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Abstract   
 

Microorganisms are pivotal in mangrove ecosystems, serving as recyclers and 
transformers of nutrients in these typically nutrient-limited areas. Auckland’s Waitemata 
Harbor houses several mangrove stands that are polluted with a slew of hydrocarbons and 
heavy metals. The primary objective of this study is to identify the level of PAH/heavy 
metals from Waitemata Harbor mangrove stands that may impact fungal growth. 
Secondarily, this experiment sought to characterize the microorganisms naturally present 
within the sediments. Two sites were selected from around the Harbor: Hobson Bay 
(highly polluted) and Herald Island (less polluted), the sediments from which were either 
autoclaved or non-autoclaved, inoculated with a growth medium (MEA) along a dilution 
gradient, inoculated with three species of fungi, and incubated on petri dishes for 
approximately 20 days. Plates with autoclaved sediment were used to determine the 
sediment to agar ratio that would allow the most successful fungal growth over time. 
Plates with non-autoclaved sediment were used to culture the microorganisms naturally 
present in the sediments. Results indicated that Hobson Bay sediments in higher 
concentrations are detrimental to Ileodictyon cibarium growth. Trichoderma, Bacillus, 
Talaromyces and Penicillium species grew on plates with non-autoclaved Hobson Bay 
sediment, while only Talaromyces species grew on Herald Island sediments. This 
experiment provides insight into the fungal community composition of the two sites, and 
may serve as an introductory examination of the bioremediation potential of fungi within 
the Harbor ecosystem. 
 
Introduction 
 

Mangroves and their sediment microorganism-associates exist in a mutualistic 
symbiosis: mangroves provide nourishment for the microbial community and alter the 
physiochemical properties of the sediment, while microorganisms serve many purposes 
in these ecosystems, including the transformation and recycling of nutrients in a system 
that is typically nutrient-limited (Holguin et al. 2001). Mangrove forests are extremely 
important in coastal environments, protecting the coast from solar radiation, floods, sea 
level rise and coastal erosion. They also contribute significantly to the global carbon 
cycle and to complex food webs (Kathiresan 2012).  

Mangrove sediments are biological hotspots for fungi, with over one hundred species 
identified (Sheerer et al. 2006). New Zealand mangroves are confined to North Island 
coastal estuaries, harbors, lagoons, creeks and rivers (Morrisey et al. 2007). The 
Waitemata Harbor in Auckland, New Zealand, is home to several dense mangrove stands. 
However, the Harbor is also an industrial hub and home to numerous marinas and 
commercial/industrial activities; as such, the area is extensively polluted with polycyclic 
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aromatic hydrocarbons (PAHs) and heavy metals (Abrahim et al. 2007; Dupree at al 
2007; Gadd et al. 2007; Glasby et al. 1998). 

Fungal breakdown of PAHs and detoxification of heavy metals are pivotal processes 
in the maintained health of human-impacted aquatic ecosystems. Fungi are heterotrophic 
absorbers with extracellular, enzymatic digestion; they secrete exoenzymes that break 
down complex molecules/substrates and promote the digestion of the resulting smaller 
organic compounds that fungi can absorb and use as energy (Cole et al. 1996).  

PAHs arise from incomplete combustion of complex organic substances such as coal, 
oil, petrol, and wood. They can also originate from burning activities, petroleum or coal 
seepage, or volcanic activity. Major anthropogenic sources of PAHs include residential 
heating, coal gasification and liquefying plants, asphalt production, aluminum 
production, and motor vehicle exhaust (Abdel-Shafy et al. 2016). Aquatic sediments are 
also a major sink for heavy metals (Li et al. 2000), which arise from industrial and 
agricultural processes. Fungi, however, have the ability to transform organometals, with 
the organic portions being degraded and the metal portions undergoing alterations in 
speciation (Gadd 1993). These transformations occur either by enzymatic action or by 
facilitating abiotic degradation (Gadd 2007). Non-organometal sorption or uptake of 
essential metals by fungi is involved with specialized transporters, biosorption to the cell 
wall, or other complex processes (Siddiquee et al. 2015). 

To a certain extent, fungi can consume or detoxify heavy metals, as well as PAHs 
partially or entirely (Craig et al. 2004; Gadd et al. 2007; Haritash et al. 2009). Fungi can 
facilitate chemical degradation and transformation processes in aquatic sediments. 
However, there are few studies that assess the level of toxicity that may be harmful or 
lethal to fungi in mangrove stand sediments (Ghizelini et al. 2012; Marcial Gomes et al. 
2008). 

The primary objective of this study is to identify the sediment concentration of 
PAH/heavy metals from Waitemata Harbor mangrove stands that may impact fungal 
growth. Sediments from Hobson Bay (highly polluted) and Herald Island (less polluted) 
were either autoclaved or non-autoclaved, inoculated with a growth medium along a 
dilution gradient, inoculated with three different species of fungi, and incubated for 
approximately 20 days. The question this portion of the study aimed to answer was: What 
sediment to agar ratio allows the most fungal growth over time within species for each of 
the two selected sites? Here, it was hypothesized that there would be reduced mycelial 
growth on higher sediment concentrations for each species. 

