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ABSTRACT 

Harmful algal blooms are increasing in size, duration, and intensity around the globe. For 

several decades, cereal straws have been recognized as a viable algal control method, though the 

mechanisms by which cereal straws inhibit algae remain a topic of research. The objectives of 

this study were to evaluate the effectiveness of decomposing cereal straw extract, particularly 

rice (Oryza sativa) and barley (Hordeum vulgare) straw extract, to inhibit the green alga 

Raphidocelis subcapitata or cyanobacteria Microcystis aeruginosa in bioassays and to determine 

if the effectiveness of decomposing rice straw extract is altered by the presence of natural 

organic matter or microbial communities in pond water. In rice and barley straw extracts of the 

same concentration, total phenolic and flavonoid concentrations were also similar; however, rice 

straw was more effective than barley straw at inhibiting the growth of both R. subcapitata and M. 

aeruginosa. Combined with a lack of significant changes in H₂O₂ between cereal straw 

treatments, results support the hypothesis that algal inhibition cannot be attributed to H₂O₂ alone 

but depends on the release of specific phenolic and polyphenolic compounds from decomposing 

cereal straw. In media-based assays, both M. aeruginosa and R. subcapitata were inhibited by 

5.0 g/L rice straw extract (P<0.05). In pond water bioassays, 10 g/L rice straw extract showed the 

greatest inhibitory effect in cultures with and without bacteria. M. aeruginosa showed signs of 

recovery 15 days following treatment with 2.5 g/L in media and 5.0 g/L rice straw extract in 

pond water. For reliable long-term suppression, greater concentrations of rice straw are 

necessary, possibly due to the instability of allelochemicals. In pond water, variability in 

responses between the controls (with and without bacteria) and 5.0 g/L treatments with bacteria 

versus without bacteria show that the microbial community within the context of abiotic 

conditions of natural waters (pH, nutrient concentrations, sediment, and temperature, etc.) is 

important in determining bloom behavior and treatment response. Though rice straw was an 



effective method for the control of M. aeruginosa and R. subcapitata, complex interactions 

between the algae, the microbial community, and abiotic factors found in natural waters make 

the determination the of the inhibitory mechanism a challenge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ACKNOWLEDGEMENTS 

First, I would like to thank Dr. Mary Savin for her patience, guidance, and teaching throughout 

my academic career at the University of Arkansas. I would also like to thank Dr. Brian Haggard 

and Dr. Brad Austin for their help and discussion with methods, letting me use their lab 

equipment, and for undertaking autoclave maintenance. Thank you to Nathaniel Elliot who 

assisted with culture isolation and maintenance and who provided the grow lights and shelves 

with which these experiments were conducted and thank you to the members of the microbial 

ecology lab for your positivity and technical support. Lastly, I would like to thank my partner, 

Ian Dexter, who delivered countless homecooked meals to the lab without complaint and who 

provided endless encouragement, support, and bad jokes.  

 

 

 

 

 

 

 

 

 

 

 

 



 

DEDICATION 

This thesis is dedicated to my parents Keith and Amy Wren. I admire and appreciate you both for 

your incredibly hard work, for encouraging me to explore my interests, and for teaching me the 

value of patience and persistence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

TABLE OF CONTENTS 

I. CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW          1 

A. Introduction                2  

B. Research objectives, hypotheses, and experimental approach                    17 

C. References                19  

II. CHAPTER 2. ALLELOPATHIC EFFECT OF CEREAL STRAW EXTRACTS        26 

 ON GROWTH OF RAPHIDOCELIS SUBCAPITATA AND MICROCYSTIS 

AERUGINOSA 

A.  Abstract                             27 

B.  Introduction                 29 

C.  Materials and methods               31 

D.  Results                  36 

E.  Discussion                 40 

F.  Conclusion                 44 

G.  Acknowledgements                45 

H.  References                 46 

I.  Figures and tables                50 

III.  CHAPTER 3. CONCLUSION               67

 A.  Conclusion                 68

             

 



 

LIST OF FIGURES 

CHAPTER 2 

Figure 1. Chlorophyll-a concentrations (µg/L) in media-based Microcystis aeruginosa 

cultures for 0 to 28 days following treatment with rice straw extract (RSE), 

barley straw extract (BSE), or no treatment (control, C) (n=3). 

Figure 2. Chlorophyll-a concentrations (µg/L) in media-based Raphidocelis subcapitata 

cultures for 0 to 28 days following treatment with rice straw extract (RSE), 

barley straw extract (BSE), or no treatment (control, C) (n=3). 

Figure 3. Flavonoid concentrations (µg/mL) in quercetin equivalents in media based 

Microcystis aeruginosa cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) 

(n=3). 

Figure 4. Total phenolic concentrations (µg/mL) in gallic acid equivalents in media based 

Microcystis aeruginosa cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) 

(n=3). 

Figure 5. Flavonoid concentrations (µg/mL) in quercetin equivalents in media based 

Raphidocelis subcapitata cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) 

(n=3). 

Figure 6. Total phenolic concentrations (µg/mL) in gallic acid equivalents in media based 

Raphidocelis subcapitata cultures for 0 to 28 days following treatment with rice 



straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) 

(n=3). 

Figure 7. Chlorophyll-a concentrations (µg/L) in pondwater-based Microcystis 

aeruginosa cultures for 0 to 28 days following treatment with rice straw extract 

(RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). 

Figure 8. Chlorophyll-a concentrations (µg/L) in pondwater-based Raphidocelis 

subcapitata cultures for 0 to 28 days following treatment with rice straw extract 

(RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). 

Figure 9.  Flavonoid concentrations (µg/mL) in quercetin equivalents in pondwater-based 

Microcystis aeruginosa cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with 

bacteria (b) or without bacteria (n=3). 

Figure 10. Phenolic concentrations (µg/mL) in gallic acid equivalents in pondwater-based 

Microcystis aeruginosa cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with 

bacteria (b) or without bacteria (n=3). 

Figure 11. Flavonoid concentrations (µg/mL) in quercetin equivalents in pondwater-

based Raphidocelis subcapitata cultures for 0 to 28 days following treatment with 

rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and 

with bacteria (b) or without bacteria (n=3). 



Figure 12. Phenolic concentrations (µg/mL) in gallic acid equivalents in pondwater-based 

Raphidocelis subcapitata cultures for 0 to 28 days following treatment with rice 

straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with 

bacteria (b) or without bacteria (n=3). 

Figure 13. Hydrogen peroxide concentrations (mg/L) in pondwater-based Microcystis 

aeruginosa cultures for 0 to 28 days following treatment with rice straw extract 

(RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). 

Figure 14. Hydrogen peroxide concentrations (mg/L) in pondwater-based Raphidocelis 

subcapitata cultures for 0 to 24 hours following treatment with rice straw extract 

(RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 

CHAPTER 2 

Table 1. Each chemical (hydrogen peroxide or decomposing straw extract) treatment 

added to construct microcosms for bioassays for analysis of inhibition of 

cyanobacteria and green algae.   

 



 

1 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
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Cyanobacteria 

Cyanobacteria (blue-green algae) are some of the Earth’s oldest photoautotrophic 

prokaryotes with evidence of their presence as early as 2.5 to 2.7 million years ago (Mya) 

(Summons et al., 1999; Brocks et al. 1999). Over the evolutionary history of Earth, 

cyanobacteria have been exposed and adapted to a large range of eco-physiological stresses, 

allowing the prokaryotes to proliferate even in extreme conditions (Paerl, 2014). Having evolved 

in nitrogen deficient environments, certain cyanobacterial genera have adapted with an ability to 

fix dinitrogen (N₂). As a result, cyanobacteria can dominate aquatic ecosystems. Some 

cyanobacteria also form harmful algal blooms (CyanoHABs), particularly in anthropogenically 

modified waterbodies (Paerl and Otten, 2013).  

 

Nutrient inputs 

Historically, low nitrogen-to-phosphorus ratios (N:P) were used as indicators of CyanoHAB 

risk. More recent studies suggest that total nutrient (N and P) concentrations or existing biomass 

are better determinants of CyanoHAB formation (Downing et al., 2001), though complex 

nutrient cycling, differing nutrient species, and environmental conditions within systems make 

thresholds difficult to determine (Gilbert, 2017). 

Watson et al. (1992) and Downing et al. (2001) discovered that total P can predict an aquatic 

system’s total algal biomass with cyanobacteria assuming larger proportions, indicating greater 

bloom risk, as total P increases. Total P has since been regarded as the key limiting nutrient for 

cyanobacteria in freshwater systems. Support for this hypothesis has been demonstrated through 

long-term nutrient reduction studies. These long-term studies have shown that in the absence of 
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inorganic nitrogen loads, P alone is enough to sustain cyanobacterial populations (Schindler et 

al., 2008).  

 As a result, implementation of total maximum daily loads (TMDL) for P in aquatic systems 

has been the primary large-scale control method for CyanoHABs (Schindler et al., 2008), with 

minimal emphasis placed on N reduction. However, high levels of N can also stimulate 

CyanoHAB formation amongst non-N-fixing genera, along the freshwater-to-saltwater 

continuum, or in aquatic systems with sufficient indigenous P (Paerl & Otten, 2013; Paerl & 

Huisman, 2009; Paerl & Piehler, 2008). Loose regulation of N is especially problematic as N 

inputs are disproportionately increasing through expansion of fertilizer use, wastewaters, and 

groundwater and stormwater discharge (Gilbert, 2017).  

The effects of increased nutrient loads are compounded by certain ecosystems’ climatically 

altered sensitivities to nutrient inputs (Rabalais, 2002; Porter et al., 2013). Nutrient limitations 

can vary spatially and temporally with co-limitation occurring in many systems (Conley et al., 

2009). Consequently, the most effective way to reduce the risk of CyanoHABs along the 

freshwater-to-saltwater continuum will be through reduction of both N and P inputs (Paerl, 2009; 

Elmgren & Larsson, 2001). 

 

Effect of climate on CyanoHABs 

       The ability of cyanobacteria to dominate aquatic ecosystems is exacerbated further by 

climatically altered global mean precipitation and temperature trends as well as low flow rates 

due to abstraction or drought (Paerl & Huisman, 2009; Johnk et al., 2008). The projected 

increase in extreme precipitation events will likely result in large nutrient load depositions into 
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aquatic systems, where seasonal or environmental conditions influencing flow rates and water 

residence times may favor CyanoHAB formation.  

Rising temperatures consistent with climate change trends can heat surface waters above 

optimal conditions for eukaryotic organisms and allow for vertical stratification of the water 

column. Intensified stratification enables buoyant cyanobacteria to proliferate at the water’s 

surface and reduces the light and oxygen available to benthic communities (Huisman et al., 

2004). 

