic screens in weigh boats to facilitate easy removal of each colony
from their source of water. As in the prior study, excess water was removed.

Corn Bioassay

Corn was selected as the bioassay subject for its quick growing time and
significant N requirements. Six seeds were planted in each six-inch azalea pot, filled to
the rim with perlite, which was selected for its minimal intrinsic nutrient content and
likelihood to decrease the potential presence of any undesired organisms. Using a
randomized block design with five replications, six paired treatments were applied
weekly; a control with no fertilizer, one-half strength fertilizer, and full strength fertilizer.

Each treatment was applied with and without Nostoc applied directly to the

surface of the perlite at a rate of 4.8-4.9 grams per pot. An organic N-only fertilizer was



used as the comparison for the N produced by Nostoc. This work was conducted in the
greenhouse at the WKU Bowling Green campus (Fig. 3). Measurements of leaf number
and plant height in centimeters were recorded weekly. At the termination of the study all
plants were destructively sampled to acquire oven-dried shoot and root weights.

This first bioassay was conducted Fall 2009 using ‘Kandy Korn’ hybrid sweet
corn and terminated twenty-five days after emergence. To confirm results a second
bioassay was conducted Fall 2013 using ‘Yellow Trucker’s Favorite’ corn in a blend of
vermiculite and perlite. This study made use of 9 (+/- 0.1g) grams of Nostoc per pot and

lasted eight weeks.

Figure 3. Corn plants for bioassay growing on
greenhouse bench.

Figure 4. Rinsing set-up.
Funnel containing Nostoc for
rinsing and two weigh boats
holding Nostoc.

Leachate
A laboratory study was conducted to examine the leachate derived from Nostoc.
Five colonies were hydrated for five days at room temperature to ensure complete

hydration. At the termination each colony was placed on a piece of filter paper in a



funnel (Fig. 4) and rinsed with 50 mL of deionized water to replicate the mechanism of
washing the N out of Nostoc and into the soil media. After the water had passed through
the Nostoc colony it was collected and analyzed for nitrates, nitrites and ammonia N.
Three of the samples were randomly selected for analysis and compared against two

controls of only deionized water.

10



CHAPTER 3

RESULTS

Figure 5. Microscopic magnification

Identification and Collection £ Nosto

Individual Nostoc cells were identified 5
by its distinct chain formation, heterocysts and
akinetes all visible under microscopic
examination (Fig. 5).

Hydration Study

Nostoc’s mass rapidly increased as measured at the initial fifteen-minute interval
after hydration began (Fig. 6). The increasing masses of the colonies followed a similar
trend (Fig. 7). After 60 minutes, the colonies with relatively large initial masses
continued to show steadily increasing masses, and the colonies with relatively small
initial masses increased at a less rapid rate. The mass of the largest three colonies
increased nearly nineteen times faster than the three smallest. Examining the average of
all the colony’s masses shows an 870% increase in mass over the course of twenty-four
hours.

As the hydration time progressed the bodies of the Nostoc colonies became
increasingly engorged with water and fragile. Unless handled carefully removing a
colony from the petri dish for hydration caused tearing. Small pieces of Nostoc were

prone to breaking off during the rinsing and being pulled off while being blotted by the
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ChemWipe. However, these pieces were not of a significant size and reunited with and

weighed with the entire colony.

Figure 6. Mass (mg) of twelve colonies as they hydrate
during the first hour. (Enlarged portion of Figure 7)
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Figure 7. Mass of twelve colonies as they hydrate over twenty-
four hours. Bold red line represents the average mass.
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The hydration study was replicated for eighty-four hours with measurements of
mass beginning at twenty-four hours and continuing every twelve hours until eighty-four

hours had passed (Fig. 8). Like the prior study, mass rapidly increased initially; after
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twenty-four hours many of the colonies reached a relatively constant level of hydration.

Some fluctuations were observed.

Figure 8. Mass of twelve colonies as they hydrate over
eighty-four hours.
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Corn Bioassay

Measurements of leaf number and plant height of Kandy Corn taken at the
termination of the study were compared using an Analysis of Variance (ANOVA) (p >
0.05). Examining the treatments with increasing levels of fertilizer application, the
paired treatments of no fertilizer and no fertilizer with Nostoc were not statistically
different in leaf number or plant height, the paired comparison of half strength fertilizer
and half strength fertilizer plus Nostoc did show a significant increase in plant height and
leaf number in the presence of Nostoc, and the treatments of full strength fertilizer and
full strength fertilizer with Nostoc were not significantly different in leaf number but

were statistically taller (Fig. 9 & 10).
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Figures 9 & 10.