There are no papers that specifically identify the sediment fungi associated with 
Avicennia marina var. resinifera, the New Zealand mangrove. This information could 
have implications for these ecosystems, especially in terms of bioremediation of 
hydrocarbon and heavy metal pollutants. The second question this study sought to answer 
was, what microorganisms are naturally present in these sediments and what does the 
existing literature suggest about their potential ecological roles?  
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Methods 
 
Background Data, Site Selection and Sediment Collection Conditions 

 
Dr. Luitgard Schwendenmann from the University of Auckland School of 

Environment provided sediment data, summarized in Table 1. From this data, one heavily 
polluted site (Hobson Bay) and one less-polluted site (Herald Island) from around the 
Waitemata Harbor were selected for comparison. For each of the two sites, several 
coordinates (five for Herald Island and four for Hobson Bay) were provided, each having 
associated sediment data. A non-parametric Mann-Whitney U test determined that 
percent organic matter and conductivity were greater in Herald Island than in Hobson 
Bay (p=0.015,) and the remaining variables (pH and grain size) were not significantly 
different.  

Hobson Bay is a commercial, industrial estuary with several marinas and a history 
of sewage disposal (Glasby et al. 1988). As the Waitemata Harbor is the main Harbor in 
Auckland, PAHs and heavy metals are expected to be present in this area (Abrahim et al. 
2007; Dupree at al 2007; Gadd et al. 2007; Glasby et al. 1998). Herald Island is primarily 
residential (Figure 1).  

	  
Figure 1a. Auckland, New Zealand; 1b. Herald Island and Hobson Bay in Auckland’s 
Waitemata Harbor. Images generated from Google Maps.  

There had been frequent, moderate precipitation in the Auckland area on the days 
leading up to sediment collection. On the day of collection at Hobson Bay, it was partly 
cloudy and 15.5 ℃. Dense mangroves dominated the muddy mangrove stand. Conditions 
were nearly identical on the day of collection at Herald Island. The primary difference 
between the two sites, aside from the surrounding areas, was that at the delta mangrove 
stand at Herald Island, the sediments were submerged in 0.5-1 meters of water at all 
times (the water was siphoned out of the core during collection) whereas at Hobson there 
was no free water above the mud during sampling.  
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Table 1. Sediment data from Hobson Bay and Herald Island (averaged from samples) 

 % Organic 
Matter* 

pH Conductivity 
(mS/cm)* 

Mean 
Grain Size 

(μm) 

Median 
Grain Size 

(μm) 
Hobson 1.9045 5.888 3.0425 43.066 38.772 
Herald 12.207 5.568 15.424 52.567 66.484 

*=Statistically Significant  
 
Sediment Collection 
 

A PVC pipe core (dimensions: height = 30cm; diameter = 10.5cm) was inserted 
approximately 5 cm into sediments, gathered with a sterilized shovel and dropped into a 
sterilized Ziploc bag immediately after collection to minimize aerial contamination. The 
core, shovel, and gloved hands were sanitized and this process was repeated four times at 
each coordinate. A total of four samples (one for each provided coordinate) were 
collected at Hobson Bay, and five at Herald Island. The samples were stored in an 
incubator at 10℃ overnight.  

Aliquots of equal mass from each sample were then homogenized by hand for 
each site, creating one overall sediment sample for Hobson Bay and one for Herald 
Island. The decision to homogenize the samples was based on the objectively very close 
position of the coordinates to one another (approximately three meters apart at most), and 
the monopolization of both sites by A. marina. It was unlikely that the pollutants 
contained in the sediments would vary greatly from one coordinate to another within a 
site. 
 
Autoclaving and Sediment:Agar Ratios 
 

Half of the Hobson Bay sediments, as well as half of the Herald Island sediments 
were autoclaved at 122 ℃ for 15 minutes. The autoclaved portions were used to analyze 
fungal growth under varying contaminant conditions, and the non-autoclaved portions 
were used to analyze non-target microorganisms present in the sediments that were able 
to grow in the set conditions. Target fungi were still grown on non-autoclaved plates 
because it was unclear at the start of the experiment the extent to which autoclaving 
would impact target fungal growth. This became a control in that naturally present 
microorganisms may not have been able to grow in the presence of certain target fungi. 

The inoculated fungi in this experiment needed an additional utilizable carbon 
source because, although capable of degradation, fungi cannot utilize PAHs or heavy 
metals as their sole energy source for growth (Gadd 2006). They had to be supplied with 
additional nutrients (agar) in the lab. MEA (Malt Extract Agar: pH 5.5, stored at 12 ℃; 
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recipe per liter: Malt extract, difco-30g and 15g bacto-agar) growth medium and water 
were added to different proportions of sediment (Table 2). The ratios were chosen to 
mimic a wide range of pollution, under the assumption that more sediment by mass 
equated to greater PAH/heavy metal concentration.  

MEA powder, water and varying amounts of autoclaved or non-autoclaved 
sediment were added to 12 one-liter Erlenmeyer flasks (Table 2). Ratios were the same 
between both autoclaved and non-autoclaved sediment. Autoclaved sediments were 
added to and mixed well with autoclaved MEA immediately after removal from the 
autoclave.   
	  