 

Impact of eutrophication on environment and ecology 

 Eutrophic and hypereutrophic waterbodies prone to CyanoHABs are likely to suffer from 

poor water quality. In eutrophic freshwater systems, excess macronutrients stimulate primary 

production with cyanobacteria and other phytoplankton comprising the majority of biomass 

(Perez-Ruzafa et al., 2019; Gilbert et al., 2017; Smith, 2003). Abundant cyanobacteria induce 

turbid conditions, reducing light available to other photoautotrophic organisms.  

 As the CyanoHABs senesce, decomposition and respiration by microbes creates or 

exacerbates hypoxia and results in the release of phosphorus from sediment (Paerl & Otten, 

2013; Watson et al., 2016). Combined, turbidity and hypoxia can affect the overall distribution, 

abundance, diversity, and physiological state of benthic communities (Meyer-Reil & Köster, 

2000; Zeng et al., 2019; Petkuviene at al., 2016). 

 The disruptions to nutrient cycling through bloom development can have complex and 

long-lasting effects on aquatic ecosystems. Due to the stoichiometric plasticity of primary 

producers, the altered availability of nutrients can change the elemental composition of algae, 

reducing the quality of algae as a food source. When consumers are deterred from a food source 
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(algae) by way of reduced quality or toxin production, imbalances occur within the ecosystem’s 

food web, potentially affecting biodiversity or community ecology through bottom-up 

interactions. These imbalances may favor opportunistic cyanobacterial growth or allow the 

invasion of non-native species (Gilbert, 2017).  

 

Cyanotoxins in the environment 

 Mass fish and animal kills are one of the most visible signs a community’s food web has 

been altered by hypoxic conditions or through the release of toxic compounds.  Many 

CyanoHABs release secondary metabolites collectively referred to as cyanotoxins. Cyanotoxins 

are observed in nearly half of all blooms throughout the world, though the conditions upon which 

these toxins are released are not yet understood.  

 Microcystins comprise the most prevalent and studied group of cyanotoxins and are 

produced by several cyanobacteria genera including Anabaena, Hapalosiphon, Nostoc, 

Phormidium, Planktothrix, and Microcystis spp., though certain strains within species have lost 

the toxin production gene (Sivonen, 2009). Microcystins and closely related nodularins are 

protein phosphatase enzyme inhibitors and can induce necrosis or hemorrhaging in the liver and 

death upon exposure. Microcystin-LR (MC-LR) and Microcystin-LA (MC-LA), named for the 

amino acids at positions 2 and 4 along the toxins’ cyclic structure, are the most toxic of the group 

with an LD50 between 50 and 1000 µg/kg (Laskin et al., 2009).    

 In addition to acute exposures to microcystins, humans are exposed to these compounds 

over time through ingestion of contaminated domestic and recreational water supplies, seafood, 

or dietary supplements. Microcystins have even been found in vegetables irrigated with 

contaminated water supplies (Mohamed & Al Shehri, 2009), leading to the development of 
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chronic health concerns in humans. The Working Group for the International Agency for 

Research on Cancer in 2006 found evidence supporting the presence of tumor promoting 

mechanisms of MC-LR and recognized the compound as a potential carcinogen to humans. The 

World Health Organization has since set maximum concentrations for microcystin at 1 µg/L in 

drinking water and between 4 and 20 µg/L in recreational waters (Grosse et al., 2006; Hardy, 

2008).   

 Cyanotoxins are regularly linked to mass fish and animal mortality events and have 

prominent impacts on both aquatic and terrestrial communities. In Doñana National Park, a 

wildlife refuge and special protection area in Spain, a 2004 CyanoHAB led to the demise of 

thousands of fish and over 6000 birds, including the endangered marbled teal (Lopez-Rodas et 

al., 2008). This mass mortality event occurred in the wake of one of the worst environmental 

disasters in European history after 5 million cubic meters of acidic mining waste decimated the 

park in 1998 (Pain et al., 1998). In Kruger National Park, South Africa, a dam harboring toxic 

CyanoHABs was drained following the death of 33 wildebeests, 19 zebra, 16 white rhinoceroses, 

two lions, and two cheetahs out of concern for the affected endangered species (Bengis et al., 

2016).  

 Though effective in Kruger National Park, the removal of eutrophic water is not practical 

or possible in many aquatic systems. Without systemic reduction of nutrients into waterbodies, 

the number, duration, and pervasiveness of CyanoHABs will continue to rise, increasing the risk 

of ecologically and environmentally devastating outcomes.  
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Methods to control CyanoHABs 

The risks and deleterious health effects associated with CyanoHABs are of justifiable 

concern as understanding of algal blooms develop. In conjunction with the risks to human, 

environmental, and ecological health, harmful algal blooms can also cause undesirable odors and 

interfere with recreational or aesthetic activities. CyanoHABs can be minimized through the 

reduction of nutrient inputs or the removal of low-flow conditions or impoundments. Where 

these measures are not feasible, physical, chemical, or biological methods must be employed to 

reduce CyanoHAB formation and sustain ecosystem health.  

 

Physical control methods 

Physical control methods involve mechanically removing and killing algae throughout 

the water column or limiting the extent a bloom may inhabit (Kidwell, 2015). Though many 

physical control methods exist, the physical methods deemed viable for the National Oceanic 

Atmospheric Administration’s (NOAA) harmful algal bloom prevention program include 

flocculation, sediment burial and removal, cell harvesting and removal, and water column 

mixing (Kidwell, 2015). While physical control of algal populations can be effective, these 

methods often require routine maintenance and quickly become cost inhibitive. Physical control 

methods may also negatively impact benthic communities (Yu et al., 2017; Pan et al., 2012; 

Kidwell, 2015; Meyer-Reil and Koster, 2000) 

Flocculation and coagulation 

 Flocculants such as clay applied to the water body form aggregates, known as flocs, through 

collisions with algae and phosphorus. As the flocs grow through repetitive collisions, they 

precipitate out of the photic zone, resulting in the death of photosynthetic algae. The 



 

8 
 

accumulation of flocs (flocculation capping) often prevents the rerelease of phosphorus from 

sediment.  

Though montmorillonite was once regarded as best, this clay possesses low flocculating 

efficiency and requires applications of 110-400 t/km² (Shirota, 1989) for algal control. In 1994, 

Yu et al. (a, b) found that when compared to three-layer (-Si-Al-Si-) montmorillonites, two layer 

(-Al-Si-) kaolinites had greater flocculating efficiency with CyanoHAB cells due to lesser 

surface negative charge and greater Van der Waals forces.  

Using this logic, clays are often modified to increase the flocculating efficiency. Clay 

modifiers change negative surface charges to positive, allowing for greater electrostatic attraction 

between clay and CyanoHAB cells. Common inorganic modifiers include polyaluminum 

chloride (PAC), aluminum chloride, and aluminum sulfate and show greater stability in seawater 

when compared to organic modifiers such as starch or chitosan (Yu et al., 2017).  

The flocculating efficiency of a clay also depends on the targeted species. Nonmotile 

phytoplankton are more easily controlled by clay application than flagellated species, which may 

require the application of an additional oxidant. Following these discoveries, modified clays now 

constitute the primary HAB mitigation method in China with a required dosage of 4-10 t/km² 

(Yu et al., 2017) for algal control. 

In addition to removing algal biomass, modified clays adsorb phosphorus in the water 

column and at the water-sediment interface through the creation of flocculation caps.  The 

adsorption of phosphorus reduces the risk of secondary eutrophication stimulated by nutrients 

released from algal detritus, diffused from anoxic sediments, or through resuspension (Pan et al., 

2012; Lu et al., 2016; Yu et al., 2017).  
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In some circumstances, resuspension of sediment may serve as a natural flocculant or to 

translocate dormant, thick-celled algae (algal cysts) into anoxic sediments, thereby preventing 

secondary blooms (Kidwell, 2015). However, resuspension of sediment stimulated by benthic 

shear stress, waves, wind, or anthropogenic disturbances may serve to release flocs, nutrients, or 

toxins into the water column, stimulating secondary eutrophication or blooms. When selecting a 

modified clay, the benthic environment, flow conditions, and algal variant should be taken into 

consideration to reduce resuspension of phosphorus or algal cells from flocculant caps (Pan et 

al., 2012; Beaulieu et al., 2005). Despite known environmental and benthic effects, modified 

clays remain a popular method for algal control. 

Sediment burial and removal 

In aquatic systems where sediments are laden with high concentrations of algal cysts or 

phosphorus, burial and removal of the sediment may be a beneficial management option. If 

resuspension of flocculated material and the release of phosphorus from sediment is a concern, 

uncontaminated allochthonous or autochthonous material may be placed over the existing 

sediment. Sediments harboring algal cysts or elevated phosphorus concentrations may also be 

dredged and disposed of ex-situ.  

Cell harvesting and removal 

 The harvesting of algal cells removes algae and the nutrients contained therein, reducing 

the extent of blooms and the nutrients that are redelivered to the environment upon bloom decay. 

Harvesting works in conjunction with flotation or sedimentation. Flocculated particles in a water 

body are subjected to microbubbles formed by supersaturating water with air and delivered 

through high-pressure nozzles. The microbubbles attach to the flocculates and bring them to the 

surface for harvest (Pandhal et al., 2017).  
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 Devices such as the fluidic oscillator are under development as an energetically favorable 

alternative for use in the natural environment. Pandhal et al. (2017) demonstrated the ability of 

this method to reduce cyanobacterial presence, allowing for reestablishment of a diverse 

microbial community. Upon removal, harvested biomass can then be used as fertilizers, in 

biomethane production, or refined and converted to biodiesel, industrial chemicals, or feed.  

Water column mixing 

 Oxygen depletion in aquatic systems (hypoxia) may be induced or exacerbated by 

stratification (Visser et al., 2015). Phosphate-iron binding is inefficient in the absence of oxygen 

and can result in the release of phosphate from sediment under hypoxic conditions. During 

hypolimnetic oxygenation, oxygen is introduced to the hypolimnion, the layer below the 

thermocline. Oxygenation of the hypolimnion maintains stratification while reversing bottom-

water hypoxia and minimizing the release of phosphate from sediment.  

To eradicate stratification, artificial mixing of the water column is required. As the water 

column is mixed, buoyant, photosynthetic cyanobacteria no longer possess a competitive 

advantage over green algae and diatoms. This allows for the reestablishment of beneficial 

phytoplankton communities. Sustained cyanobacterial suppression through water column mixing 

is difficult to achieve as success is dependent upon mixing rates, depth of mixing and light 

availability, the complexity of the bathymetry, and the extent of induced turbulence (Visser et al., 

2015).   

