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Bacterial and fungal endophyte communities differ in trees
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Abstract Little is known about the microbiota that

form symbioses with wetland plants. We describe how

endophytes from leaves and roots of baldcypress trees

changed along a nutrient gradient and differed in

wastewater treated versus untreated wetlands. Cul-

tured bacterial and fungal endophytes were most

abundant and diverse in baldcypress roots (compared

to leaves) for both treated and untreated wetlands.

Bacterial endophyte abundance increased with

increasing distance from the wastewater outfall pipe,

while fungal endophytes decreased with increasing

distance from the wastewater outfall pipe—showing a

greater abundance of fungi where nutrients were

greatest. Bacterial endophyte abundance and species

richness were greater in the wastewater-treatment

compared to untreated wetlands, but diversity metrics

suggested this was due to incomplete sampling at

some sites. Community composition of endophytes in

the treated wetland differed from some but not all of

the communities observed in untreated wetlands.

Since baldcypress is a key restoration species for

declining swamps in the southeastern US, our descrip-

tive work provides a foundation for future studies to

understand the functional roles of plant-microbial

interactions and community patterns.

Keywords Baldcypress � Nutrient gradients �
Symbiosis � Taxodium distichum � Wastewater-

treatment wetland

Introduction

Wetlands provide a variety of benefits to coastal

systems worldwide, but many of these systems are

under severe stress from over-population and sea-level

rise (Day et al. 2000, 2007; Couvillion et al. 2011). As

a result, wetland loss has become a major problem

along Louisiana’s Gulf coast (Boesch et al. 1994),

primarily due to over-management of the subsiding

Mississippi River Delta. Baldcypress (Taxodium dis-

tichum (L.) Richard) in the Cupressaceae family is

often used in restoration planting, including in treated,

or wastewater treatment wetlands (Lundberg et al.

2011). Waste-water treatment wetlands implement the
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addition of secondarily-treated wastewater as a means

of increasing productivity and thereby creating addi-

tional plant growth and sediment deposition (Bodker

et al. 2015; Shaffer et al. 2015; Hunter et al. 2018).

When baldcypress was grown in wastewater treatment

wetlands, elevated nutrient levels increased tree

growth by up to four times greater than in untreated

reference areas (Lundberg et al. 2011).

Little is known about how nutrients interact with

the symbionts of baldcypress, namely the endophytes–

microscopic fungi and bacteria that live within the

tissues of all plants without causing disease symptoms

(Wilson 1995). Endophytes are distinct from mycor-

rhizas because they exist entirely inside of plant

tissues (Wilson 1995), rather than extending myce-

lium into the soil. In studies with mostly crops as hosts,

endophytes are known to confer advantages to their

hosts, including increased resilience to stress (Friesen

et al. 2011; Redman et al. 2011; Porras-Alfaro and

Bayman 2011) and increased nutrient uptake (Hodge

et al. 2001). For example, colonization by dark septate

endophytes in roots has been associated with increased

nitrogen and phosphorus in the shoots of host plants, as

well as increased shoot and root biomass (Newsham

2011; Mayerhofer et al. 2013). Roots have been

observed to change their morphology with endophyte

inoculation, resulting in longer and thinner roots with

greater capacity for nutrient uptake (Peskan-Berghofer

et al. 2004). Whether these types of relationships occur

between endophytes and baldcypress remains

unknown. Only a few studies have documented the

presence of endophytes in wetland plants (e.g.,

Weishampel and Bedford 2006; Kandalepas et al.

2010; Kandalepas 2012; Kandalepas et al. 2015) but

have not assessed their function.

Disassociation of hosts and their symbionts has

been observed when particular stressors are removed.

For example, in agricultural systems where nitrogen is

added as fertilizer, legumes have been shown to

disassociate with their rhizobial symbionts due to

reduced nutrient stress (Gibson and Harper 1985;

Imsamde 1986; Streeter and Wong 1988; Murray et al.

2016). Since wastewater treatment wetlands create

nutrient-rich habitat, it is possible that there is a

reduced need for baldcypress to associate with endo-

phytes. Therefore, it may be expected that treated

baldcypress show decreased association with endo-

phytes compared to those in a natural, or non-treated

environment. Alternatively, more endophytes may be

observed in nutrient rich areas because biogeochem-

ical cycling happens at a greater rate and provides

more niches for diverse microbial taxa.

Our objectives in this study were (1) to culture

endophytes from the leaves and roots of baldcypress in

a wastewater-treatment wetland and (2) to compare

the endophyte community of baldcypress in a wastew-

ater-treatment wetland to that of baldcypress growing

in untreated sites.