Means of leaf number (top graph) and plant height (cm) (bottom graph) for
Kandy Korn. The left bar in each pairing represents the mean of leaf
number/plant height of the corn plants for treatment labeled on the x-axis.
The right bar represents the mean of leaf number/plant height of the corn
plants for the treatment labeled on the x-axis for that set with the addition of
Nostoc to the surface of the pot.
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Oven-dried root and shoot biomass data were also compared using an ANOVA (p
> 0.05). The corn plants exposed to no fertilizer and no fertilizer with Nostoc applied to
the surface of the pot treatments did not have significantly different root or shoot biomass
when comparing the treatments to each other. Like the plant height and leaf number for

the same treatments, the root and shoot biomass was significantly greater for plants
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grown with half strength fertilizer and Nostoc than those grown without Nostoc. For the
corn plants treated with full strength fertilizer there was not a statistical difference

between the treatments for root or shoot biomass (Fig. 11 & 12).

Figures 11 & 12. Mean measurements of the oven dried shoot biomass (g)
(top graph) and oven dried root biomass (g) (bottom graph) for Kandy Korn.
The left bar in each pairing represents the mean oven dried shoot/root biomass
of the corn plants for the treatment labeled on the x-axis. The right bar
represents the oven dried shoot/root biomass of the corn plants for the
treatment labeled on the x-axis with the addition of Nostoc to the surface of the
pot.
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In a similar manner the replicated study was analyzed using a two-tailed t-test to
determine differences between treatment pairs. With eight weeks of weekly leaf number
and plant height data these measures were compared over time in their treatment pairings.

Comparing the corn grown with no fertilizer to the no fertilizer with Nostoc treatment,

15



the addition of Nostoc resulted in significantly taller plants for the final four weeks and
more leaves in the seventh week (Fig. 13 & 14). The two other treatment pairings (1/2
strength and full strength fertilizer with and without Nostoc) were not significantly
different from each other. For the destructive measures at the termination of the study the
Nostoc and no fertilizer pairing once again yielded the only significant results of greater
shoot mass with the addition of Nostoc. No differences were noted between any of the
pairings for their dry root biomass (Fig. 15 & 16).

Figures 13 & 14. Six weeks of leaf number (top graph) and plant height data
(bottom graph) for Yellow Trucker’s Favorite corn bioassay for the no
fertilizer and no fertilizer with Nostoc treatments. The upper line in each graph
corresponds to the no fertilizer with Nostoc and the lower line without Nostoc.
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Figures 15 & 16. Mean measurements of the oven dried shoot biomass (g)
(top graph) and oven dried root biomass (g) (bottom graph) for Yellow
Trucker’s Favorite corn bioassay. The left bar in each pairing represents the
mean oven dried shoot/root biomass of the corn plants for the treatment labeled
on the x-axis. The right bar represents the oven dried shoot/root biomass of
the corn plants for the treatment labeled on the x-axis with the addition of
Nostoc to the surface of the pot.
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Leachate

Results confirmed that N fixed by Nostoc can be washed out of a colony. No
detectable quantities of nitrates or nitrites were found; however, ammonia N was detected
ranging from 0.051 to 0.162 mg/L. The control samples did not include detectable

amounts of any form of N.
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CHAPTER 4

DISCUSSION

Hydration Study

The results of the hydration study support field observations that Nostoc rapidly
hydrates after precipitation from a crust-like form into a gelatinous state capable of
photosynthesis and N fixation. Field observations have also indicated that this population
of Nostoc can hydrate year round whenever water is available, even in snowy conditions.
Eleven of the twelve colonies at least doubled their mass within the first fifteen minutes
of hydration (Fig. 7). The variation in the rate of hydration between the colonies could be
attributed to differences in surface area. The larger the colony the greater the surface
area, thus allowing greater access to water for the colony to take up. Over the 24 hours
all of the Nostoc colonies continued to hydrate. When Nostoc is fully hydrated, we
expected the colonies to maintain a relatively constant mass. In this study we found an
increasing mass after 24 hours. A longer time span was necessary to determine when
Nostoc typically reaches full hydration. However, the average of 870% mass gain in a
mere twenty-four hours is notable and indicates Nostoc rapid response to changes of
conditions. Nostoc’s tendency to break up during the hydration study is interesting
because it indicates that the colonies are not cohesive entities, rather they are composed
of many parts and lobes prone to separation. This suggests that Nostoc may utilize