Table 2. Sediment:agar ratios 

Sediment (g) MEA (g) Water (mL) Ratio (sediment: 
media) 

0 11.24 250 0:1 
2.25 11.24 250 1:5 
6.74 11.24 250 3:5 
11.24 11.24 250 1:1 
56.2 11.24 250 5:1 
112.4 11.24 250 10:1 

 
Choice of Fungi and Target Fungi Pre-Inoculation Growth Conditions 
 

As the fungi would be inoculated on a sediment/agar mixture, it was 
recommended that soil-interfacing fungi common to New Zealand be used in this 
experiment (personal communication, A. Taylor of Fungi Perfecti, 2018). The fungi 
chosen were Stropharia rugosoannulata, Ileodictyon cibarium, and Trichoderma 
hamatum. 

Stropharia rugosoannulata, an introduced species that is found growing 
gregariously on wood chips and soil, is able to utilize PAHs as a carbon source 
(Anasonye et al. 2014; Steffen et al. 2006; Valentin et al. 2013).  A master culture of S. 
rugosoannulata was obtained from the Manaaki Whenua-Landcare Research ICMP 
(International Collection of Microorganisms from Plants). The ICMP stores fungal 
cultures in liquid nitrogen at -196 ℃. Three plugs of S. rugosoannulata (strain ICMP-
18209) were plated on PDA (potato dextrose agar) and grown for 10 days in a 22 ℃ 
incubator before inoculation.  

Ileodictyon cibarium is a soil-dwelling saprobe that is native to New Zealand. A 
pure culture of I. cibarium was inoculated on PDA for 42 days and was also stored at 22 
℃ until inoculated on experimental plates.  

Trichoderma hamatum is an extremely common soil, wood, and herbaceous-
dweller introduced to New Zealand. Trichoderma is a fast-growing genus that tends to 
sporulate (produce spore-bearing structures) in the presence of light (In Harmon et al. 
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2014) and so was kept in a dark incubator with the other cultures at 22 ℃. This culture 
was grown on PDA for 30 days until inoculation.  

Fungi were inoculated on non-autoclaved plates initially to examine whether or 
not target fungi could be grown in non-autoclaved plate conditions. However, upon 
realization that microorganisms present in the sediments would completely overgrow 
non-autoclaved plates, this portion of the study became an analysis of the 
microorganisms naturally present in the sediments.  
 
Fungal Inoculation and Growth Measurements 

Approximately 20 mL of the sediment/media mixtures were added to each 
100mm x 15mm petri dish. Mycelial plugs (3mm diameter, one per plate) of each species 
were inserted into the center of each plate, and the tool was flame-ethanol sterilized after 
each plug was placed on its respective plate for inoculation. This process was repeated 
for both Hobson Bay and Herald Island autoclaved/non-autoclaved plates, for a total of 
216 plates (Figure 2). The petri dishes were parafilmed and kept in a dark, 20 ℃ 
incubator for approximately 20 days, and their positions were randomized daily. For 
Ileodictyon and Stropharia plates, the longest diameter points of fungal growth in each 
petri dish were measured; the petri dishes were measured between the same points every 
2–3 days for approximately 20 days (Figure 3). Photos of plates were taken every 3–4 
days with a Nikon D80 digital camera and processed with Camera Control Pro 2 (Version 
2.27.0, Nikon Corporation).  

Autoclaved Trichoderma plates required a modified form of measurement. Due to 
the size and shape of the petri dishes utilized in this experiment Trichoderma mycelium 
spread quickly and concentrically (see Figures 10 and 11 to observe Trichoderma growth 
habit in culture). For these measurements, the aforementioned digital photos were 
cropped circularly around each plate. Following this, the image processing program 
ImageJ (Version 1.52, National Institutes of Health, USA) was used to convert the 
images to grey-scale (8-bit). Then by using the “Threshold” feature, the percentage of 
pixels composing the agar in the image was estimated. These values were subtracted from 
100 to achieve total fungal percent cover on each plate, and it was hypothesized that	  the 
percent cover of Trichoderma on petri dishes would decrease along with increased 
sediment concentration. No differentiation was made between white (mycelium) and 
green (spores) on Trichoderma plates, as sporulation was not considered on Stropharia or 
Ileodictyon plates.    
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Figure 2. Experimental setup 
 

Figure 3. Example of how growth was measured. The blue dots represent the longest 
diameter of mycelial growth at the time the first growth measurements were taken after 
inoculation. Plates were continuously measured along the same axis. This photo is a 
replicate of S. rugosoannulata on its 7th day of growth following inoculation. 
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Sediment Characterization 
 

300g of autoclaved/non-autoclaved sediment from each site were sent to Hill 
Laboratories, Auckland for analysis (Table 3). Characterization methods can be found in 
Table 4.  
 
Table 3. Pollutant Summary provided by Hill Laboratories* 

	  
*PEF and TEF are methodologies to evaluate human health risks. 
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Table 4. Summary of methods for sediment PAH/heavy metal analysis  

	  
	  
Microorganism Isolation and Identification 
 

A variety of non-target microorganisms grew on the non-autoclaved plates. 
Colonies observed on at least two of three triplicates from each site and pollutant 
concentration were sequenced. To draw conclusions about these organisms, as well as 
their original environment of the mangrove sediments, the six fungi/bacteria found 
frequently on the non-autoclaved petri dishes were isolated on PDA for approximately 20 
days of growth in a 20 ℃ incubator. Following this, Sigma-Aldrich Extract-N-Amp Plant 
Tissue PCR kits (by Millipore Sigma, Germany) and Sanger Sequencing were used for 
species identification.	  For sequencing, BigDye V3.1 and 1ul of 5X diluted PCR products 
were run in Applied Biosystems 3500xl Genetic Analyzer using ITS1F and ITS4 primers 
(personal communication, D. Park, 2018; Martin et al. 2005). The nucleotide sequences 
produced were checked in the NCBI BLAST database 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, Table 6) for species identification. 
 