For the first aim of this study, the abundance,

diversity and community composition of both leaf and

root endophytes were assessed to observe the extent to

which these variables changed along a man-made

treatment gradient. For the second aim of the study,

bacterial endophytes were isolated from roots of

baldcypress at four natural wetlands, and compared

to baldcypress endophytes in the treated wetland. Our

study is one of the first field studies of the baldcypress

endophyte community, with previous reports focusing

on greenhouse experiments, individual endophyte

taxa, or arbuscular mycorrhizal fungi (Li et al. 1996;

Kandalepas et al. 2010; Kandalepas 2012; Kimbrough

et al. 2019). This research should inform future

wetland design and help predict how endophyte

communities respond to discharges of excess

nutrients.

Methods

Site descriptions

Our study included one treated wetland where bald-

cypress was planted and four wetlands where baldcy-

press grew naturally. The treated wetland in

Hammond, Louisiana, known as Four Mile Marsh, is

located approximately 5 km south of Ponchatoula,

Louisiana (Fig. S1). The city of Hammond began

discharging into the pre-existing marsh with munic-

ipal disinfected, secondarily-treated wastewater in fall

of 2006 to stimulate plant growth and prevent

saltwater intrusion into the wetland. A 10 km long

buried pipeline carries the treated wastewater from the

South Sewage Treatment Plant in Hammond to the

marsh site, and an outfall pipe distributes this

wastewater into the wetland along the length of the

pipe (Fig. S1). Previous research at the Hammond site

demonstrated the presence of a nutrient gradient,

where elevated nutrient levels at the outfall pipe return
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to background levels where the wetland ends (Hunter

et al. 2009; Shaffer et al. 2015). Another study of the

Hammond wetland (Lundberg et al. 2011) noted

greater growth in trees closest to the outfall pipe

where wastewater entered the marsh. The T. distichum

sampled for endophytes were planted in 2006 as

described in Lundberg et al. (2011). At the same time,

a control plot of trees was established by Lundberg

et al. (2011) in a nearby marsh. Lundberg et al. (2011)

referred to this nearby marsh as the reference site, as it

was not in direct contact with the wastewater. Trees at

the treated wetland and its reference site, 8 years old at

most, are likely younger than those sampled at other

wetlands in our study (Shaffer et al. 2015).

The four sampled wetlands with unmanipulated

populations of T. distichum were all in southeastern

Louisiana. Three of these wetlands are entirely

freshwater: John Lafitte National Historical Park and

Preserve (Marrero, Louisiana), Tickfaw State Park

(Springfield, Louisiana), and Honey Island swamp

(Slidell, Louisiana). The remaining wetland is slightly

saline (average salinity 0.6 ppt): the Bonnet Carré

Spillway off of Lake Pontchartrain (LaPlace, Louisi-

ana) (Fig. S2).

Field sampling

Collection for the Hammond wetland was done in June

of 2014, and collections at the other four wetlands

were done during September and October of 2014. At

the treated wetland (Hammond), we sampled transects

perpendicularly to the outfall pipe in three locations

contained in the subunits described by Lundberg et al.

(2011). On each of these three transects, we sampled at

0 m, 200 m, 400 m, and 600 m away from the outfall

pipe (Fig. S1). We also sampled four trees from an

untreated reference within the Hammond area

(Fig. S1). We took two leaf and two root samples

consisting of a 10 cm branch or at least 15 cm of roots

from each tree. Samples of the same tissue type (leaf,

root) from each tree were mixed and processed

together as one sample.

At each non-manipulated wetland site, we collected

samples from 12 adult trees at least 10 m apart. A

minimum of three apparently healthy root samples of

15–20 cm in length were dug and cut from each tree

base. Roots were gently washed on site in surrounding

water to remove agglomerated soil. Samples were

transported in cold storage and then refrigerated upon

arrival to Tulane University. We processed the roots

and leaves and cultured for endophytes within 24 and

36 h of collection, respectively.

Root endophyte culturing

Following collection, we removed 10–15 apparently

healthy roots that were close to the main stems of each

root sample. We selected fine, non-woody root

samples (\ 1 mm in diameter) from these segments,

cut them into segments 3–5 cm long and rinsed them

of residual soil. Previous pilot work in our laboratory

suggested that this size and fine diameter were

appropriate for isolating only one fungal or bacterial

strain. In a metal tea strainer, roots were surface

sterilized in 70% ethanol for 10 s, 50% commercial

bleach solution (2.625% sodium hypochlorite) for

2 min, followed by three rinses in sterile deionized

water. Under sterile conditions, the ends of root

segments were trimmed and discarded (* 5 mm from

the end of each root segment) and the remaining root

segments were cut into 5 mm pieces for culturing

(Kandalepas et al. 2015).