disturbance to spread and thus reproduce.
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The replication of this hydration study confirmed that a longer time span was
required to reach full hydration. After twenty-four hours the majority of the colonies did
quickly reach full hydration as evidenced by their consistent mass (Fig. 8). Fluctuations
in mass are clearly visible in the data; this may be the result of actual fluctuations in the
intake of water by Nostoc, or simply human error and inconsistency in blotting the
colonies.

Corn Bioassay

In the first bioassay the significant increase in leaf number and plant height in the
half strength fertilizer treatment with Nostoc (Fig. 9 & 10) supports the hypothesis that
Nostoc produces N in sufficient quantities to benefit plant growth. Likewise, in the
second study the significant increase in plant height for four weeks of the no fertilizer and
Nostoc treatment further supports the hypothesis (Fig. 14). In the second study leaf
number was only significantly greater the seventh week; however, there was a consistent
a trend towards more leaves with the addition of Nostoc (Fig. 13). Leaf number is a more
subjective measure than plant height, which is highly accurate. The plants in the second
study were grown in late fall which encouraged a “stretchy” growth habit, obvious in the
elongated and easily damaged leaves as a result of low lighting. In both studies, all
treatment pairs demonstrated a trend towards improved plant height and leaf number with
the addition of Nostoc. These results solidly suggest that Nostoc can act as biofertilizer
via N contribution.

During the first study approximately half of the pot’s surface was covered with
Nostoc. If the entire surface of the pot had been covered, then it is expected that larger

quantities of N would be produced and available to the crop to further increase its growth.
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In the second study the quantity of Nostoc per pot was nearly doubled, yet the significant
results were found only in the treatment with no fertilizer application. Studies have
shown that applying N fertilizers, specifically ammonia, to Nostoc will inhibit
nitrogenase activity (Nilsson 2002). This is likely a mechanism to prevent excess
expenditure of resources fixing N when there is already N available and cause of the
results recorded in the treatments receiving fertilization.

The first study used perlite alone as the growing media, while the second study
employed perlite and vermiculite to improve water-holding capacity. This increased
water holding capacity also enhanced N retention in the media, likely causing the
feedback response seen in the second study in which only the no fertilizer treatment saw
a significant increase in growth with the addition of Nostoc.

As noted before, perlite does not have a high water holding capacity when
compared to soil, so Nostoc dehydrated after each watering event in the study. Since
Nostoc is only fixing N while hydrated (Kershaw 1985; Nash 1996), the positive results
obtained were the result of only a fraction of Nostoc’s capabilities. The change in the
second study to using a blend of perlite and vermiculite did improve water retention, the
underside of Nostoc colonies remained moist between watering events, which is a similar
response to field observations.

In the first study, the corn grown under the full strength fertilizer pairing does
present a distinct decrease compared to the other treatment pairings. One would expect
that as the quantity of fertilizer applied increased that height, leaf number and biomass
would increase as well. This holds true for most of the data collected from no fertilizer to

half strength fertilizer treatments. There are two possible explanations for this
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phenomenon. First, it is possible that the fertilizer was applied at a rate that was too high
and burned the roots, thus stunting the aboveground growth as well. The second
possibility is that the abundance of N made available to these plants did not necessitate
significant root growth.

In the replication the variety of corn used, Yellow Trucker’s Favorite, was not an
hybrid variety, thus there was more genetic variation within the population of seeds
compared to an F; hybrid variety. This variation did complicate the results of the study.

Although there were distinct

Figure 17. Plants grown in greenhouse for second bioassay.

visual differences between
treatments these differences
were overshadowed by the
variations between the plants
growing in the same pots |
(Fig. 17). For future studies

hybrid generations of seeds

will be used to avoid this.

The second, longer term study facilitated further visual contrast of treatments. Not
only did treatments receiving Nostoc as compared to their match without the
cyanobacteria appear shorter, the leaves were also less green, a clear indicator of a lack of
N.