 

Chemical control methods 

 Unlike physical removal methods, chemical control of algae works by interfering with 

cellular growth. Of the chemical control methods available, those deemed viable for use in 
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NOAA’s proposed action plan include the use of native macroalgae and isolates, biosurfactants, 

copper, silica, isolated algicidal compounds, hydrogen peroxide, and barley straw (Kidwell, 2015). 

The efficacy or dosage of chemical control methods are often dependent on variables such as pH, 

light, temperature, nutrient concentrations, and water chemistry.  

Native macroalgae and isolated algicidal compounds 

 Macroalgae such as Spirogyra spp., Cladophora spp., Corallina spp., and Ulva spp., have 

been known to limit CyanoHAB formation through nutrient competition or through release of 

allelopathic chemicals (allelochemicals) (Trochine et al., 2010; Jeong et al., 2000; Lu et al., 

2011; Nan et al., 2008; Wang et al., 2007). Allelochemicals are naturally occurring chemicals 

produced by an organism that are either harmful or beneficial to the affected species and may be 

algistatic, inhibiting the growth of algae, or algicidal, resulting in the death of the targeted 

species.  

The allelochemicals derived as secondary metabolites from macroalgae are increasingly 

considered for their inhibitory properties, especially for control of red tides in marine 

environments, and include monoterpenes, phenylpropanoids, and polyphenols, among others 

(Sun et al., 2019). Though isolates maintain allelopathic properties, the difficult identification 

and isolation of the compounds as well as rapid degradation encourage the use of the whole 

macroalgae specimen for sustained control (Sun et al., 2019; Kidwell, 2015).    

Biosurfactants 

  Biosurfactants are amphiphilic, surface-active compounds released by fungi, bacteria, and 

yeasts. These compounds reduce surface tension, allowing for greater interaction between 

opposing phases and alteration of cell surfaces. As such, biosurfactants are often antimicrobial, 

antiviral, or algicidal. These compounds are of growing interest as they are environmentally 
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favorable, less toxic, and more biodegradable relative to their synthetic counterparts (Pacwa-

Plociniczak et al., 2011).  

Sophorolipid, a glycolipid biosurfactant derived in high yield from yeast Candida 

bombicola, is of developing interest due to its superior algicidal capabilities and rapid 

biodegradation half-life of less than 24 hours (Baek et al., 2003; Sun et al., 2010). Baek et al. 

(2003) found that sophorolipid concentrations of 5-20 mg/L are sufficient for CyanoHAB 

inhibition without great risk to non-target organisms.  

Other bacteria in genera Cryptophaga, Saprospira, Psuedoalteromonas, and Alteromonas 

have also shown algicidal effects, with strains of Bacillus suppressing cyanobacteria M. 

aeruginosa, Nostoc spp., and Anabaena spp., through the release of bacilysin (Wu et al., 2014). 

Though biosurfactants have shown promising algicidal effects in laboratory settings, more 

research is needed regarding the ecological responses to each compound at concentrations 

required for in-situ CyanoHAB suppression.   

Copper 

 Copper sulfate has been used as an effective and affordable algicide for decades. Copper 

sulfate controls algae and macrophytic vegetation in surface waters through alteration of 

photosynthetic pathways. Despite the efficacy of the compound, doses required for algal control 

are often ten to 100 times the lethal doses for aquatic organisms, promoting the death of many 

non-target species (Salam & El-Fadel. 2008). 

Copper ion found in concentrations greater than 0.16 mg/L can result in lysis of 

Microcystis spp. (Wu et al., 2017). Microcystins released upon cell rupture are not subject to 

degradation by copper sulfate and pose a secondary threat to the aquatic ecosystem. 

Additionally, applied copper is non-biodegradable and has been shown to remain in the water 
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column for two months after application (Salam & El-Fadel, 2008; Van Hullebusch et al., 2003). 

Copper sulfate is also known to accumulate in sediment and is prone to remobilization upon 

disturbance or changes in water chemistry.  

Silica 

Silica is a major cell wall component and limiting nutrient in diatoms and rice straw 

(Van Soest, 2006). It is hypothesized that fortifying waterbodies with dissolved silica may allow 

diatoms to compete with and minimize populations responsible for CyanoHABs, though 

laboratory results are inconclusive (Kidwell, 2015; Burkholder & Marshall, 2012; Meyer-Reil & 

Koster, 2000).  

The relatively high silica content of rice straw serves to protect the straw from 

degradation or hydrolysis. As such, the recovery of silica from untreated rice straw is negligible. 

However, recent studies have shown improved degradation efficiencies of rice straw upon 

microbial, mechanical, or chemical pretreatment (Zheng et al., 2020; Khaleghian et al., 2017). 

Improved degradation efficiencies of cereal straws could enhance the release of allelopathic 

(phenolic) compounds, as well as silica in rice straw. Silica released from rice straw may then 

promote species that compete with species responsible for CyanoHABs. 

 

Hydrogen peroxide  

 Owing to the chemical’s selectivity and benign byproducts in water, hydrogen peroxide 

(H2O2) is an effective and environmentally favorable method for the prevention and degradation 

of CyanoHABs. Within the chloroplasts of eukaryotes under high light conditions, oxygen is 

used as an excess electron acceptor creating superoxide (Oˉ), a reactive oxygen species (ROS). 
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Superoxide is then converted into H2O2 using superoxide dismutase and transformed into water 

by way of catalase or ascorbate peroxidase.  

In cyanobacteria under similar conditions, flavoproteins aid in the transfer of electrons 

into water molecules, excluding the formation of superoxide and H2O2. This pathway in 

cyanobacteria mitigates the need for large quantities of anti-ROS enzymes like catalase or 

ascorbate peroxidase (Giannuzzi et al., 2016). Consequently, eukaryotic organisms are equipped 

for higher oxidative stress when compared to prokaryotes, rendering H2O2 a selective cyanocide 

in low concentrations (Weenink et al., 2015; Matthijs et al., 2012). Additionally, H2O2 has been 

shown to degrade microcystins upon cyanobacterial lysis, a previously unaddressed concern 

(Matthijs et al., 2012; Cornish et al., 2000; Bandala et al., 2004). 

When applied within concentrations of 2.5 mg/L to 5 mg/L, H2O2 allows for long-term 

selective suppression of prokaryotic organisms such as cyanobacteria. When H2O2 is applied in 

concentrations less than 5 mg/L, higher plants and eukaryotes remain unharmed allowing for 

restoration of diverse phytoplankton communities (Weenink et al., 2015). Despite rapid 

degradation in highly reductive waters, sensitive taxa exposed to concentrations over 5 mg/L for 

any length of time exhibit increased mortality.  

To minimize the risk of cyanobacterial resurgence, Weenink et al. (2015) suggested that 

initial H2O2 dosages be large enough to sustain concentrations at or above 2 mg/L for a minimum 

of 5 hours. In natural waters, H2O2 is decomposed more readily through oxidation of organic 

matter and by anti-ROS enzymes within non-target organisms. To account for these reactions in 

natural systems, a minimum homogenous application of 2.3 mg/L is recommended. However, 

elevated levels of organic matter or solutes in the water will require larger concentrations before 

cyanobacteria are affected. Wang et al. (2019) have recently shown that repetitive applications of 
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H2O2 in highly reductive waters can prolong residence time without exceeding detrimental 

concentrations. 

 

Barley or rice straw  

 For several decades, barley straw has been gaining recognition as an economical and 

accessible algistat. Several studies have confirmed that the aerobic, microbial decomposition of 

lignin, the parent material of degradation products, is responsible for activating a cereal straw’s 

algistatic effects (Pillinger et al., 1994; Iredale et al., 2012; Murray et al., 2010). Despite these 

findings, the primary compounds and pathways contributing to inhibition have not been 

determined definitively.  

Iredale et al. (2012) discovered increased algal suppression upon photodegradation of 

barley straw, suggesting that the photochemical production of H2O2 plays a role in the inhibitory 

abilities of cereal straws. Irradiation of natural organic matter in water has been known to 

produce H2O2; however, barley straw was found to produce greater quantities of H2O2 and algal 

suppression when compared to rice or wheat straw or natural organic matter (Zhang et al., 2012; 

Ma et al., 2018).  

Relative to wheat and barley, rice straw has a high silica-to-lignin ratio within the 

epidermis, contributing to its recalcitrance and resistance to microbial colonization (Agbagla-

Dohnani et al., 2003). However, silica and lignin content alone cannot account for algal control. 

Wheat and barley have a similar silica-to-lignin ratio, yet wheat straw exhibits the lowest H2O2 

production when compared to rice and barley (Van Soest et al., 2006). It is hypothesized that the 

variable H2O2 production amongst cereal straw is due to the unique microbial community and 

enzymatic activities responsible for decomposition. It is suspected that the community 
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responsible for barley straw decomposition transforms the decomposition products into protein-

like structures with much greater potential for hydrogen peroxide formation relative to rice or 

wheat (Ma et al., 2015). 

 

Polyphenols from cereal straws 

By no coincidence, the optimal conditions for algal inhibition from decomposing cereal 

straw mirror ideal conditions for H2O2 production from polyphenols (Akagawa et al., 2003; 

Iredale et al., 2012). However, it is unclear if H2O2 can be considered the primary mechanism of 

algal inhibition. Multiple studies have concluded that polyphenolic compounds are the primary 

allelochemicals mediating inhibition, but the specific polyphenolic structures and mechanisms by 

which inhibition occurs have not yet been determined (Ma et al., 2015; Murray et al., 2010; 

Everall et al., 1996 and 1997; Pillinger et al., 1994; Waybright et al., 2009).  

A plethora of phenolic compounds have been identified in decomposing straw extracts 

(Everall & Lees, 1996 & 1997), though few compounds exhibit algicidal or algistatic effects in 

concentrations found following field applications. For example, isolated benzaldehyde, 2-phenyl-

phenol, and p-cresol from rotting barley straw showed greatest algistatic effects at 100 µg/L, 150 

µg/L, and 150 µg/L, but are found in maximum concentrations of 10 µg/L, 10 µg/L, and 100 

µg/L, respectively, upon straw degradation in water (Murray et al., 2010).  

However, depending on the chemical structure (the number and position of hydroxyl 

groups), the availability of oxygen, pH, and presence of metal ions and UV light, polyphenols 

can act as pro-oxidants by forming ROS and H2O2 (Akagawa et al., 2003; Zhang et al., 2012). In 

natural waters, this process is likely aided by the microbial community. The microbial 

decomposition of cereal straw alters the photochemical properties of the soluble lignin so that 
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H2O2 production is stimulated by UV irradiation (Ma et al., 2018; Iredale et al., 2012; Pillinger et 

al., 1994). Together, these factors may alter the inhibitory concentrations of polyphenols in 

natural waters.  