For each plant, we plated 18 5 mm sections onto

two media types. Nine segments were plated onto 2%

malt extract agar (2% BD Bacto malt extract, Franklin

Lakes, New Jersey) which selects for fungi, and nine

segments onto nutrient agar (Oxoid, Cheshire, Eng-

land; recipe as per manufacturer guidelines) which

selects for bacteria (Mugerwa et al. 2013; Kandalepas

et al. 2015). In total, about 90 mm of root length (18

pieces 9 5 mm length) was plated per tree. Plates

were stored flat at room temperature (24 �C) in the

dark. We regularly inspected the roots with a stereo-

scope to see whether bacteria and fungi grew from the

root surface rather than from within the root segment.

Segments showing bacterial or fungal growth from

outside the root piece were removed and discarded to

exclude contaminants. We isolated new growths, grew

them in individual plates into pure culture, and

extracted DNA after the culture grew sufficiently to

take a tissue sample.

Leaf endophyte culturing

We removed four apparently healthy leaves from each

sample and rinsed them in tap water to remove

particulate matter and other surface residue. The

leaves were submerged using a metal tea strainer in
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95% ethanol for 10 s, followed by 2 min in 10%

commercial bleach solution (0.252% sodium

hypochlorite), then 2 min in 70% ethanol (Arnold

et al. 2000). Following sterilization, leaves were cut

into 2 mm squares under sterile conditions. For each

plant, 32 total sections were plated onto two media

types, 16 pieces onto 2% malt extract agar and 16

pieces onto nutrient agar. Plates were stored at room

temperature (24 �C) on the lab bench, out of direct

sunlight. New growths were isolated, grown in

individual plates of pure culture, and DNA was

extracted (see below) after the culture grew suffi-

ciently to take a tissue sample.

Sanger sequencing of morphospecies

Total genomic DNA was extracted from each of the

pure cultures. Cultures from the Hammond wetland

were extracted using a Qiagen DNAeasy Plant Mini

Kit (Germantown, MD) following the TissueLyser

protocol. A Mobio Ultraclean Microbial DNA Isola-

tion Kit (Germantown, MD) was used for the isola-

tions from the natural wetlands following the protocol

in the kit.

Following isolation, genomic DNA was used in

polymerase chain reaction (PCR) mixtures following

Hoffman and Arnold (2010) and protocol from

Kandalepas et al. (2015).

The PCR reaction mixture included 12 ll Sigma

REDTaq (Sigma Aldrich; 20 mM Tris–HCl, pH 8.3,

100 mM KCl, 3 mM MgCl2, 0.002% gelatin, 0.4 mM

mixed deoxyribonucleotide triphosphates, stabilizers,

0.06 units Taq polymerase/ml), 1.0 ll of each primer,

1.0 ll DNA template, 1.0 ll of dimethyl sulfoxide and

9.0 ll of PCR-quality water (Hoffman and Arnold

2010). For fungi, the nuclear ribosomal internal

transcribed spacer (nrITS) and the partial large subunit

(LSU) were amplified using primers ITS1F (50-
CTTGGTCAT TTAGAGGAAGTAA) or ITS5 (50-
GGAAGTAAAAGTCGTAACAAGG) for the for-

ward reaction, and LR3 (50-GGTCCGTGTTTCAA-

GAC) or ITS4 (50-TCCTCCGCTTATT GATATGC)

for the reverse reaction. The PCR cycling protocol

followed Arnold and Lutzoni (2007). For bacteria, the

16S ribosomal DNA gene was amplified using the

universal primers 27F (50-AGAGTTT-

GATCMTGGCTCAG) and 1492RI (50-
GGTTACCTTGT TACGACTT) with the same

cycling protocol as for fungi. PCR products were

visualized with SYBR Safe DNA Gel Stain (Ther-

mofisher Scientific, Waltham, MA) on 1% agarose

gels, and submitted to Beckman Coulter Genomics

(Boston, MA) for Sanger sequencing. Sequences were

assembled and edited in Sequencher v5.0 (Gene Codes

Corp., Ann Arbor, MI). We considered sequences with

a minimum 97% similarity to be representative of the

same operational taxonomic unit (U’ren et al. 2009).

Voucher cultures of all operational taxonomic units

were archived in the Van Bael lab at Tulane Univer-

sity, under isolate numbers 949-1320. Accession

numbers for sequences were deposited in the NCBI

Genbank archive from MN371994 - MN372028 and

MN319606 - MN319618.).

Taxonomic classification methods

Putative taxonomic identities were assigned using

representative sequences for each operational taxo-

nomic unit, using two different methods. First,

sequences were classified in QIIME2,version 2018.2,

(Caporaso et al. 2010) using the scikit-learn naive

Bayes machine-learning classifier (Bokulich et al.