Statistical Analyses 
 

To analyze which sediment to agar ratio (Table 2) would allow the most successful 
growth over time within species for each of the two selected sites, triplicate growth 
measurements (triplicate percent cover measurements in terms of Trichoderma) for the 
last day of measurements (day 20 for S. rugosoannulata, 21 for I. cibarium, and 19 for T. 
hamatum) were inputted into R.Studio.1.1.414 (R Studio Inc.) and visualized using the 
ggplot2 (Version 2.2.1.; Wickam, 2016) package (Figures 4a–d and 5a–b). There were no 
observable spikes or plateaus in growth throughout the given time period, so it was 
decided that only growth measurements from the final day would be considered. 
Statistical significance (p<0.05) of the sediment:media concentration on fungal growth 
for each species within each site was analyzed using a three-way ANOVA. A linear 
model was constructed with fungal growth measurements as the response variable and 
site, pollutant concentration and species as predictor variables. The purpose of this model 
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was to identify the independent variable(s) that deviate from the model, thusly indicating 
significant relationships. The R.Studio output specifies the significance of each one-, 
two-, and three-way interaction within the model. A post-hoc Tukey test was used to 
pinpoint significant differences in growth between pollutant concentrations. This 
experiment did not contain the statistical power to identify pollutants listed in Table 3 
that correlate with fungal growth. Non-autoclaved sediment plate analyses were non-
statistical (Table 6).  
 
Microscopy 
 

To analyze whether there were any morphological changes in hyphal structure in 
response to sediment pollutants, hyphae from autoclaved plates from each fungus/ratio 
were compared to control plates. A 1–2mm section from the leading edge of the fungus 
from each plate was removed using a continuously sterilized scalpel and placed on a 
microscope slide, followed by a drop of 1% Phloxine (a stain for cytoplasm) and cover 
slip. Several drops of 3% KOH (potassium hydroxide) were then placed on one edge of 
the cover slip and a Kim wipe was held on the opposite edge to extract the extra dye. The 
slides were viewed under 40˟ using a Nikon Eclipse 80i and photos were taken using NIS 
Elements BR.  
 
Results 
 
Fungal growth on autoclaved sediments 
 

The linear model (fungal growth ~ site*species*pollutant concentration) indicated 
that fungal growth trends were inconsistent between sites along the dilution gradient. 
Sediment concentrations only affected growth for one species and only at one site. The S. 
rugosoannulata triplicates grown with sediment from Herald Island (lower pollution) 
produced the most mycelium on the 1:1 sediment to media ratio, and the least on the 
control plates (Figures 4 and 6). Conversely, the S. rugosoannulata grown on Hobson 
Bay (higher pollution) sediments grew the most successfully on the control plates and the 
least successfully on 1:1 ratio plates (Figures 4 and 7).  I. cibarium on Herald Island 
sediments produced the most mycelium on the 3:5 ratio triplicates and the least on 1:5 
(Figures 4 and 8). I. cibarium on Hobson Bay sediments were most successful on the 
control plates and the least successful on 10:1 plates (Figures 4 and 9); these were the 
only growth results that were statistically significant (p=0.029). None of the two-way 
relationships in the model were significant.  

None of the percent fungal cover values for Trichoderma plates were statistically 
significant (Figure 5). However, at both sites, the highest percent fungal cover was 
achieved at the 1:5 ratio and the lowest at 10:1 (Figures 5, 10 and 11). 
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Table 5. Summary of fungal growth on autoclaved sediment 

 Hobson Bay Herald Island 
 Stropharia 

(mm) 
Ileodictyon 

(mm)* 
Trichoderma 

(% cover) 
Stropharia 

(mm) 
Ileodictyon 

(mm) 
Trichoderma 

(% cover) 
0:1 55.03 35.50 56.72 37.70 24.83 61.05 
1:5 40.83 18.00 65.59 52.33 15.17 71.04 
1:1 35.33 8.58 45.49 64.00 27.67 57.39 
3:5 51.17 12.67 48.45 51.83 39.17 62.55 
5:1 47.67 9.33 53.18 43.70 28.67 58.3 
10:1 37.67 3.67 42.08 41.33 16.33 50.09 

*= Statistically significant. The values shown here are averaged from three replicates.  
 