Additionally, the presence of organic matter in a waterbody may contribute to the 

photoproduction of H2O2 or ROS but may also consume any redox reactions by H2O2 or other 

ROS before the targeted algal species is affected. Therefore, inhibitory concentrations are 

difficult to determine as the results/treatment likely depend on the abiotic and biotic conditions 

during the time of decomposition. As such, additional experiments should be conducted to verify 

inhibitory concentrations in natural waters and to aid in understanding the mechanism by which 

inhibition occurs (Zhang et al., 2012; Iredale et al., 2012; Maris, 2019). 

 

Research objectives, hypotheses, and experimental approach 

 The goal of this research was to determine the efficacy of barley and rice straw as algal 

inhibitors through evaluation of allelopathic (phenolic) compounds released during 

decomposition compared to H2O2. 

Objectives 

1. Evaluate the effectiveness of decomposing cereal straw extract, particularly rice and 

barley straw extract, to inhibit the green alga Raphidocelis subcapitata (Korshikov) 

Nygaard, Komárek, J.Kristiansen & O.M.Skulberg, or Microcystis aeruginosa (Kützing) 

Kützing cyanobacteria in bioassays. 

2. Determine if the effectiveness of decomposing rice straw extract to inhibit growth of a 

green alga or cyanobacterium is altered by the presence of “natural” organic matter in 

pond water. 
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3. Determine if the effectiveness of decomposing rice straw extract is altered by the 

presence of microbial communities. 

Hypotheses  

1. Extracts of aerobically decomposed barley and rice straws will be more effective than 

hydrogen peroxide at inhibiting growth of green or cyanobacterial algae and in reducing 

microcystin concentrations due to the production of allelopathic compounds.  

2. Photoaerobically biodecomposed rice straw extract will be more effective than the single 

reactive oxygen species, hydrogen peroxide, in inhibiting growth of green or 

cyanobacterial algae and in reducing microcystin concentrations, regardless of the 

presence of natural organic matter, due to the suite allelopathic (phenolic) compounds 

produced. 

3. The ability of photoaerobically biodecomposed rice straw extract to inhibit green or 

cyanobacterial algae will not be affected by the presence of a microbial community in 

pond water. 
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CHAPTER 2. ALLELOPATHIC EFFECT OF CEREAL STRAW EXTRACTS ON GROWTH 

OF RAPHIDOCELIS SUBCAPITATA AND MICROCYSTIS AERUGINOSA  
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Abstract  

Harmful algal blooms are increasing in size, duration, and intensity around the globe. For 

several decades, cereal straws have been recognized as a viable algal control method, though the 

mechanisms by which cereal straws inhibit algae remain a topic of research. The objectives of 

this study were to evaluate the effectiveness of decomposing cereal straw extract, particularly 

rice (Oryza sativa) and barley (Hordeum vulgare) straw extract, to inhibit the green alga 

Raphidocelis subcapitata or cyanobacteria Microcystis aeruginosa in bioassays and to determine 

if the effectiveness of decomposing rice straw extract is altered by the presence of natural 

organic matter or microbial communities in pond water. In rice and barley straw extracts of the 

same concentration, total phenolic and flavonoid concentrations were also similar; however, rice 

straw was more effective than barley straw at inhibiting the growth of both R. subcapitata and M. 

aeruginosa. Combined with a lack of significant changes in H₂O₂ between cereal straw 

treatments, results support the hypothesis that algal inhibition cannot be attributed to H₂O₂ alone 

but depends on the release of specific phenolic and polyphenolic compounds from decomposing 

cereal straw. In media-based assays, both M. aeruginosa and R. subcapitata were inhibited by 

5.0 g/L rice straw extract (P<0.05). In pond water bioassays, 10 g/L rice straw extract showed the 

greatest inhibitory effect in cultures with and without bacteria. M. aeruginosa showed signs of 

recovery 15 days following treatment with 2.5 g/L in media and 5.0 g/L rice straw extract in 

pond water. For reliable long-term suppression, greater concentrations of rice straw are 

necessary, possibly due to the instability of allelochemicals. In pond water, variability in 

responses between the controls (with and without bacteria) and 5.0 g/L treatments with bacteria 

versus without bacteria show that the microbial community within the context of abiotic 

conditions of natural waters (pH, nutrient concentrations, sediment, and temperature, etc.) is 

important in determining bloom behavior and treatment response. Though rice straw was an 
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effective method for the control of M. aeruginosa and R. subcapitata, complex interactions 

between the algae, the microbial community, and abiotic factors found in natural waters make 

the determination the of the inhibitory mechanism a challenge. 
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1. Introduction 

Cyanobacteria (blue-green algae) are some of the Earth’s oldest photoautotrophic 

prokaryotes with evidence of their presence as early as 2.5 to 2.7 million years ago (Mya) 

(Summons et al., 1999; Brocks et al. 1999). Over the evolutionary history of Earth, 

cyanobacteria have been exposed and adapted to a large range of eco-physiological stresses, 

allowing the prokaryotes to proliferate even in extreme conditions (Paerl, 2014). As a result, 

cyanobacteria can dominate aquatic ecosystems. Some cyanobacteria also form harmful algal 

blooms (CyanoHABs), particularly in anthropogenically modified waterbodies (Paerl and Otten, 

2013).  

 For several decades, barley straw has been gaining recognition as an economical and 

accessible algistat. Several studies have confirmed that the aerobic, microbial decomposition of 

lignin, the parent material of degradation products, is responsible for activating a cereal straw’s 

algistatic effects (Pillinger et al., 1994; Iredale et al., 2012; Murray et al., 2010). Despite these 

findings, the primary compounds and pathways contributing to inhibition have not been 

determined definitively.  

Iredale et al. (2012) discovered increased algal suppression upon photodegradation of 

barley straw, suggesting that the photochemical production of hydrogen peroxide (H2O2) plays a 

role in the inhibitory abilities of cereal straws. Irradiation of natural organic matter in water has 

been known to produce H2O2; however, barley straw was found to produce greater quantities of 

H2O2 and algal suppression when compared to rice or wheat straw or natural organic matter 

(Zhang et al., 2012; Ma et al., 2018).  

Owing to the chemical’s selectivity and benign byproducts in water, H2O2 is an effective 

method for the prevention and degradation of CyanoHABs. Within the chloroplasts of 

eukaryotes under high light conditions, oxygen is used as an excess electron acceptor creating 
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superoxide (Oˉ), a reactive oxygen species (ROS), that is then converted into H2O2 using anti-

ROS enzymes. In cyanobacteria under similar conditions, flavoproteins aid in the transfer of 

electrons into water molecules, excluding the formation of superoxide and H2O2 and mitigating 

the need for large quantities of anti-ROS enzymes (Giannuzzi et al., 2016). Consequently, 

eukaryotic organisms are equipped for higher oxidative stress when compared to prokaryotes, 

rendering H2O2 a selective cyanocide in low concentrations (Weenink et al., 2015; Matthijs et al., 

2012). Additionally, H2O2 has been shown to degrade microcystins upon cyanobacterial lysis, a 

previously unaddressed concern (Matthijs et al., 2012; Cornish et al., 2000; Bandala et al., 2004). 

Other studies have concluded that polyphenolic compounds are the primary 

allelochemicals mediating inhibition, but the specific polyphenolic structures and mechanisms by 

which inhibition occurs have not yet been determined (Ma et al., 2018; Murray et al., 2010; 

Everall et al., 1996 and 1997; Pillinger et al., 1994; Waybright et al., 2009). Depending on the 

chemical structure (the number and position of hydroxyl groups), the present microbial 

community, the availability of oxygen, pH, and presence of metal ions and UV light, 

polyphenols can act as pro-oxidants by forming ROS and H2O2 (Akagawa et al., 2003; Zhang et 

al., 2012). Additionally, the presence of organic matter in a waterbody may contribute to the 

photoproduction of ROS but may also consume any redox reactions before the targeted algal 

species is affected. Therefore, inhibitory concentrations in natural waters are difficult to 

determine as the results/treatment likely depend on the abiotic and biotic conditions during the 

time of decomposition (Zhang et al., 2012; Iredale et al., 2012; Maris, 2019). 

When applied within concentrations of 2.5 mg/L to 5 mg/L, H2O2 allows for long-term 

selective suppression of prokaryotic organisms such as cyanobacteria. When H2O2 is applied in 

concentrations less than 5 mg/L, higher plants and eukaryotes remain unharmed allowing for 
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restoration of diverse phytoplankton communities (Weenink et al., 2015). Despite rapid 

degradation in highly reductive waters, sensitive taxa exposed to concentrations over 5 mg/L for 

any length of time exhibit increased mortality.  

To minimize the risk of cyanobacterial resurgence, Weenink et al. (2015) suggested that 

initial H2O2 dosages be large enough to sustain concentrations at or above 2 mg/L for a minimum 

of 5 hours. In natural waters, H2O2 is decomposed more readily through oxidation of organic 

matter and by anti-ROS enzymes within non-target organisms. To account for these reactions in 

natural systems, a minimum homogenous application of 2.3 mg/L is recommended. However, 

elevated levels of organic matter or solutes in the water will require larger concentrations before 

cyanobacteria are affected. Wang et al. (2019) have shown that repetitive applications of H2O2 in 

highly reductive waters can prolong residence time without exceeding detrimental 

concentrations. 

The objectives of this research were to evaluate the effectiveness of decomposing cereal 

straw extract, particularly rice straw extract, to inhibit the green alga Raphidocelis subcapitata or 

Microcystis aeruginosa in bioassays and to determine if the effectiveness of decomposing rice 

straw extract is altered by the presence of natural organic matter or a microbial community in 

pond water.  

2. Materials and methods 

2.1 Rice and barley straw extracts 

Rice straw was obtained from a farmer in central Arkansas and barley straw was 

purchased from Amazon (Seattle, WA). Both were washed three times with deionized water, air-

dried at room temperature, and stored in bags at room temperature until used in decomposition 

experiments. Straw (40 g/L) was cut into 10-cm pieces and decomposed aerobically 30 days in 

an aquarium at room temperature (Ma et al., 2015; Iredale et al., 2012). Aeration was controlled 
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using an aquarium pump and light was maintained on a 12 hr:12 hr light:dark cycle using full 

daylight spectrum (6400K), 54 watt (initial 5000 lumens) T5 high output fluorescent tubes. After 

30 days, the straw extracts were filtered through a REXEED-25S (Asahi Kasei Medical Co., Ltd, 

Chiyoda-ku, Tokyo) ultrafilter using a peristaltic pump maintained at 31 kPa. The extract was 

stored for up to 6 months at 4°C. Before use in bioassays, extracts were filter-sterilized using 

Nalgene® Rapid-Flow™ PES membrane filter units. 