2018; Pedregosa et al. 2011). Sequences were classi-

fied against pre-trained databases kindly provided by

Greg Caporaso and Sydney Morgan via the QIIME2

online forum. For classification of 16S sequences the

classifier was trained against the full-length SILVA

132 database (Glöckner et al. 2017). The classifier for

ITS sequences was trained against the ‘‘dynamic’’

UNITE database, version 7.2, released Dec. 1, 2017

(Kõljalg et al. 2013), a version of UNITE that has been

curated to cluster fungal sequences by a 97–99%

sequence similarity according to the best judgment of

the expert curators. To ensure that the highest quality

classification was obtained, all sequences were

assigned taxonomy in both the forward and reverse-

complement direction, and the classification with the

greatest confidence chosen. If the confidence values

were similar (\ 0.01 difference) then the one classi-

fied to the highest rank was chosen. To provide a

balance between recall and precision, as recom-

mended by the classifier’s developers (Bokulich

et al. 2018), 16S sequences were classified with a

confidence threshold of 0.7, while ITS sequences were

classified with a confidence threshold of 0.9

(Tables S1, S2). Sequences went through another

round of classification with the confidence thresholds

relaxed to 0.5 (16S) and 0.7 (ITS) to give additional
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insight into the classification, although these are not

included in the results.

In addition, sequences were classified with

BLAST?, version 2.5.0 (Camacho et al. 2009) with

default parameters. For classification of 16S

sequences the reference database was the full-length

SILVA 132 SSUParc database (Glöckner et al. 2017).

ITS sequences were BLASTed against the ‘‘dynamic’’

UNITE database, version 7.2, released Dec. 1, 2017

(Kõljalg et al. 2013), a version of UNITE that has been

curated to cluster fungal sequences by a 97–99%

sequence similarity according to the best judgment of

the expert curators. The reported result is the top

BLAST hit, as all but six isolates had top hits with

percent identities of[ 90% and e-scores of approx-

imately zero (Tables S1, S2). The six isolates

mentioned above all had percent identities of[ 83%

and e-scores of approximately zero.

Statistical analyses

Isolation rates

Symbiont isolation frequency (or abundance) was

calculated for each tree sampled, as the proportion of

leaf or root segments from which a symbiont was

isolated. A two-way analysis of variance was used to

test for whether distance from outfall pipe or symbiont

type (root bacteria, root fungi, leaf bacteria, and leaf

fungi) explained the most variation in symbiont

isolation frequency. The analysis was done with and

without the reference site and found the same overall

effects, so the analysis that includes the reference is

presented. Significant effects were followed up with

Tukey’s Honest Significant Difference tests. A partial

least squares regression (PLS) analysis (Eriksson et al.

1995) was used to look for relationships between

endophyte isolation frequencies and water quality

concentrations taken from the same points where trees

were located. Water quality concentrations were used

from Shaffer et al. (2015), which were collected at an

earlier date than this study, but were representative of

long term water quality data at the Hammond wetland

(Shaffer et al. 2015). Values for water quality (mg/L)

and isolation frequency were log transformed before

the PLS analysis. The PLS analysis allowed con-

structing a model of collinear water quality parameters

with an explanatory variable: endophyte isolation

frequency (abundance), and was performed using the

package pls in R (R Team 2019). Four separate PLS

models were made for fungal/bacterial and leaf/root

endophytes, but leaf endophyte data were too scarce so

results are not reported. Kruskall-Wallis tests were

used to compare endophyte abundance among wet-

lands. At Hammond, these tests were done with and

without the reference samples to confirm that treat-

ment was driving differences among wetlands, rather

than differences in isolation rates.

Diversity indices

The diversity in symbiont samples was calculated

using the Fisher’s alpha index, to account for a

different number of samples per tree. These indices

allowed a comparison of symbiont diversity among

symbiont types and with respect to distance from the

outfall pipe. Endophyte diversity levels were too few

to calculate the Fisher’s alpha index for each individ-

ual tree, so this study aggregated the symbionts into

categories of interest (such as distance from outfall

pipe, or wetland) and calculated one index per

category. These calculations allowed comparison of

endophyte diversity among and within wetlands.

Additional analyses of species richness, Shannon and

Simpson’s diversity were performed using the iNEXT

program (Chao et al. 2016) for asymptotic diversity

based on Hill numbers (Chao and Jost 2015). This

method allows low-biased estimates of diversity for

incomplete sampling data (Chao and Jost 2012, 2015).

Community composition

For analyses of community composition, singletons

(operational taxonomic units with only one individual)

were removed from the dataset. In the treated wetland

dataset (Hammond), a Bray–Curtis distance matrix

was used for nonmetric multidimensional scaling

(NMDS; Clarke 1993). This allowed visualizations

of the similarities among trees with respect to distance

from the outfall pipe. This was followed up with

analysis of similarity (ANOSIM; Clarke 1993) to test

whether distance from the outfall pipe influenced

community composition of endophytes. The same

testing protocol with NMDS and ANOSIM using site

rather than distance from the outfall pipe was used to

compare endophyte community composition in Ham-

mond to unmanipulated wetlands in southeastern

Louisiana. Community analyses were done using the
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software program PRIMER version 6.0 (Clarke and

Gorley 2006).