 
 
Figure 4. Final growth measurements for Stropharia and Ileodictyon 
*= Statistically significant (p<0.05) 
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Figure 5. Fungal percent cover for Trichoderma plates 
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Figure 6. Stropharia (white) growth on Herald Island sediment, day 20 
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Figure 7. Stropharia (white) growth on Hobson Bay sediment, day 20 
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Figure 8. Ileodictyon (white) growth on Herald Island sediment, day 21 
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Figure 9. Ileodictyon (white) growth on Hobson Bay sediment, day 21 
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Figure 10. Trichoderma growth on Herald Island sediment, day 19. White mycelium has 
not yet produced spores (green). 
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Figure 11. Trichoderma growth on Hobson Bay sediment, day 19  
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Changes in hyphal structure in the presence of autoclaved sediment 
 

The only noticeable morphological change in hyphae between controls (0:1 ratio) 
and other autoclaved plates (1:5–10:1 ratios) was that the I. cibarium grown on 3:5 ratio 
plates for both Hobson Bay and Herald Island, as well as 5:1 ratio plates in Herald Island 
sediment, produced unique spores (Figure 12). All triplicates for these plates contained 
these special spores, which were approximately 10μm long and 5–7μm wide.  
 
 

	  
Figure 12. Unique Ileodictyon spores. 12a. Herald Island, 3:5; 12b. Hobson Bay, 3:5; 
12c. Herald Island, 5:1 
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Microorganisms isolated from non-autoclaved sediments 

 
Overall, there appeared to be more diversity in plates inoculated with sediment from 

Hobson Bay versus Herald Island. Non-autoclaved plates inoculated with Ileodictyon as 
the “target” fungus contained the most diversity. T. hamatum did not grow other 
microorganisms on the 5:1 sediment concentration (Table 6).  

Talaromyces species were the most frequently detected microorganisms, being 
isolated from both Hobson Bay and Herald Island across all sediment concentrations and 
amongst all three target fungi. Talaromyces was in fact the only taxa representing Herald 
Island sediments amongst both sites and all sediment concentrations. Talaromyces grew 
across all sediment concentrations in Herald Island Stropharia inoculations, and only on 
1:5, 1:1, and 3:5 ratios within Ileodictyon and Trichoderma inoculations (Table 6). 

Trichoderma and Penicillium were only isolated from the most concentrated sediment 
ratio, 10:1, from Hobson Bay, and only on Ileodictyon and Trichoderma plates, 
respectively. A Bacillus species was also isolated from Hobson Bay sediments, on 
Ileodictyon plates of low to intermediate sediment concentration (Table 6). 
 
Table 6. Microorganisms present on non-autoclaved plates 

Target Fungus Non-Target Microorganism(s) 
Discovered on Plate 

Site % BLAST 
Match 

Sediment:Media Ratio 
Where Detected 

Ileodictyon 
cibarium 

Trichoderma spp. (Fig. 13) 
Bacillus spp.* (Fig. 14) 

Talaromyces ohiensis (Fig. 15) 

Hobson 
Hobson 
Herald 

100 
99 
100 

10:1 
1:5, 1:1 

1:5, 1:1, 3:5 
Stropharia 

rugosoannulata 
Talaromyces flavus (Fig. 16) Hobson 

Herald 
100 1:5, 1:1, 3:5, 5:1, 10:1 

1:5, 1:1, 3:5, 5:1, 10:1 
 

Trichoderma 
hamatum 

Penicillium spp. (Fig. 17) 
Talaromyces ohiensis (Fig. 18) 

Hobson 
Herald 

99 
99 

10:1 
1:5, 1:1, 3:5 

*=Bacteria 
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Figure 13. Ileodictyon plates with non-autoclaved Hobson Bay sediment contaminated 
with a Trichoderma spp. Here, Trichoderma has overtaken the plates and Ileodictyon 
growth was entirely halted.   
	  

	  	  	  	  	  	   	  
Figure 14. Ileodictyon plates with non-autoclaved Hobson Bay sediment contaminated 
with a Bacillus (grey) spp. 
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Figure 15. Ileodictyon plates with non-autoclaved Herald Island sediment contaminated 
with Talaromyces ohiensis (red and yellow) 

	  

	  
Figure 16. Stropharia plates with non-autoclaved sediment from both sites, contaminated 
with Talaromyces flavus (red and yellow) 
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Figure 17. Trichoderma plates with non-autoclaved Hobson Bay sediment contaminated 
with a Penicillium spp. Although the Penicillium did not make physical contact with the 
Trichoderma plugs, Trichoderma was still incapable of growth.  

	  

	  
Figure 18. Trichoderma plates with non-autoclaved Hobson Bay sediment contaminated 
with Talaromyces ohiensis (red) 
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Discussion 
 
Fungi on autoclaved sediments 
 
 Evidence to support the hypothesis of reduced mycelial growth on higher 
sediment concentrations was only apparent in certain cases. However, all results should 
be considered in terms of statistical significance. Statistically, the concentration (ratios 
ranging from 0:1–10:1) of pollutants was not a factor in fungal growth for this 
experiment, with one exception. The only statistically significant growth results are of 
Hobson Bay sediment inoculated with I. cibarium. The controls containing no sediment 
were the most ideal for growth and the 10:1 ratio (the most concentrated) were the least 
successful. For these data, the hypothesis that the least concentrated plates would produce 
the most mycelial growth and the most concentrated plates would produce the least 
amount of growth was confirmed. This hypothesis was rejected for Stropharia inoculated 
with Hobson Bay and Herald Island sediment, Ileodictyon inoculated with Herald Island 
sediment, and Trichoderma inoculated with Hobson Bay and Herald Island sediment. 
This suggests that at certain Hobson Bay sediment concentrations, the characteristics of 
the sediments cease degradation/transformation of pollutants by fungi, and their 
concentration becomes detrimental to Ileodictyon growth.  