2.2 Maintenance of Raphidocelis subcapitata and Microcystis aeruginosa algal cultures. 

Sterilized Bristol medium (Table A1) was inoculated with Raphidocelis subcapitata 

(https://www.atcc.org/products/all/22662.aspx#generalinformation) and placed on a shaking 

incubator at 40 rpm, 23 °C,  and under full daylight spectrum (6400K), 24 watt (initial 2000 

lumens) T5 high output fluorescent tubes on a 12 hr:12 hr light:dark cycle. Microcystis 

aeruginosa (https://utex.org/products/utex-lb-2385) was obtained and grown in blue-green 

(BG-11) medium (Table A2, A3) with shaking at 40 rpm, 23 °C, and under full daylight 

spectrum (6400K), 24 watt (initial 2000 lumens) T5 high output fluorescent tubes on a 12 hr:12 

hr light:dark cycle. Fresh media was inoculated with cultures at peak density every 14 to 21 

days. Approximate cell counts were determined using a Bulldog-Bio 4-chip disposable 

hemocytometer. 

2.3 Bioassays 

Objectives were achieved using laboratory incubations of cultures grown in pre-sterilized 

1-L Erlenmeyer flasks with treatments added as shown in Table 1 (n=3). For experiment 1, 

media-based cultures were created from 325 mL of 2x sterile Bristol or BG-11 culture medium 

and 325 mL sterile MilliQ water or appropriately diluted treatment plus 14 mL of Raphidocelis 

https://www.atcc.org/products/all/22662.aspx#generalinformation
https://utex.org/products/utex-lb-2385
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subcapitata or Microcystis aeruginosa inoculated at an initial density approximating 5.8 x 105 

cells/mL (similar to Hua et al., 2018).  

For experiment 2 and 3, pond water was collected from Lake Fayetteville and filtered 

through a 5-µm pore size cellulose nitrate filter. Pond water used in experiment 3 was then filter-

sterilized using a 0.2 µm pore-size Nalgene® Rapid-Flow™ PES membrane filter unit. 

Following filtration, pond water-based cultures were created from 487.5 mL of pond water and 

162.5 mL sterile MilliQ water or appropriately diluted treatment plus 14 mL of each respective 

algal inoculum.  

Experimental flasks were randomly arranged on metal storage racks under T5 high output 

fluorescent tubes maintained at 2000 lux on a 12 hr:12 hr light:dark cycle. The flasks were 

swirled and rearranged every three days to minimize edge effects throughout the 28-day 

incubation period.  

Samples (20 mL total) during all three experiments were collected at time 0, 1, 4, 8, 15, 

and 28 days for measurement of chlorophyll-a, pH (Table B1, B2), oxidation-reduction potential 

(ORP; Table B3, B4), dissolved organic carbon, total nitrogen, total phenolics and flavonoids, 

and H₂O₂ in pond water experiments. In media and pond water experiments, samples (1 mL 

total) were collected at hour 0, 1, 4, and 24 for measurement of H₂O₂. Samples collected from M. 

aeruginosa cultures on day 0, 4, and 15 were analyzed for microcystin concentrations.  

2.4 Determination of chlorophyll-a content 

 First, each sample was filtered through a 0.7-µm pore size Whatman GF/F filter, using 

enough volume to color the filter paper and with rinsing the filter syringe with MilliQ water 

between each sample. Without disturbing the filter residue, the filter was folded and transferred 

to a plastic screw-top centrifuge tube. The tubes were wrapped in foil to preclude light and stored 
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in the freezer until one day before analysis. One day before analysis, 7 mL of 90% acetone were 

added to each vial and returned to the freezer to steep for 23 – 25 hours. The fluorescence was 

measured using a calibrated Turner fluorometer (Turner Designs, Sunnyvale, CA). To quantify 

pheophytin, fluorescence was measured a second time, 90 seconds after the addition of 0.1 mL of 

0.1 N HCl.  

2.5 Determination of total flavonoid content 

 Total flavonoid content was measured using a method modified from Farasat et al. 

(2014). To determine total flavonoid content, 25 µL of sample was added to a clear, flat bottom 

96-well polystyrene microplate followed by 100 µL of a 1:1 mixture of 10% AlCl₃ and 1M 

sodium acetate.  Then, 180 µL of DI water was added to the wells. The plate was covered with a 

transparent lid and allowed to react for 30 minutes at room temperature. The absorbance was 

measured against a blank at 415 nm using a SpectraMax iD3 microplate reader (Molecular 

Devices, San Jose, CA). Calibration curves were created using quercetin as a standard at 0.5 to 

25 µg/mL. Standards were measured throughout analysis for quality control. 

2.6 Determination of total phenolic content  

 Total phenolic content was measured using Prussian Blue assays in clear, flat bottom 96-

well polystyrene microplates (Margraf et al., 2015; Pueyo and Calvo, 2009). Gallic acid 

standards were prepared by dissolving the gallic acid in the minimal volume of ethanol and 

brought to volume with MilliQ water in concentrations from 0.5 to 25 µg/mL. To determine total 

phenolic content of samples, 100 µL of 0.50 mM FeCl3.6H2O in 0.01 N HCl was added to 100 

µL of appropriately diluted sample (1:40 to 1:50 v/v in MilliQ water) and left to react for two 

minutes.  Next, 100 µL of 0.50 mM potassium ferricyanide (K₃Fe(CN)₆) was added to each well 

and allowed to react for 15 minutes in the dark at 25 °C. Absorbance was measured at 725 nm 
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using a SpectraMax iD3 microplate reader. Standards were measured throughout analysis for 

quality control. 

2.7 Determination of hydrogen peroxide 

 Hydrogen peroxide (H₂O₂) was measured following a reaction with cerium (IV) sulfate 

(Putt and Pugh, 2013).  First, 100 µL of sample was added to a clear, flat bottom 96-well 

polystyrene microplate. Then, 100 µL of 10 mM cerium (IV) sulfate was added to the wells and 

the absorbance was immediately read at 400 nm. The cerium (IV) sulfate concentration was 

determined using the standard curve. To determine the H₂O₂ concentration (mM) of the sample, 

the final cerium (IV) sulfate concentration was subtracted from the initial cerium (IV) sulfate 

concentration and divided by two.  

 To create the standard curve, 100 µL of DI water was added to a clear, flat bottom 96-

well polystyrene microplate followed by 100 µL of 0.01 to 10 mM cerium (IV) sulfate in 10% 

(v/v) sulfuric acid/MilliQ water. DI water (200 µL) was added to wells to serve as a blank and 

the absorbance was read at 400 nm.  

2.5 Data analysis 

The chlorophyll-a concentrations were used to calculate the growth inhibition for each 

algal population as a percentage of the control and to indicate inhibition in the presence of each 

straw concentration over time. Treatment averages were analyzed by repeated measures analysis 

of variance (ANOVA, P<0.05; SigmaPlot 11.0, San Jose, CA) with a Bonferroni post hoc test to 

separate the means where appropriate. 
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3. Results  

3.1 Experiment 1 – Growth in culture media 

3.1.1 Chlorophyll-a 

In M. aeruginosa cultures on day 15, 2.5 and 5.0 g/L rice straw extract showed 

significant inhibition of 96% and 97% of biomass as measured by chlorophyll-a, respectively, 

when compared to the no treatment control (P<0.05; Figure 1). On day 28, 5.0 g/L rice straw 

extract was the only significantly inhibitory treatment, with growth inhibited by 98% (P<0.05). 

On day 28, cultures treated with 2.5 g/L barley straw extract showed increased growth in flasks 

when compared to the no treatment control.  

In R. subcapitata cultures on day 15, 5.0 g/L barley straw extract significantly inhibited 

growth by 58% and 5.0 g/L rice straw extract by 91% compared to the no treatment control 

(P<0.05; Figure 2). On day 28, 5.0 g/L barley straw extract significantly inhibited growth by 

62% and 5.0 g/L rice straw extract by 94% (P<0.05). On day 28, these two treatments were 

significantly different from each other and the control (P<0.05). Growth in flasks treated with 

either 2.5 g/L rice or barley straw extract showed no difference from the untreated control 

(P<0.05). 

3.1.2 Phenolics and flavonoids 

In M. aeruginosa cultures on day 0, flasks treated with 5.0 g/L rice straw extract 

contained the greatest concentration of flavonoids followed by 5.0 g/L barley straw extract 

(P<0.05; Figure 3). Flasks treated with 2.5 g/L rice or barley straw extract contained the next 

greatest concentrations of flavonoids followed by the control with the smallest concentration 

(P<0.05). From day 0 to 15, there was an increase in flavonoid concentration in all treatments 

and in the control (P<0.05). From day 15 to 28, greater concentrations were maintained in the 
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control, 2.5 g/L barley and rice straw extracts and 5.0 g/L barley straw extracts and flavonoids 

decreased in the 5.0 g/L rice straw extract treatment group until concentrations were similar to 

those found on days 0 through 4 (P<0.05). Over the incubation period, flavonoids increased the 

most in the control (3.7 µg/mL) and the least in the 5.0 g/L rice straw extract treatment group 

(0.14 µg/L).  

From day 0 to 15, phenolic concentrations were greatest in flasks treated with 5.0 g/L rice 

and barley straw extracts (P<0.05; Figure 4). Total phenolics were smallest in the control on day 

4 and 15, and on day 28 phenolics were smaller in the control than in flasks treated with 5.0 g/L 

rice straw extract (P<0.05). Over the incubation period, total phenolic concentrations increased 

in the control and with 2.5 g/L rice and barley straw extracts until there was no difference 

between the 2.5 and 5.0 g/L rice and barley straw treatment groups (P<0.05). 

In R. subcapitata cultures, flavonoid concentrations significantly increased from day 0 to 

28 in all treatment groups and in the control (P<0.05; Figure 5). On day 0, flavonoid 

concentrations were significantly greater in flasks treated with 5.0 g/L rice or barley straw 

extract than in flasks treated with 2.5 g/L barley straw extract (P<0.05). By day 28, there was no 

difference in flavonoids between the 2.5 and 5.0 g/L rice and barley straw treatments (P<0.05).  

Again, the no treatment control contained the smallest flavonoid concentrations (P<0.05).   

On day 0, phenolic concentrations in R. subcapitata cultures were greatest with 5.0 g/L 

rice and barley straw treatments (P<0.05; Figure 6). Between day 0 and 4, phenolics in flasks 

treated with 5.0 g/L rice and barley straw extracts decreased until they were no different from 2.5 

g/L treatments or the control (P<0.05). After day 4, phenolics concentrations remained small in 

all treatment groups and in the control. The H₂O₂ concentrations were measured for 24 hours 
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following inoculation but showed no significance over time or amongst treatments (P<0.05, data 

not shown).  