Results

Hammond wetland

Community description

Baldcypress tissues harbored diverse communities of

endophytes. Culturing resulted in 217 bacterial and

fungal isolates from the roots and leaves of the

Hammond baldcypress. Successful PCR products for

125 of these samples were sequenced. Overall, 32

unique operational taxonomic units were grouped by

sequence similarity, 19 being bacteria and 13 being

fungi (Tables 1, S1). Bacillus was the most common

genus isolated in roots, with 19 sequences grouped in

Bacillus species 1. There were also seven leaf bacteria

sequences grouped in Bacillus species 1. A root

fungus, Neonectria sp. was most common fungal

taxon with four grouped sequences. For leaves,

Xylaria cubensis was most common fungus with three

grouped sequences (Tables 1, S1).

Isolation rates

We found that symbiont type, not distance from the

outfall pipe, explained the most variation in endophyte

isolation frequency (Two-way ANOVA, distance

F3,41 = 2.17, p = 0.10; symbiont type F3,41 = 51.5,

p\ 0.001, interaction not included, Fig. 1). Tukey

HSD tests showed that root bacteria were significantly

greater in number than root fungi, leaf fungi and leaf

bacteria (p\ 0.001 for all comparisons). Root bacte-

rial isolation frequency was greatest at 200 m, beyond

which frequency decreased with distance (Fig. 1). The

PLS model showed that root bacteria abundance was

positively correlated with distance from the outfall

pipe and negatively correlated with NH4, Si and PO4

(Fig. 2a). PLS generates a metric called ‘‘Variable

importance in projection’’ (VIP) to indicate differ-

ences among variables for the model solution. For

bacteria, only distance from the outfall pipe had a VIP

value[ 1, signifying that it was highly important for

the model projection, while the water quality variables

had VIP values between 0.7 and 1, signifying that they

were moderately influential for the model solution

(Fig. 2). In contrast to bacteria, the PLS model showed

that root fungal endophyte abundance was positively

Table 1 Putative operational taxonomic units for symbionts that were sequenced, with their abundance in baldcypress trees in the

Hammond assimilation wetland

Putative taxaa,b Leaf bacteria Leaf fungi Root bacteria Root fungi Total

Bacillus species 1c 7 0 19 0 26

Bradyrhizobium species 0 0 5 0 5

Lysinibacillus species 0 0 5 0 5

Serratia marcescens 0 0 5 0 5

Achromobacter species 0 0 4 0 4

Hypocreales species 0 1 0 3 4

Neonectria species 0 0 0 4 4

Bacillus species 2 0 0 3 0 3

Xylaria cubensis 0 3 0 0 3

Phyllosticta capitalensis 0 2 0 0 2

Bacillus species 3 0 0 2 0 2

Burkholderia kururiensis 0 0 2 0 2

aConfidence threshold was set at 0.9 for fungi and 0.7 for bacteria
bSingletons and accession information for the nearest match in the UNITE and SILVA databases are listed in Table S1. Putative taxa

listed here were from the analysis using the scikit-learn naive Bayes machine-learning classifier in QIIME2. A BLAST using the

UNITE and SILVA databases often led to greater taxonomic resolution, and these results are available in Table S1.
cBacillus sp. 1–3 are unique operational taxonomic units for which only the genus is given
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correlated with NH4, Si and PO4 and negatively

correlated with distance from the outfall pipe

(Fig. 2b). The VIP values were[ 1 for PO4, and

distance from the outfall pipe, indicating that these

variables were highly influential in the model explain-

ing root fungal abundance. NH4 and Si were only

moderately important in the model (Fig. 2).

Diversity indices

Endophyte diversity (measured by the Fisher’s alpha

index) did not differ with distance from the outfall

pipe. Fisher’s alpha values for bacteria versus fungi

largely followed patterns of of abundance (Fig. 1), so

values are not presented. The observed species

richness was 32 OTUs (Fig. S3a) and the estimated

species richness was 98 ± 67 OTUs (Fig. S3b).

Community composition

Community composition was not significantly differ-

ent with respect to distance from outfall pipe in the

treated wetland (all endophytes ANOSIM

R = - 0.02, p = 0.59, root bacteria only ANOSIM

R = - 0.135, p = 0.90, NMDS not shown). Commu-

nity composition also was compared by binning

Fig. 1 Mean endophyte isolation frequency from leaves and

roots of baldcypress at a wastewater-treatment marsh and a

nearby reference wetland near Hammond, Louisiana. Endo-

phytes are plotted with respect to their distance from the outfall

pipe, as a mean isolation frequency ± one standard error (error

bars). The reference wetland did not receive wastewater from

the outfall pipe

Fig. 2 Partial least squares correlations loading plot showing

relationships among water quality indicators and a bacterial

endophyte abundance and b fungal endophyte abundance.