As the concentration of pollutants overall did not statistically impact fungal 
growth, results may have been correlated with the presence and/or concentration of 
specific pollutants (Table 3) but this study did not have the statistical power to identify 
any existing correlation. This experiment does however demonstrate the sediment 
concentration that Ileodictyon cannot tolerate in Hobson Bay sediments. Nevertheless, 
because Hobson Bay housed greater pollutant concentrations than Herald Island, there 
must be a feature of the sediment, not necessarily a specific concentration of sediment 
that impacted Ileodictyon growth in Herald Island sediments. Herald Island sediments 
also contained a higher percentage of organic matter (Table 1). Perhaps Ileodictyon 
produced more mycelium on Herald Island sediments because there was more available 
organic matter in a more easily digestible form (i.e. not cyclic, as with PAHs).  

Stropharia rugosoannulata and Ileodictyon cibarium growth rates were not 
compared to one another as it has been observed that Stropharia tend to grow larger and 
quicker than Ileodictyon (Kuo 2012; Kuo 2017). Growth was used as a proxy for health 
in this experiment, but only within, not between, species. This study did not directly 
intend to identify fungal species that would be most well suited for remediation purposes, 
but rather to directly identify factors that would be beneficial or detrimental to fungal 
growth. However, our only conclusion from this portion of the experiment was that there 
are characteristics of Hobson Bay sediments in higher concentrations that make them 
unsuitable for Ileodictyon to persist. Further research need be conducted to understand 
whether or not Ileodictyon would be well suited for remediation of either of the two sites. 
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 Further, there was a noticeable amount of contamination present in autoclaved 
plates. None of the same fungal/bacterial microorganisms were found in the 
autoclaved/non-autoclaved plates however, indicating that any non-target fungal/bacterial 
contaminants were born from spores in the lab post sediment collection. However, 
contamination may have impacted growth in certain cases. Contamination was monitored 
throughout the inoculation period and contamination did not appear to be hindering 
targeted mycelial growth (contaminants were not making physical contact with target 
fungi in most cases). This does not mean, however, that contaminants were not impacting 
growth by engaging in some form of competition with the target species. 
 
Unique Ileodictyon spores in the presence of autoclaved sediment  
 

The special spores identified in Ileodictyon plates with Herald Island sediment 
(3:5 and 5:1 ratios), and Hobson Bay sediment (3:5 ratio) may have been chlamydospores 
(personal communication, M. Padamsee 2018). They were identified as such due to their 
size, asexuality and intercalary nature. These thick-walled resting spores arise in response 
to stressful environments unsuitable for proper fungal growth.  

Herald Island sediment plates with chlamydospore-bearing Ileodictyon hyphae 
produced more mycelium than the plates of any other concentration from Herald Island. 
These results are not statistically significant (Figures 4 and 8). Thus, it is not possible to 
determine the importance of chlamydospores for Ileodictyon growth. On the contrary, the 
3:5 ratio Ileodictyon plates from Hobson Bay with chlamydospores exhibited an 
intermediate amount of growth (Figure 3), and this was statistically significant. This may 
suggest that the 3:5 ratio is a threshold after which Ileodictyon cease all 
degradation/transformation processes and begin to simply “grin and bare it”. 

It is important to note that chlamydospores tend to only be found in hyphae of 
rusts and smuts (of which Ileodictyon is neither). There is no published record of 
chlamydospores ever being identified from Ileodictyon. However, there are reports of 
species in the same order, Phallales, containing these spores (Chang et al. 1998). 
Clémençon (2003) identified chlamydospores in Lepista flaccida with very similar 
measurements and morphologies to the spores identified in this experiment (Figure 19). 
Further research into the possible function of these spores in Ileodictyon hyphae is 
needed. 
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Figure 19. Position of chlamydospores in Lepista flaccida 19a. Intercalary 19b. Terminal 
19c. Lateral (Clémençon 2003). 
 
Microorganisms on non-autoclaved sediments 
 

It is evident that this portion of the experiment did not identify every last 
microorganism naturally present in the sediments of the areas of interest. All plates 
within a site were subjected to the same pollutants, yet not all of the plates from Hobson 
Bay, for example, grew the same non-target microorganisms. This suggests that the 
microorganisms that developed were the only microorganisms present in the sediments 
that were able to grow in the specific plate conditions. For example, due to sediment 
homogenization, it is likely that all of the Hobson plates contained Bacillus. However, 
Bacillus only appeared on Hobson plates inoculated with Ileodictyon, and only on 1:1 and 
1:5 ratio plates.  