3.2 Experiment 2 and 3 – Growth in pond water with and without bacteria present 

3.2.1 Chlorophyll-a  

 Chlorophyll-a concentrations in pond water-based M. aeruginosa cultures increased from 

day 15 to 28 in control with bacteria and in the flasks treated with 5.0 g/L rice straw extract 

without bacteria (Figure 7). On day 28, growth in flasks was greatest in the flasks treated with 

5.0 g/L rice straw extract without bacteria and in the control with bacteria.  

 In R. subcapitata cultures from day 8 to day 28, growth was greatest in the sterile control 

followed by the control with bacteria (Figure 8). From day 0 to 15, R. subcapitata had very little 

to no growth in the presence of all treatment groups. Between day 15 and 28, there was growth in 

flasks treated with 5.0 g/L rice straw extract with bacteria.  

3.2.2 Phenolics and flavonoids 

In pond water M. aeruginosa cultures on day 0 through 28, flasks treated with 10 g/L rice 

straw extract, with and without bacteria, contained the greatest concentration of flavonoids 

followed by 5.0 g/L rice straw extract with and without bacteria (Figure 9). Flavonoids increased 

from day 1 to 28 in the sterile 5.0 g/L rice straw extract treatment group (P<0.05). On day 28, 

concentrations in this treatment group were similar to concentrations in flasks treated with 10 g/L 

rice straw extract (with bacteria; P<0.05). Flavonoids also increased from day 1 to day 4 in the 

control. The control and H₂O₂ treatments, with and without bacteria, had the smallest 

concentration of flavonoids on all days except for day 15 (P<0.05). On day 15, the control had a 

greater concentration of flavonoids than flasks treated with 50 mg/L H₂O₂, with and without 

bacteria (P<0.05). 
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 In pond water M. aeruginosa cultures on day 0 through 28, phenolic concentrations 

decreased in flasks treated with 10 g/L rice straw extract (with and without bacteria) and 100 

mg/L H₂O₂ with bacteria (Figure 10). Total phenolics were greatest in both 10 g/L rice straw 

extract treatment groups over the duration of incubation (P<0.05). 

In pond water-based R. subcapitata cultures, flavonoid concentrations increase between 

day 15 and 28 in the control without bacteria and decreased in flasks treated with 10 g/L rice 

straw extract without bacteria (Figure 11). Similar to M. aeruginosa pond water experiments, 10 

g/L rice straw extract treatment groups with and without bacteria contained the greatest 

flavonoid concentrations followed by 5.0 g/L rice straw extract, with and without bacteria 

(P<0.05). The smallest flavonoid concentrations were found in the controls and all H₂O₂ 

treatments (P<0.05).  

Phenolic concentrations in pond water-based R. subcapitata cultures decreased in all rice 

straw extract treatments over time ((P<0.05; Figure 12). After day 4, phenolics were detected 

only in flasks treated with 10 g/L rice straw extracts (with and without bacteria) and continued to 

decrease until there was no difference between treatment groups on day 28 (P<0.05). 

3.2.3 Hydrogen peroxide 

In pond water M. aeruginosa experiments, H₂O₂ (mg/L) was measured for 28 days 

following inoculation. Over the incubation period, flasks treated with 100 mg/L H₂O₂ maintained 

the greatest H₂O₂ concentrations. Flasks treated with 50 mg/L H₂O₂, with and without bacteria, 

had the second greatest concentrations from day 0 to day 15. After day 15, H₂O₂ decreased in the 

50 mg/L H₂O₂ (with bacteria) treatment group until concentrations were no different from the 

rice straw treatments or sterile control (P<0.05). 
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From day 1 to 15 in M. aeruginosa cultures, H₂O₂ increased in flasks treated with 10 g/L 

rice straw with bacteria, 5.0 g/L rice straw extract treatments with and without bacteria, and 100 

mg/L H₂O₂ without bacteria (Figure 13a, b). The 10 g/L rice straw extract (with bacteria) 

treatment group was the only treatment with a greater H₂O₂ concentration after 28 days. On day 

28, the 10 g/L rice straw treatment (with bacteria) contained more H₂O₂ than the control with 

bacteria (P<0.05).   

 In pond water R. subcapitata experiments, H₂O₂ was measured for 24 hours following 

inoculation (Figure 14a, b). Throughout the 24 hours, flasks treated with 100 mg/L H₂O₂ with 

and without bacteria had the highest H₂O₂ concentration followed by 50 mg/L H₂O₂ with and 

without bacteria and then 25 mg/L H₂O₂ without bacteria (P<0.05).  

4. Discussion  

4.1 Algal inhibition by rice and barley straw 

In media-based cultures, the growth of R. subcapitata was inhibited by 5.0 g/L barley 

straw extract and further inhibited by 5.0 g/L rice straw extract, whereas the growth of M. 

aeruginosa was inhibited only by 5.0 g/L rice straw extract and was stimulated or uninhibited by 

the addition of barley straw extract. This pattern of inhibition is supported by previous studies in 

which cereal straws were found to be algistatic or stimulatory at low concentrations and algicidal 

at greater concentrations (Xiao et al., 2010; Choe and Jung, 2002; Hua et al., 2018). In a 2014 

study, Su et al. found that rice straw administered at low concentrations (0.5 to 2.0 g/L) can 

temporarily stimulate algal growth by increasing the membrane potential, nutrient uptake, and 

metabolic activity of M. aeruginosa, whereas concentrations greater than 4.0 g/L rice straw 

caused a decrease in membrane potential that triggered autolysis.  If cellular damage did occur 
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after treatment at low concentrations, M. aeruginosa was able to recover within seven to eight 

days (Su et al., 2014; Xiao et al., 2010).  

However, the stimulatory versus inhibitory thresholds were determined in culture media 

after no more than 15 days (Su et al., 2014; Iredale et al., 2012). The results of this study suggest 

that algae can recover following treatment with slightly greater concentrations (2.5 g/L) after 15 

days, and the algistatic versus algicidal threshold may occur at greater concentrations (5.0 g/L) 

when administered in pond water. The conditions of the natural environment must be considered 

as allelochemical stability is dependent on oxidative reduction potential, pH, temperature, light 

availability, existing biomass, grazing and bioaccumulation, or sorption, among other processes 

(Zhang et al., 2020; Delle Site, 2001; Li et al., 2021). As a result, inhibitory concentrations 

derived from laboratory media cultures may not be reliable or effective for in-situ 

implementation. Therefore, the effects of naturally occurring organic matter or a microbial 

community on stimulatory versus inhibitory thresholds need to be evaluated so that accurate 

recommendations can be made for long term, in-situ algal suppression.  

4.2 Relationships between flavonoids, total phenolics, and H₂O₂  

Evidence of allelochemical degradation was apparent in the decline of total phenolic 

compounds in R. subcapitata cultures. R. subcapitata are inhibited by phenolic compounds such 

as catechol and 3,4-dihydroxyphenylacetic acid (Fiorentino et al., 2003), but in practice R. 

subcapitata and microalgae are regularly used in wastewater systems for their ability to 

scavenge, transform, or remove phenolic compounds (Lindner and Pleissner, 2019; Zhang et al., 

2020; Al-Dahhan et al., 2018). In this study, R. subcapitata showed an ability to degrade 

phenolic compounds derived from barley and rice straw extracts; however, the metabolic 
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consequences of phenolic degradation of specific compounds and concentrations as found in 

cereal straw extracts requires further investigation.    

In flasks where algae did grow or recover, the release of phenolics compounds by M. 

aeruginosa and R. subcapitata counteracted a decline in total concentrations (Ferdous and Balia 

Yusof, 2021; Jin et al., 2021; Żyszka-Haberecht et al., 2018). In media-based M. aeruginosa 

cultures, the production of flavonoids and phenolics resulted in a net increase in concentrations 

over 28 days. In pond water M. aeruginosa cultures, flavonoid production led to stable 

concentrations over time except in treatments where algal biomass was stimulated; in R. 

subcapitata this trend was restricted to flavonoids. A decline in total phenolic concentration was 

also recorded in M. aeruginosa pond water cultures treated with 10 g/L rice straw extract with 

and without bacteria. At this treatment concentration algal growth was clearly inhibited and the 

pattern of phenolic degradation was similar in treatments with bacteria versus without bacteria 

over the 28-day experiment. Therefore, the decrease in total phenolics in these treatment groups 

can likely be attributed to abiotic degradation in pond water.  

The lack of significant changes in H₂O₂ results combined with significant phenolic and 

flavonoid concentrations between treatments support the hypotheses that algal inhibition cannot 

be attributed to H₂O₂ alone. The flavonoids and phenolic compounds released during the 

decomposition of cereal straw contribute to inhibition of green algae and cyanobacteria. It is 

clear, based on the results of this and other studies, that total extract concentration is an 

important factor for inhibition of R. subcapitata and M. aeruginosa. However, even at similar 

total extract, phenolic, and flavonoid concentrations, rice straw was more effective than barley 

straw at inhibiting the growth of both R. subcapitata and M. aeruginosa, further supporting the 
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hypothesis that inhibition can be attributed to the release of specific phenolic and polyphenolic 

compounds from decomposing cereal straw (Choe and Jung et al., 2002; Park et al., 2006).  

While the inhibitory effect of total rice and barley straw extract concentrations did 

support previous findings, total flavonoid and phenolic concentrations were not helpful in 

explaining the effects of rice and barley straw. Identification of specific compounds released 

during the aerobic photobiodegradation of cereal straws and the fate of these compounds in 

cultures over time would be beneficial in understanding the algistatic or algicidal ability of rice 

straw.  

4.3 Microbial community on effectiveness of treatments 

In R. subcapitata pond water cultures, the control with bacteria experienced less algal 

growth than the control without bacteria. In M. aeruginosa pond water cultures, the control with 

bacteria surpassed the control without bacteria between day 15 and 28.  While analyzing the 

microbial community before, during, and after a dinoflagellate harmful algal bloom, Zhou et al. 

(2020) found complex interactions between microorganisms including competition, predation, 

parasitism, and cross-feeding. Though the microbial community of the pond water used in this 

study was not analyzed, the suppression of algal growth in the green algae bacterial control and 

the variability in responses between treatments of the same concentration with and without 

bacteria show that the microbial community is important in determining bloom behavior and 

treatment response.  