Variables in the upper right quadrant of each plot were

positively correlated with the response variable, while lower

left quadrant were negatively correlated with the response

variable. Two components explained most of the variation in the

model (e.g. Component 1 ? Component 2 explained 97% for

bacterial endophytes in a). The importance of a given predictor

variable for endophyte abundance is proportional to its distance

from the origin in the loading space. The circles represent the

percent contribution of each variable. The inner circle represents

50% and the outer circle represents 100%, so those variables that

are between the inner and outer circles are the variables that are

significantly contributing to the overall model. For bacteria, the

variable importance in projection (VIP) values for (component

1, component 2) were (a) distance (1.32, 1.32), NH4 (0.67, 0.92),

PO4 (0.99, 0.84), and Si (0.91, 0.82). For fungi, the VIP values

for (component 1, component 2) were (a) distance (1.07, 1.08),

NH4 (0.80, 0.95), PO4 (1.10, 1.02), and Si (1.00, 0.93)
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‘‘untreated’’ (reference) and ‘‘treated’’ (0 m to 600 m)

trees at Hammond and did not find a significant

difference in endophyte community composition

between the untreated and treated trees (ANOSIM

R = - 0.03, p = 0.49).

Hammond compared to more natural wetlands

Community description

Baldcypress in non-treated wetlands harbored less

diverse communities of endophytes. Culturing

resulted in 182 bacterial isolates from the roots of

baldcypress outside of the treated wetland. Combined

with the root bacteria of the treated wetland, 102

sequences were analyzed, and 27 total operational

taxonomic units were represented. OTUs in the genus

Bacillus were common at all sites, with Bacillus sp. 1

as the most common root bacterium among wetlands

(Table 2). A unique OTU, Bacillus sp. 2, was the most

common root bacterium among non-treated wetlands

(Table 2).

Isolation rates

Root symbiont communities differed in treated wet-

land baldcypress versus baldcypress at other untreated

sites. There was a significantly greater root bacterial

abundance (proportion of root segments with cultur-

able bacteria) in the treated site compared to other sites

in southeastern Louisiana (Kruskal–Wallis,

H = 39.26, p\ 0.001). This was also true when the

reference samples at the treated site were removed

from the dataset (Kruskall-Wallis, H = 34.34,

p\ 0.001).

Diversity index

The treated site had a greater species richness and

Fisher’s alpha diversity measurement of root bacteria

than all other untreated sites (Fig. 3). However, the

greater OTU richness was likely due to a greater

abundance of endophytes at the treated site, since

additional metrics of Shannon and Simpson diversity

showed that there was not a significant difference

among sites (Fig. S3c).

Table 2 Comparison of root bacteria operational taxonomic units of baldcypress observed at the treated wetland (Hammond)

compared to natural wetlands in southeastern Louisiana

Putative taxaa Hammond Honey Island Jean Lafitte Lake Pontchartrain Tickfaw Total

Bacillus species 1 26 3 1 0 0 30

Bacillus species 2 2 0 6 0 2 10

Lysinibacillus species 5 1 1 0 1 8

Bacillus species 3 3 0 3 1 0 7

Bradyrhizobium species 5 0 0 0 0 5

Fictibacillus barbaricus 1 0 3 1 0 5

Bacillus species 4 0 1 2 0 1 4

Achromobacter species 4 0 0 0 0 4

Kosakonia cowanii 4 0 0 0 0 4

Pseudomonas species 1 0 2 0 0 3

Aeromonas hydrophila

subspecies hydrophila

1 0 1 0 0 2

Alcaligenes faecalis 0 1 0 1 0 2

Stenotrophomonas species 1 0 0 1 0 2

Bacillus species 5 0 0 0 0 2 2

Bacillus drentensis 1 0 0 0 1 2

aSee notes 1 and 2 in Table 1 for description of putative taxa search parameters. Singletons and classifications from the BLAST

analysis using UNITE and SILVA databases are listed in Table S2
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Community composition

We observed a difference in root bacterial community

composition among sites (ANOSIM global test,

R = 0.309, p = 0.001, 999 permutations, Fig. 4).

Pairwise comparisons between sites showed that

Hammond, the treated site, had a different community

composition of root bacteria than Lake Pontchartrain

(R = 0.56, p = 0.022), Jean Lafitte (R = 0.39,

p = 0.001), and Tickfaw (R = 0.56, p = 0.002).