The presence of the “target fungi” (Stropharia, Ileodictyon, Trichoderma) may have 
also prevented present (yet microscopic, and thusly unidentifiable in this experiment) 
microorganisms from thriving on non-autoclaved plates. Competition between fungi can 
significantly affect fungal diversity and species composition (Jones 2000). I. cibarium 
plates facilitated a greater diversity of microorganisms than the other two target species; 
this may suggest that Ileodictyon is not particularly competitive, but this may only be the 
case in the presence of certain microorganisms or pollutants. Microorganisms possess a 
variety of tolerance mechanisms however, most including some sort of detoxification 
feature (Gadd et al. 1978); this is to say that the non-autoclaved organisms present in the 
sediments were almost certainly partaking in pollutant transformation activities. 
Microorganisms would not have been present in the petri dishes, or would have perished 
relatively quickly, failed to reproduce, etc., if they were not well suited for the 
environment. However, any fungal growth (on autoclaved and non-autoclaved plates 
alike) was partially due to the presence of the growth medium. 
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Overall, there was a noticeably larger amount of diversity in plates inoculated with 
sediment from Hobson Bay (the more polluted site). There may be factors unidentified in 
this experiment that allow Hobson Bay to house a greater diversity of microorganisms 
within its sediments. Luo et al. (2018) reported that the presence of mangrove roots 
decreased bacterial abundance and increased fungal abundance in the rhizosphere of a 
subtropical coastal mangrove system. Ling et al. (2015) found that 31% of fungal 
diversity variations in a sea grass meadow were correlated with pH and ammonium. 
Jones (2000) noted that temperature, salinity and the nature of the substratum play a role 
in fungal species composition within mangrove stands, with mature mangroves yielding 
greater species diversity than depauperate (younger, less developed) mangroves (the 
mangroves in the present study were all young, dwarf mangroves). Further, physical 
features of the sediments differed between the two sites (Table 1). There is evidence 
suggesting that sediment habitability by microorganisms is impacted by sediment 
characteristics (Uwadiae et al. 2011). All of this is to say that the complexity of fungal 
communities within these systems extends far beyond the presence of sediment 
pollutants.  

Fungal diversity may also vary from one mangrove to the next. In this experiment, 
sediment samples were collected from several coordinates within an area but the 
uncovered sediment fungi that emerged in the non-autoclaved plates still may not be an 
accurate depiction of the microorganisms therein. As Jones (2000) eloquently stated, “No 
single factor can account for the diversity we observe, the marine environment being a 
complex ecosystem with great variation in many parameters from ocean to ocean, from 
mangrove to mangrove and from shore to shore, and sometimes over a narrow range. 
However, by considering the different factors that influence the occurrence of fungi we 
can obtain a better picture of their ecology and perhaps consider the important issue of 
long term conservation of our marine habitats.” As such the question remains, what 
characteristics of these sediment slurries and fungal inoculations allowed these specific, 
non-target microorganisms to grow?  

 
Ecology of Non-Target Microorganisms  
 
Bacillus. Bacillus species have been isolated from tropical, arid and semiarid mangrove 
systems worldwide, demonstrating a wide variety of capabilities. Rojas et al. (2001) 
reported phosphate stabilization and solubilization (valuable for plant growth) in black, 
white, and red mangroves via B. licheniformis. More plant growth equates to more niches 
for microorganisms to occupy. Bacillus species have also been labeled as PAH degraders 
and emulsifier producers (Holguin et al. 2001; Macrae et al. 2001,) excellent degraders of 
chromium and nickel (Gopalan et al. 2004; Yan et al. 2003) and even as a plant growth 
promoting tool for arid mangrove reforestation (Bashan et al. 2002). The Bacillus found 
in this study was isolated only from Hobson Bay sediments, with sediment to media 
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ratios of 1:5 and 1:1 on Ileodictyon-inoculated plates (Table 6). To pinpoint the exact 
ecological role of this particular Bacillus is not quite possible here, primarily due to its 
exact nucleotide sequence not previously being identified in BLAST, rendering species 
identification impossible. However it is possible to state that a 1:5 and 1:1 dilution of the 
non-autoclaved Hobson pollution shown in Table 3 is a tolerable level of pollution for 
this particular unidentified Bacillus.  
 

Talaromyces. Talaromyces is a teleomorph (sexual form) of Penicillium (Proska 
et al. 2010). Both belonging to the family Trichocomaceae, they are capable of removing 
petroleum hydrocarbons from mangrove sediments (Chaillan et al. 2004). Gomes et al. 
(2011) isolated 50 fungi from a mangrove stand in the Northeast of Brazil; they 
considered many of the discovered fungi to be of terrestrial origin- two of these genera 
were Talaromyces and Trichoderma. Sheerer et al. (2006) stated that many fungi 
commonly associated with mangroves can also be found on suitable substrates in non-
mangrove environments. All of this exemplifies adaptation to the variable conditions 
found in mangroves (Ghizelini et al. 2012). The fact that Talaromyces grew ubiquitously 
across all plates may also exemplify its wide range of tolerance under varying conditions. 
Talaromyces was the only genus able to grow on Herald Island plates. Nevertheless, it is 
unlikely that Talaromyces were the only microorganisms present in Herald Island 
sediments pre-inoculation. This observation exemplifies the narrow ecological niches of 
these microorganisms, but may also speak to the health of the ecosystem from which they 
came. Hobson Bay sediments clearly harbor more pollutants than Herald Island (Table 3). 
Greater species richness and abundance tends to indicate a vast array of ecosystem 
services that subsequently allow for greater ecosystem health, although it seems this 
study demonstrates the opposite.  
 