In an effort to predict and mitigate harmful algal blooms, affected waterbodies are 

routinely monitored for environmental variables. However, a study by Needham and Fuhrman 
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(2016) found that phytoplankton had a stronger correlation with prokaryotic communities than 

with water or air temperature, salinity, pH, precipitation, wind speed, or wave height preceding a 

bloom event. While evaluating the effects of different H₂O₂ concentrations on cyanobacteria and 

non-target species in natural waters, Lusty and Gobler (2020, 2023) and Piel et al. (2021) found 

that H₂O₂ did reduce cyanobacterial biomass; however, green algae and fecal bacteria indicators 

consistently and significantly increased in response to the treatment.  Likewise, the results of this 

study support the hypothesis that the microbial community is a vital component of algal bloom 

dynamics and must be considered when deciding on treatment compounds, concentrations, and 

application methods. Therefore, the effectiveness of in-situ rice straw applications cannot be 

considered without regard for the original microbial community.  

5. Conclusion 

Rice and barley straw are effective at controlling the growth of M. aeruginosa and R. 

subcapitata in media. At similar concentrations, rice straw extract was more effective than barley 

straw at suppressing the growth of both R. subcapitata and M. aeruginosa. For reliable long-term 

suppression, greater than 2.5 g/L rice straw extract in media and 5.0 g/L rice straw extract in 

pond water is necessary, possibly due to the instability of allelochemicals. The lack of 

significance in H₂O₂ between treatments supports the hypothesis that inhibition is related to the 

release of other allelochemicals, such as flavonoids or other phenolic compounds.  

However, total concentrations were not helpful in determining the mechanism(s) causing 

the inhibitory effect of cereal straws. Rather, individual compounds produced from 

photoaerobically biodecomposing rice straw should be identified to determine the algistatic 

effect on algal species and on the original microbial community at concentrations found in 

decomposing rice straw extracts. Additionally, the original microbial community composition 
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within the context of abiotic conditions of natural waters (pH, nutrient concentrations, sediment, 

and temperature, etc.) alters algal dynamics and response to treatment. Therefore, these 

conditions must be considered when choosing treatment methods and concentrations.  

Rice straw waste is predominately managed through soil incorporation or through 

burning that contributes to serious respiratory conditions, greenhouse gas emissions, and soil and 

nutrient losses (Skaug, 2017; Bhattacharyya et al., 2021). In contrast to many current algal 

control methods, cereal straws have been recognized as environmentally safe algal inhibitors, are 

safe for non-target species, and can easily be applied with little to no additional management 

(Zhu et al., 2021). Harnessing the potential energy of rice straw in bio-based decomposition 

products, such as algal inhibitors, could incentivize less harmful agricultural waste management 

practices and promote environmentally conscious algal control methods.  
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Table 1. Each chemical (hydrogen peroxide or decomposing straw extract) treatment added to construct microcosms for bioassays for 

analysis of inhibition of cyanobacteria and green algae.   

Experiment 1 Experiments 2 and 3 

Treatment1 Aqueous solution  

(mL solution added) 

Treatment Treatment addition2  

(mL of treatment) 

Control 325 MQ + 325 2x media   Pond water control 487.5 PW + 162.5 MQ 

2.5 g/L BSE 325 BSE + 325 2x media Bacteria control 487.5 PW(b) + 162.5 MQ 

5.0 g/L BSE 325 BSE + 325 2x media 25 mg/L H2O2, no bacteria 487.5 PW + 162.5 H2O2  

2.5 g/L RSE 325 RSE + 325 2x media 25 mg/L H2O2 with bacteria 487.5 PW(b) + 162.5 H2O2 

5.0 g/L RSE 325 RSE + 325 2x media 50 mg/L H2O2, no bacteria 487.5 PW + 162.5 H2O2  

  50 mg/L H2O2 with bacteria 487.5 PW(b) + 162.5 H2O2 

  100 mg/L H₂O₂, no bacteria 487.5 PW + 162.5 H2O2  

  100 mg/L H₂O₂ with bacteria 487.5 PW(b) + 162.5 H2O2 

  5 g/L RSE, no bacteria  487.5 PW + 162.5 RSE  

  5 g/L RSE, with bacteria 487.5 PW(b) + 162.5 RSE 

  10 g/L RSE, no bacteria 487.5 PW + 162.5 RSE 

  10 g/L RSE, with bacteria 487.5 PW(b) + 162.5 RSE 
1BSE is barley straw extract, RSE is rice straw extract, H2O2 is hydrogen peroxide, MQ is Milli-Q water, PW is pond water, (b) is bacteria 

 included from collected pond water 
2mL of treatment pond water added at the same filtration pore size as the background matrix 
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Figure 1. Chlorophyll-a concentrations (µg/L) in media based Microcystis aeruginosa cultures for 0 to 28 days following treatment 

with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control) (n=3). Sampling times followed by similar 

uppercase letters within a treatment represent lack of significant differences within that treatment over time (P > 0.05). Similar 

lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 2. Chlorophyll-a concentrations (µg/L) in media based Raphidocelis subcapitata cultures for 0 to 28 days following treatment 

with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) (n=3). Sampling times followed by similar 

uppercase letters within a treatment represent lack of significant differences within that treatment over time (P > 0.05). Similar 

lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 3. Flavonoid concentrations (µg/mL) in quercetin equivalents in media based Microcystis aeruginosa cultures for 0 to 28 days 

following treatment with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control) (n=3). Sampling times 

followed by similar uppercase letters within a treatment represent lack of significant differences within that treatment over time (P > 

0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 4. Total phenolic concentrations (µg/mL) in gallic acid equivalents in media based Microcystis aeruginosa cultures for 0 to 28 

days following treatment with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) (n=3). Sampling times 

followed by similar uppercase letters within a treatment represent lack of significant differences within that treatment over time (P > 

0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 5. Flavonoid concentrations (µg/mL) in quercetin equivalents in media based Raphidocelis subcapitata cultures for 0 to 28 

days following treatment with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) (n=3). Sampling times 

followed by similar uppercase letters within a treatment represent lack of significant differences within that treatment over time (P > 

0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 6. Total phenolic concentrations (µg/mL) in gallic acid equivalents in media based Raphidocelis subcapitata cultures for 0 to 

28 days following treatment with rice straw extract (RSE), barley straw extract (BSE), or no treatment (control, C) (n=3). Sampling 

times followed by similar uppercase letters within a treatment represent lack of significant differences within that treatment over time 

(P > 0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 7. Chlorophyll-a concentrations (µg/L) in pond water based Microcystis aeruginosa cultures for 0 to 28 days following 

treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or without bacteria 

(n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant differences within that 

treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 8. Chlorophyll-a concentrations (µg/L) in pond water based Raphidocelis subcapitata cultures for 0 to 28 days following 

treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or without bacteria 

(n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant differences within that 

treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the treatments (P < 0.05). 
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Figure 9. Flavonoid concentrations (µg/mL) in quercetin equivalents in pond water based Microcystis aeruginosa cultures for 0 to 28 

days following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or 

without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 
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Figure 10. Phenolic concentrations (µg/mL) in gallic acid equivalents in pond water based Microcystis aeruginosa cultures for 0 to 28 

days following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or 

without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 
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Figure 11. Flavonoid concentrations (µg/mL) in quercetin equivalents in pond water based Raphidocelis subcapitata cultures for 0 to 

28 days following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 
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Figure 12. Phenolic concentrations (µg/mL) in gallic acid equivalents in pond water based Raphidocelis subcapitata cultures for 0 to 

28 days following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) 

or without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 

 

0

1

2

3

4

5

6

7

8

9

0 5 10 15 20 25 30

P
h

e
n

o
li

c
s 

((
µ

g
/m

L
)

Time (Days)

Control 5.0 g/L RSE 10.0 g/ L RSE 25 mg/L H2O2 50 mg/L H2O2 100 mg/L H2O2

Control (b) 5.0 g/L RSE (b) 10.0 g/ L RSE (b) 25 mg/L H2O2 (b) 50 mg/L H2O2 (b) 100 mg/L H2O2 (b)

Bc

Acd 

Bb  

Ca Ca Ca 

Ae Ac 

Bb  Bb  

Bb  

Ca Aa 

Aa 

Aa 

Aa Aa Aa 

*Ab 
*Ab 

*Ba  *Ba  *Ba  *Ba  

Ad 

Cb  Cb  
CDab  

Da 



 

 
 

6
3

 

 

 

 

 

 

0

5

10

15

20

25

30

0 5 10 15 20 25 30

H
₂O

₂ 
(m

g
/L

)

Time (Days)

Control 5.0 g/L RSE 10. 0 g/L RSE Control (b) 5.0 g/L RSE (b) 10. 0 g/L RSE (b)

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 
A 

**,*AB 

**,*A 

*AB 
**,*AB 

*AB 

**AB 

**,*B 

**AB 

‡AB 

‡A 

‡AB 

‡AB 

‡B 

‡B 

A 

A 

A 

A 

A 

A 

A 



 

 
 

6
4

 

 

Figure 13 a-b. Hydrogen peroxide concentrations (mg/L) in pond water based Microcystis aeruginosa cultures for 0 to 28 days 

following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or 

without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 
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Figure 14 a-b. Hydrogen peroxide concentrations (mg/L) in pond water based Raphidocelis subcapitata cultures for 0 to 24 hours 

following treatment with rice straw extract (RSE), hydrogen peroxide (H₂O₂), or no treatment (control) and with bacteria (b) or 

without bacteria (n=3). Sampling times followed by similar uppercase letters within a treatment represent lack of significant 

differences within that treatment over time (P > 0.05). Similar lowercase letters represent lack of significant differences between the 

treatments (P < 0.05). 
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Conclusions 

Rice and barley straw are effective at controlling the growth of M. aeruginosa and R. 

subcapitata in media. At similar concentrations, rice straw extract was more effective than barley 

straw at suppressing the growth of both R. subcapitata and M. aeruginosa. For reliable long-term 

suppression, greater than 2.5 g/L rice straw extract in media and 5.0 g/L rice straw extract in 

pond water is necessary, possibly due to the instability of allelochemicals. The lack of 

significance in H₂O₂ between treatments supports the hypothesis that inhibition is related to the 

release of other allelochemicals, such as flavonoids or other phenolic compounds.  

However, total concentrations were not helpful in determining the mechanism(s) causing 

the inhibitory effect of cereal straws. Rather, individual compounds produced from 

photoaerobically biodecomposing rice straw should be identified to determine the algistatic 

effect on algal species and on the original microbial community at concentrations found in 

decomposing rice straw extracts. Additionally, the original microbial community composition 

within the context of abiotic conditions of natural waters (pH, nutrient concentrations, sediment, 

and temperature, etc.) alters algal dynamics and response to treatment. Therefore, these 

conditions must be considered when choosing treatment methods and concentrations.  