During the second study in the seventh and eighth weeks the Nostoc residing on
the top of the pots was observed to be altering forms, likely decomposing, which drove

the termination of that study. This brought forth concerns that Nostoc is not contributing
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N through fixation, rather contributing nutrients via its own decomposition. However,
based upon the literature and measures from earlier in the study this does not seem to be
the case. What this phenomenon does bring up is the need for further knowledge about
the environmental requirements of Nostoc, in this case pH is thought to be a driver of
Nostoc’s degradation at the end of the study. Naturally occurring Nostoc is typically
found on or near gravel walkways, which alter the local pH.

Even with the complications that arose throughout the study, these results lend
evidence towards the potential for the use of Nostoc as a N fertilizer supplement.
Leachate

This study clearly demonstrated that the mechanism of washing the N out of
Nostoc is valid. The low quantity of N detected can be attributed to the poor lighting
conditions in the environment the colonies were maintained in. In a replication of the
study, the colonies will be removed from the lab while hydrating and placed in the
greenhouse to receive full light and thus encourage full metabolic functioning. This
replication will be more focused on quantifying the N fixing capabilities of Nostoc, rather

than proof of concept.
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CHAPTER 5

CONCLUSION

This series of studies supports the hypothesis that Nostoc represents a sustainable,
renewable, and biologically derived N source. With refinement, Nostoc is a promising N
fertilizer supplement. The results of the hydration studies demonstrated the ability of
Nostoc to hydrate rapidly when exposed to water and to continuously take on water over
time. This should translate into rapid response time in a commercial setting. The
bioassays concluded with promising results for the use of Nostoc as noted by the
significant increases in height, leaf number, and dry biomass from both of the studies
demonstrating that Nostoc can function as a N supplement.

Future Research

Nostoc’s potential as a biofertilizer has been clearly demonstrated through this
work and a thorough review of the literature. Additional bioassays will be conducted to
provide further compelling results that Nostoc can function as not only a fertilizer
supplement, but also a replacement. Nostoc’s versatility and ability to be applied to the
soil surface of any crop remains one of its most advantageous facets.

The ultimate goal behind studying Nostoc is to apply and use its N fixing
capabilities in the agricultural and horticultural industries. Currently, this goal is not
close to being reached, but by conducting further research it becomes closer and closer

each day. If Nostoc is to be applied to industry a way must still be found to
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propagate it and provide a consumer friendly form, but meanwhile it shows much

promise.

24



LITERATURE CITED

Dodds, W.K., D.A. Gudder, D. Mollenhauer. 1995. The ecology of Nostoc. J Phycol.
31:2-18.

Freeman, S. 2008. Biological science. Pearson Benjamin Cummings, San Fransico, C.A.

Gantar, M., N.W. Kerby, P. Rowell, Z.Obreht. 1991a. Colonization of wheat (Triticum
vulgare L.) by N-fixing cyanobacteria: 1. a survey of soil cyanobacterial isolates forming
associations with roots. New Phytol. 118:477-483.

Gantar, M. N.W. Kerby, P. Rowell. 1991b. Colonization of wheat (Triticum vulgare L.)
by N-fixing cyanobacteria: Il. An ultrastructural study. New Phytol. 118: 485-492.

Jefferies, D.L., J.M. Klopatek, S.O. Link, H. Bolton Jr. 1992. Acetylene reduction by
crypotgramic crusts from a blackbrush community as related to resaturation and
dehydration. Soil Biol Biochem. 24:1101-1105.

Jones, K. 1989. Interactions between desiccation and dark nitrogen fixation in tropical
Nostoc commune. New Phytol. 113:1-6.

Kershaw, K.A. 1985. Physiological ecology of lichens. Cambridge University Press,
Cambridge.

Nilsson, M. J. Bhattacharya, A.N. Rai, B.Bergman. 2002. Colonization of roots of rice
(Oryza sativa) by symbiotic Nostoc strains. New Phytol. 156:517-525.

Pardo, M.T., C. Lopez-Fando, G. Almendros, A. Herrero. 2009. Laboratory assessment
of Nostoc 9v (cyanobacteria) effects on N fixation and chemical fertility of degraded
African soils. Communications in Soil Science and Plant Analysis. 40:1295-1321.

Scherer, S. and Z. Zhong. 1991. Desiccation independence of terrestrial Nostoc commune
ecotypes (cyanobaceria). Microb Ecol. 22:271-283.

Stewart, W.D.P. 1967. Transfer of biologically fixed nitrogen in a sand dune slack
region. Nature. 214:603-604.

25