Trichoderma. Many Trichoderma species have a high affinity for mangrove rhizospheres 
and are often the dominant fungus therein (Ito et al. 1997).  Saravanakumar et al. (2011) 
reported phosphate solubilization, enhanced soil fertility and increased Avicinina marina 
growth in vitro by Trichoderma. Trichoderma species tend to be strong competitors. In 
this experiment, Trichoderma grew only on the highest pollutant concentrations in 
Hobson Bay, so the highly competitive nature of this genus may only be exhibited in the 
presence of certain pollutants in specific concentrations. Trichoderma are frequently 
found in more polluted areas, and many species have been identified as highly resistant to 
copper, zinc, cadmium, barium, iron, cobalt, arsenic, nickel, and other metals (Siddiquee 
et al. 2015). Ashida (1965) even reported vastly amplified sporulation of Trichoderma in 
tandem with increased arsenic concentration in culture.  
  
Penicillium. Like Trichoderma, Penicillium also grew exclusively on the highest 
pollution concentrations. The impermeability of the cell walls of Penicillium may explain 
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its tolerance to the highest sediment concentrations in this experiment. Hobson Bay 
sediments in higher concentrations promoted the growth of this particular species, and 
Penicillium preferred higher concentrations of the sediment for reasons this study did not 
have the reach to identify. Penicillium has been shown to consume hydrocarbons (Benka-
Coker et al. 1997) and to tolerate high concentrations of saturated copper sulfate (Gadd 
1993).  
 
Experimental Issues and Future Work 
 

There were several experimental caveats that may have played a role in the results 
presented in this study. First, sediment collection at Herald Island involved siphoning 
water out of the core, while at Hobson Bay there was no free water settled above the 
mud. PAHs are hydrophobic and tend to sorb to sediments in aquatic environments. 
Because it was the rainy season in Auckland at the time, the PAHs presented in Table 3 
for Herald Island may not have been accurate to the normal pollutant levels in the 
sediments, or at least may have been specific to the levels present outside of the rainy 
season. Zhao et al. (2013) noted that annual PAH concentrations in the Songhua River in 
China were highest during the rainy season. 

Further, the scope of this experiment was limited due to sediment homogenization 
and agar additions. As such, the following questions, although pondered, could not be 
answered:  (1) Are there pollutants in the sediments (Table 3) whose presence is 
correlated with fungal growth? (2) What were the concentrations of pollutants before and 
after fungal inoculation for several weeks? On agar additions, this experiment diluted 
PAHs/heavy metals in the sediments, and it was not possible to do a pre/post sediment 
contamination analysis. The only question this experiment was capable of answering was, 
what pollutant concentration is toxic to fungi under optimal nutrient conditions. (i.e. agar 
nutrients). This question was only partially answered. A longer inoculation period may 
also have produced more meaningful results.  

It is difficult to assess potential relationships between microorganisms exposed to 
PAHs, heavy metals, and other non-target microorganisms. Correlation does not equal 
causation; there could be, and likely are, countless reasons as to why specific non-target 
microorganisms grew on non-autoclaved plates and why autoclaved plates produced the 
growth results presented here. Extensions of the present study could include a greater 
consideration of fungal growth kinetics with respect to growth/degradation prioritization; 
this will allow for a greater understanding of the extent to which fungi exposed to certain 
pollutants cease consumption of said pollutants and begin to themselves degrade. On that 
note, it would also be valuable to examine the chemical structures of the compounds 
present in the petri dishes. As stated earlier, microorganisms will preferentially consume 
simpler compounds with fewer kinks in their structure. While unlikely, it is possible that 
fungi did not consume any of the PAHs or heavy metals present in the petri dishes and 
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simply survived off of the agar nutrients. Other expansions of the present study could 
include an examination of the differing behaviors between Trichoderma (asexual form) 
and Talaromyces (sexual form) in these experimental conditions. Although they are 
closely related, Talaromyces was noticeably more frequent on non-autoclaved sediments. 
It would also be noteworthy to examine succession in mangrove sediment fungal 
communities by comparing mature stands to those less developed.  

Sediments and root systems are entirely intertwined and constantly interacting in the 
rhizosphere (Holguin et al. 2001). Even so, literature on mangrove-associated fungi 
seems to focus heavily on mangrove-dwelling species, with sparse research on sediment 
associates. Future work could potentially be modeled after Ito et al., (1997) who 
conducted a comprehensive study using a simple plate dilution method. They isolated and 
identified over 40 sediment fungi, many of which were not previously identified, from a 
mangrove stand in the Okinawa prefecture in Japan. The methodologies used in this study 
can be performed in any mangrove stand, the results from which could potentially 
identify microorganisms with high specificity for nitrate fixation, phosphate 
solubilization, sulfate reduction, and perhaps even inform the realm of microbial drugs 
(Sahoo et al. 2009).  

This experiment is the first of its kind within the Harbor, identifying the sediment 
fungi associated with Avicennia marina var. resinifera, as well as the level of PAH/heavy 
metals within the Harbor that may impact fungal growth, specifically with Ileodictyon 
cibarium. This study may be used as a preliminary resource for future work, particularly 
in terms of in situ bioremediation of hydrocarbons and transformation of heavy metal 
pollutants, as it is within polluted sites one can find the microorganisms best suited for 
bioremediation (Maciel-Souza et al. 2006). This treatment typically involves fungal 
inoculation in the polluted area of interest, followed by “…nutrient addition, irrigation 
and aeration, and maintenance by general land farming procedures,” (Gadd 2016). 
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