Honey Island and Jean Lafitte communities also

differed from each other significantly (R = 0.18,

p = 0.032) (Fig. 4). All other pairwise comparisons

were not significant (p[ 0.05).

Discussion

Baldcypress endophyte communities

and wastewater treatment wetlands

We found that endophyte abundance was significantly

different for symbiont type (bacteria versus fungi) and

location within the plant (roots vs. leaves). At the

wastewater treatment site, baldcypress were domi-

nated by root bacterial endophytes, with many fewer

fungal endophytes or foliar endophytes. Root bacterial

endophytes increased in abundance with increasing

distance from the outfall pipe (where there were lower

nutrients), while root fungal endophytes decreased in

abundance with increasing distance from the outfall

pipe.

Previous studies for members of the Cupressaceae

and baldcypress have focused on fungal endophytes,

or endohyphal bacteria (bacteria living within fungal

hyphae). Petrini and Carroll (1981) surveyed four

Cupressaceae species in Oregon and found that fungal

endophytes were abundant and diverse in leaves, a

finding contrary to the results of our study. Endohy-

phal bacteria were observed in foliar fungal endo-

phytes isolated from six Cupressaceae host species in

Arizona and North Carolina (Hoffman and Arnold

2010). They described 29 foliar fungal endophyte

taxa, and none overlapped with the putative taxa found

in baldcypress leaves of our study (Hoffman and

Arnold 2010). Dark septate endophytes and mycor-

rhizas in baldcypress roots were visualized and

enumerated (but not cultured or identified) in Kan-

dalepas et al. (2010). Kandalepas et al. (2010) found

that fungal endophytes were abundant in roots of

baldcypress, and were negatively correlated with

arbuscular mycorrhizal fungi. Notably, no studies

have cultured root bacteria from baldcypress or

confamilials, and our results demonstrate that bacteria

are abundant in root tissues, suggesting that they play

an important role in swamp ecosystem function.

Although the function of bacterial endophytes has

not been studied previously in baldcypress, several

studies have documented the potential for bacterial

endophytes to increase the quality of water in

Fig. 3 Root bacterial isolation frequency from baldcypress at

five sites in southeastern Louisiana. Bars show mean ± one

standard error of bacterial isolation frequency from roots

(proportion of root pieces with bacteria). Black circles with

lines show the Fisher’s alpha diversity index for root bacteria at

the sites

Fig. 4 Similarity of community composition for root bacteria

at five sites in southeastern Louisiana, represented by nonmetric

multi-dimensional scaling (NMDS) based on a Bray–Curtis

similarity matrix. The symbols show the centroid of a cloud for

12–16 trees sampled at each site
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constructed wetlands. Using mesocosm studies,

researchers found that plants inoculated with bacterial

endophytes increased the speed at which contaminants

were cleaned out of water, including metals and

pharmaceuticals (Syranidou et al. 2016), crude oil

(Rheman et al. 2018) and phenol (Saleem et al. 2018).

In trials with sewage effluent, plant-endophyte com-

binations reduced the total nitrogen, total phosphates,

sulfates, and chlorides in the water compared to

treatments without endophytes (Ijaz et al. 2015).

These mesocosm studies included endophytes that are

congeneric with those observed in baldcypress roots

from the treatment wetland of our study, including

several Bacillus and Pseudomonas strains (Table 1,

Ijaz et al. 2015; Syranidou et al. 2016; Rheman et al.

2018; Saleem et al. 2018). This overlap suggests that

further work identifying endophytic bacteria functions

and inoculation potential in baldcypress holds promise

for improving conditions in wetlands suffering from

contamination.

Nutrients

Interactions among endophytes and soil nutrients are

complex, and in many cases unknown. A review on

root endophyte functions suggested that increased

nutrient uptake, especially of phosphorus, was com-

mon when the fungi are present (Mandyam and

Jumponnen 2005). Fewer studies have looked at how

endophytes interact with soil nutrient status. In pine

trees, plant growth increased by 50% when fungal

endophytes and nitrogen amendments were added,

compared to the treatment with nitrogen only (Jump-

ponen et al. 1998). The authors suggested that

removing nitrogen limitation allowed the endophytes

to exhibit mycorrhizal (nutrient seeking) behavior

(Jumpponen et al. 1998). Different from our study,

previous work in the area of nutrients and root

endophytes has occurred in controlled conditions with

inoculations of one or a few fungi. The field conditions

in our study led to greater levels of endophyte diversity

and heterogeneity in environmental conditions, yet we

still saw a pattern of abundant fungi in roots where

nutrients were in greater concentration, and abundant

bacteria in roots where nutrients were in lower

concentrations. Since a previous study at this site

showed much greater tree growth nearer the outfall

pipe (Lundberg et al. 2011), some of the additional

growth may be due to an interaction between high

nutrients and fungal endophyte abundance.