Rice straw waste is predominately managed through soil incorporation or through 

burning that contributes to serious respiratory conditions, greenhouse gas emissions, and soil and 

nutrient losses (Skaug, 2017; Bhattacharyya et al., 2021). In contrast to many current algal 

control methods, cereal straws have been recognized as environmentally safe algal inhibitors, are 

safe for non-target species, and can easily be applied with little to no additional management 

(Zhu et al., 2021). Harnessing the potential energy of rice straw in bio-based decomposition 
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products, such as algal inhibitors, could incentivize less harmful agricultural waste management 

practices and promote environmentally conscious algal control methods.  
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Appendix A 

Media components and stock solutions 

Table A1. Bristol medium stock solutions and final concentrations. 

# Component Amount Stock Solution Concentration Final Concentration 

1 NaNO3  10 mL/L 25 g/L MilliQ 2.94 mM 

2 CaCl2•2H2O  10 mL/L 2.5 g/L MilliQ 0.17 mM 

3 MgSO4•7H2O  10 mL/L 7.5 g/L MilliQ 0.3 mM 

4 K2HPO4  10 mL/L 7.5 g/L MilliQ 0.43 mM 

5 KH2PO4  10 mL/L 17.5 g/L MilliQ 1.29 mM 

6 NaCl  10 mL/L 2.5 g/L MilliQ 0.43 mM 

 

Table A2. BG-11 medium stock solutions and final concentrations. 

# Component Amount 
Stock Solution 

Concentration 

Final 

Concentration 

1 NaNO3 10 mL/L 150 g/L MilliQ 17.6 mM 

2 K2HPO4 10 mL/L 4 g/L MilliQ 0.23 mM 

3 MgSO4•7H2O 10 mL/L 7.5 g/L MilliQ 0.3 mM 
4 CaCl2•2H2O 10 mL/L 3.6 g/L MilliQ 0.24 mM 

5 Citric Acid•H2O 10 mL/L .6 g/L MilliQ 0.031 mM 

6 Ferric Ammonium Citrate 10 mL/L .6 g/L MilliQ 0.021 mM 
7 Na2EDTA•2H2O 10 mL/L .1 g/L MilliQ 0.0027 mM 

8 Na2CO3 10 mL/L 2 g/L MilliQ 0.19 mM 

9 BG-11 Trace Metals Solution 1 mL/L   

10 
Sodium Thiosulfate Pentahydrate (agar 

media only,sterile) 
1 mL/L 249 g/L MilliQ 1 mM 

 

Table A3. BG-11 trace metals stock solution. 

# Component Amount Final Concentration 

1 H3BO3 2.86 g/L  46 mM 

2 MnCl2•4H2O 1.81 g/L 9 mM 

3 ZnSO4•7H2O 0.22 g/L 0.77 mM 

4 Na2MoO4•2H2O 0.39 g/L 1.6 mM 

5 CuSO4•5H2O 0.079 g/L 0.3 mM 

6 Co(NO3)2•6H2O 49.4 mg/L 0.17 mM 

 

 

 

 

 

https://utex.org/products/bg-11-trace-metals-solution


 

 
 

7
1

 

Appendix B 

Table B1. pH averages in pond water Microcystis aeruginosa cultures for 0, 1, 4, 8, 15 and 28 days following inoculation. 

 

 

 

 

 

 

 

 

Table B2. pH averages in pond water Raphidocelis subcapitata cultures for 0, 1, 4, 8, 15 and 28 days following inoculation. 

. 

 

 

 

 

 

 

 

 

 Day 0 Day 1 Day 4 Day 8 Day 15 Day 28 

Treatment1 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Control 8.07 0.13 8.14 0.10 7.76 0.08 8.19 0.07 8.30 0.02 8.14 0.06 

5.0 g/L RSE 8.31 0.01 8.40 0.02 7.91 0.05 8.12 0.06 8.55 0.08 8.83 0.32 

10.0 g/ L RSE 8.29 0.02 8.43 0.02 7.85 0.10 8.22 0.04 8.80 0.02 8.75 0.09 

50 mg/L H2O2 8.21 0.06 8.29 0.02 8.17 0.05 8.24 0.03 8.19 0.05 8.34 0.03 

100 mg/L H2O2 8.21 0.01 8.26 0.03 8.18 0.04 8.28 0.04 8.24 0.02 8.26 0.02 

Control (b) 8.05 0.06 7.45 0.15 8.01 0.03 8.04 0.02 8.26 0.01 8.66 0.56 

5.0 g/L RSE (b) 7.96 0.13 7.93 0.12 8.28 0.04 8.28 0.07 8.27 0.11 8.34 0.10 

10.0 g/L RSE (b) 8.13 0.05 7.96 0.08 8.36 0.03 8.45 0.02 8.55 0.12 8.46 0.02 

50 mg/L H2O2 (b) 8.09 0.16 8.24 0.01 8.17 0.03 8.28 0.01 8.30 0.01 8.31 0.02 

100 mg/L H2O2 (b) 8.23 0.02 8.23 0.01 8.14 0.02 8.24 0.02 8.26 0.01 8.35 0.02 
1RSE is rice straw extract, H₂O₂ is hydrogen peroxide, (b) is bacteria included from collected pond water, SE is standard error. 

 Day 0 Day 1 Day 4 Day 8 Day 15 Day 28 

Treatment1 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Control 8.14 0.01 8.19 0.08 8.31 0.03 8.29 0.00 8.36 0.02 8.25 0.01 

5.0 g/L RSE 8.52 0.06 8.56 0.02 8.54 0.01 8.57 0.02 8.61 0.03 8.65 0.03 

10.0 g/ L RSE 8.63 0.02 8.78 0.04 8.73 0.01 8.72 0.03 8.78 0.02 8.90 0.04 

25 mg/L H2O2 8.14 0.04 8.32 0.03 8.31 0.02 8.15 0.07 8.36 0.03 8.33 0.02 

50 mg/L H2O2 8.09 0.06 8.30 0.01 8.30 0.02 8.25 0.01 8.36 0.01 8.33 0.01 

100 mg/L H2O2 8.16 0.02 8.24 0.04 8.28 0.02 8.32 0.01 8.32 0.00 8.30 0.02 

Control (b) 8.04 0.08 8.12 0.10 8.20 0.03 8.27 0.05 8.28 0.05 8.25 0.04 

5.0 g/L RSE (b) 8.03 0.05 8.25 0.07 8.06 0.05 8.24 0.06 7.40 0.08 8.26 0.08 

10.0 g/L RSE (b) 8.21 0.03 8.36 0.05 8.53 0.09 8.46 0.05 7.40 0.05 8.51 0.07 

25 mg/L H2O2 (b) 8.17 0.03 8.28 0.01 8.23 0.09 8.33 0.02 8.25 0.05 8.41 0.01 

50 mg/L H2O2 (b) 8.17 0.01 8.27 0.02 8.24 0.00 8.31 0.01 8.29 0.02 8.40 0.01 

100 mg/L H2O2 (b) 8.21 0.00 8.21 0.06 8.27 0.02 8.30 0.01 8.31 0.02 8.43 0.01 
1RSE is rice straw extract, H₂O₂ is hydrogen peroxide, (b) is bacteria included from collected pond water, SE is standard error. 
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Table B3. Redox averages in pond water Microcystis aeruginosa cultures for 0, 1, 4, 8, 15 and 28 days following inoculation. 

. 

 

 

 

 

 

 

 

 

Table B4. Redox averages in pond water Raphidocelis subcapitata cultures for 0, 1, 4, 8, 15 and 28 days following inoculation. 

 Day 0 Day 1 Day 4 Day 8 Day 15 Day 28 

Treatment1 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Control 210 20.09 189 4.67 167 21.83 154 5.49 152 4.04 157 9.40 

5.0 g/L RSE 151 14.89 143 1.86 115 2.40 158 5.93 140 6.94 125 9.54 

10.0 g/ L RSE 135 11.06 134 12.20 115 7.45 138 12.58 114 3.38 124 1.76 

25 mg/L H2O2 235 4.18 237 0.33 206 0.33 213 0.00 210 1.67 212 1.20 

50 mg/L H2O2 230 4.67 240 3.84 213 3.71 212 1.76 218 4.84 221 0.67 

100 mg/L H2O2 244 4.18 240 0.88 210 0.67 210 1.53 217 0.00 229 5.36 

Control (b) 190 0.58 214 7.94 149 9.50 150 5.03 166 19.52 172 6.36 

5.0 g/L RSE (b) 164 3.61 170 10.60 118 6.81 130 8.29 165 7.84 167 0.58 

10.0 g/L RSE (b) 138 4.41 143 0.88 101 6.66 102 4.33 178 13.35 138 5.51 

25 mg/L H2O2 (b) 218 26.03 240 0.88 114 11.41 131 5.67 135 9.24 122 4.16 

50 mg/L H2O2 (b) 248 0.88 243 2.31 187 28.20 213 1.20 219 0.67 219 14.01 

100 mg/L H2O2 (b) 241 2.08 239 1.45 215 1.20 214 0.88 221 0.67 234 2.89 
1RSE is rice straw extract, H₂O₂ is hydrogen peroxide, (b) is bacteria included from collected pond water, SE is standard error. 

 Day 0 Day 1 Day 4 Day 8 Day 15 Day 28 

Treatment1 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Control 185 10.40 187 7.42 222 7.86 223 17.70 227 4.93 200 2.52 

5.0 g/L RSE 148 4.36 147 8.09 156 26.21 171 4.70 220 2.33 181 8.82 

10.0 g/ L RSE 136 3.46 118 5.67 154 7.57 143 8.74 186 2.33 176 9.29 

50 mg/L H2O2 239 3.06 229 4.51 223 3.51 143 4.93 197 7.42 215 2.85 

100 mg/L H2O2 226 3.18 227 3.51 215 2.52 187 27.09 202 2.89 216 2.08 

Control (b) 169 3.93 184 9.50 195 6.17 155 3.53 197 2.89 186 18.45 

5.0 g/L RSE (b) 151 4.91 154 7.80 150 1.86 147 11.15 184 3.61 195 9.94 

10.0 g/L RSE (b) 142 2.73 140 3.71 137 5.24 114 12.86 159 6.93 162 7.02 

50 mg/L H2O2 (b) 230 0.00 228 2.85 225 1.86 158 5.61 218 0.67 175 4.33 

100 mg/L H2O2 (b) 231 1.45 225 0.88 215 1.76 222 8.17 212 2.08 220 2.08 
1RSE is rice straw extract, H₂O₂ is hydrogen peroxide, (b) is bacteria included from collected pond water, SE is standard error. 
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