Ecological changes in wastewater treatment sites

Interestingly, other studies have tracked changes with

treatment at this and at other wastewater treatment

wetlands in southeastern Louisiana. At the Hammond

site where our study was conducted, Hunter et al.

(2009) found that nutrients decreased with distance

away from the outfall pipe, and Lundberg et al. (2011)

recorded correspondingly greater tree growth where

nutrients were greater. Despite this, decomposition

rates (using litter bag decay rates) did not change with

distance from the pipe (Shaffer et al. 2015; Strickland

2015). Also, at the Hammond site, benthic insect

community composition was observed to track wet-

land deterioration and recovery that occurred 8 years

previous to the present study (Weller and Bossart

2017). Insect diversity was reduced when the marsh

temporarily converted from vegetated to open water,

and diversity rebounded with revegetation (Weller and

Bossart 2017). At the Amelia swamp in southeastern

Louisiana, Day et al. (2006) also recorded greater

macroinvertebrate diversity and abundance near the

wastewater outfall pipe compared to reference sites. In

contrast, our study at Hammond found that all of the

roots harbored greater bacterial endophyte abundance

and OTU richness at the wastewater treatment wetland

compared to sites where baldcypress was growing in

an unmanipulated setting (Fig. 3). However, since

abundance and richness are generally correlated, our

analysis (Fig. S3) suggested that further sampling was

needed at the unmanipulated sites before this com-

parison could be fairly made. For example, three

sites—Lake Ponchartrain, Tickfaw and Honey Island

had very low numbers of isolates sequenced (n\ 9 for

these sites). Thus, even though we sampled the same

number of trees at the various sites, these sites had

very low endophyte abundance, making diversity

comparisons difficult.

Wastewater treatment site compared to non-treated

sites

We found a difference in the composition of root

bacterial communities among sites, and the wastew-

ater treated site’s community was unique from some

non-treated sites. The treated site shared more taxa
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with geographically distant compared to closer sites

(e.g. Hammond and Jean Lafitte, in Fig. 4, S2),

indicating that environmental conditions may play a

role in endophyte community assemblage. A greater

OTU richness and abundance of root bacteria was

observed in the treatment site compared to other sites.

Since the abundance values are proportions, these can

be compared reliably among sites. The OTU richness

and diversity comparisons, however, need to be

interpreted with caution since many of our sites had

very low abundances of endophytes (Fig. S3).

Although the empirical observation of OTU richness

(q = 0 in Fig. S3) makes the sample at Hammond

appear more diverse than the other sites, the overlap-

ping 95% confidence intervals for q[ 0.5 illustrate

that there is not a significant difference in species

diversity among sites. Indeed, the large confidence

intervals around diversity values at Tickfaw and Lake

Ponchartrain show that much more endophytes would

need to be sampled at those sites before comparisons

can be made reliably. Differences among the sites also

could be due to the comparatively young age of the

treatment site’s trees, as it has been shown that

symbiont communities can vary with plant age

(Marques et al. 2014). The fact that the reference

trees within the treatment wetland did not differ much

from trees in the treatment area hints that the

differences may have less to do with treatment and

more to do with age of trees. According to previous

literature, however, tropical plants have seen increases

in the diversity of symbiont communities with plant

age rather than decreases (Husband et al. 2002a, b).

Endophyte function

Bacterial and fungal endophytes have been shown to

promote plant growth and reduce environmental stress

(Friesen et al. 2011; Ali et al. 2014). For example,

some of the endophytes that were cultured in our study

(Tables 1, S1) are in the genera Bacillus, Burkholde-

ria, and Pseudomonas and have been shown to

increase plant growth after inoculation (Newsham

2011; Chowdhury et al. 2015; Ijaz et al. 2015;

Syranidou et al. 2016; Rheman et al. 2018; Saleem

et al. 2018). The possibility remains, however, that not

all endophytes are neutral or beneficial to plants

(Saikkonen et al. 1998; Rodriguez et al. 2009).

Although our study only cultured from apparently

healthy roots, some of the endophytes may have

negative effects (Mandyam and Jumpponen 2005;

Mayerhofer et al. 2013). Whether any of our isolates

were pathogenic to baldcypress roots requires further

study.

Conclusions

We showed that wastewater treatment may have an

impact on the microbiomes of wetland plants. Based

on results comparing untreated sites to a wastewater

treatment site, the introduction of secondarily-treated

wastewater increased the endophyte abundance and

richness in baldcypress. Additionally, the endophyte

community composition of the wastewater treatment

wetland was significantly different from non-treat-

ment sites. These shifts may have consequences for

treatment sites, but it is yet difficult to know the

implications of a changed microbiome without further

experimental work.
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