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Abstract. This study deals with specialized roots of cycads called coralloid roots accommodating a
small population of heterotrophic bacteria and significantly abundant endosymbiotic cyanobacteria
functioning as nitrogen fixers. This paper aimed to identify what other genes are present in the
coralloid roots aside from genes for nitrogen metabolism to determine the functional repertoire of
symbiotic coralloid roots. Genomic functional gene profiles were examined using DNA-based
microarray GeoChip 5.0. GeoChip analysis suggests that the functional profiles between the two
species are highly identical and almost all identified genes present in the coralloid roots were similar.
Functional gene inventory identified elevated gene signals for metal homeostasis, carbon
metabolism, stress responses, antibiotic resistance, organic contaminant degradation and nitrogen
metabolism. This supports the role of symbionts residing in coralloid roots as nitrogen fixers and in
increasing host tolerance to various environmental stressors as most genes covering major
pathways for nitrogen cycling, metal resistance and toxin degradation were detected in our study.
Moreover, indications of active photosynthesis and carbon fixing potential of symbionts in coralloid
roots were also evident due to the detection of various carbon cycling genes. This could probably be
associated to its apogeotropic growth via phototropism suggesting that symbionts require access to
sunlight causing the negative geotropic growth of coralloid roots.
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Introduction. Cycads are the only members of the gymnosperms that forms an obvious
and stable symbiotic relationship with a photosynthetic prokaryote, the cyanobacterium.
In fact, apart from its normal taproots and lateral roots, the host has developed a
specialized, dichotomously-branched root system called the coralloid roots to house these
endosymbiotic cyanobacteria, or cyanobionts (Chang et al 2019; Gutierrez-Garcia et al
2019). Inside the coralloid roots, cyanobionts distinctly form a green circular layer
positioned in the middle of cortex tissues forming the cyanobacterial zone (Ahern & Staff
1994). Most cyanobionts are capable of cell differentiation and are generally filamentous
types wherein a single filament consists of vegetative cells interrupted by regularly-
spaced intervals of heterocyst cells that fix nitrogen for its host and is believed to assist
cycads in withstanding contaminated and infertile soils (Halliday & Pate 1976; Meeks et al
2001). When unfavorable conditions arise, it can also form resistant spores called
akinetes along the cyanobacterial filament and prior to host invasion, it can also
transform into motile hormogonia for locomotion (Meeks et al 2001; Golden & Yoon
1998). This cycad-cyanobacterial association differs from usual plant-microbe symbioses
as the cyanobionts do not migrate to other parts of the hosts’ body but remains confined
in the coralloid root tissues (Chang et al 2019). Moreover, it was also believed that
cyanobacteria in coralloid roots do not actively photosynthesize (Costa et al 1999;
Yamada et al 2012). This leads to the question as to why cyanobionts retain their full
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photosynthetic machineries, associated pigments and enzymes (Lindblad et al 1985;
Adams et al 2013) as well as why cycads maintain their ability to form coralloid roots
when it seems unnecessary to accommodate facultative cyanobionts for them to survive
(Fisher et al 2017).

Symbiotic cyanobacteria usually belong to the orders Nostocales and
Stigonematales (Castenholz et al 2001). In cycads, individuals under genus Nostoc are
the predominant symbionts but members belonging to the genera Calothrix, Scytonema
and Richelia were also identified (Grobbelaar et al 1987; Costa & Lindblad 2002;
Gehringer et al 2010). Several strains of cyanobionts were discovered in a single cycad
host (Zheng et al 2002; Thajuddin et al 2010), but in a study by Gehringer et al (2010),
only a single strain of Nostoc was isolated from the cycad host Macrozamia (Yamada et al
2012). Interestingly, other heterotrophic bacteria were also reported to co-exist with
cyanobionts in coralloid roots (Chang et al 1988), but bacterial population are somehow
scarce. In a recent study comparing the microbial communities between coralloid and
regular roots, it was determined that bacterial communities differ significantly as
cyanobionts overpopulate the cortical tissues of coralloid roots but when cyanobacterial
population was disregarded in the data set, no discernible difference was found between
the two root types (Zheng et al 2018). Cycads produce a wide range of compounds,
which could be secreted by cyanobionts as well, which might limit population of bacteria
without affecting cyanobacterial growth and this requires molecular-level communication
be established between the symbiont and the host (Adams et al 2013; Obukowicz et al
1981; Grilli Caiola 1980). Even with continuous effort of scientists to decipher the origin
and function of coralloid roots, its purpose still remains poorly understood due to the
limitations of bacterial and tissue culture methods and more importantly, in capturing the
exact behavior of cyanobionts while in symbiosis with cycad coralloid roots (Barona-
Gomez et al 2019; Yamada et al 2012; Lindblad 2009; Grilli Caiola 2001; Costa et al
1999). Therefore, we aim to examine the functional gene profiles in coralloid roots using
GeoChip 5.0 that will disregard the DNA of host tissues concentrating only on the gene
abundance of microbes.

Functional gene microarrays are useful for establishing gene profiling and
assessing changes in microbial gene expression from different sites in the context of
ecology (He et al 2007; Mason et al 2010; Kang et al 2013; Bayer et al 2014). DNA-
based GeoChip has oligonucleotide probes that detect functional genes of microorganisms
and is a type of functional gene array that was introduced in 2002 and has been
constantly upgraded by increasing number of probes for the detection of more genes.
GeoChip 5.0 is the latest version with 180,000 probes that could detect 17 major
functions related to carbon, nitrogen, sulfur and phosphorus cycling, heavy metal
resistance, antibiotic resistance, pathogenicity, secondary metabolism, organic pollutant
degradation, electron transport, stress responses, virulence and viruses (Van Nostrand et
al 2016). Aside from updating previous functional gene families, over 1,000 new
functional gene families were added in this new version (Shi et al 2019).

In this study, GeoChip 5.0 technology was utilized to determine the functional
gene diversity of root-associated microbiomes in two different species of cycads which
are Cycas debaoensis Zhong & Chen and Cycas fairylakea D. Y. Wang. Belonging to the
25 recognized Chinese species out of the 300 species in the world under the genus Cycas
L., these two cycad species are endemic in China that thrives in evergreen, broad-leaved
and coniferous forests in tropical and subtropical regions. C. debaoensis originated from
Guangxi province (Zhong & Chen 1997) whereas the natural population of C. fairylakea
was found in Guangdong province (Wang 1996). Thus, the objectives of this research
were to answer (1) what are the abundant genes, (2) what are the functions from the
microbial community in the coralloid roots diverse, and (3) do microbes, particularly
cyanobionts, perform other functions aside from nitrogen fixation? Assessing the
functions of endophytic bacteria may provide insights for future studies on symbiotic
mechanism in the coralloid roots as well as better conservation strategies for cycads.
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Material and Method

Sample collection and processing. From three individual Cycas debaoensis (CD) host
plants, a bulk of coralloid root samples were collected from each plant. All three biological
replicates were collected in Fairy Lake Botanical Garden (FLBG), Shenzhen, China. For
Cycas fairylakea (CF), quantity of coralloid root samples grown and cultivated in FLBG
were not sufficient during the sampling period and thus, one of the biological replicate
was collected from the wild, the native habitat in Meilin Reservoir (Shenzhen, Guangdong,
China) and the other one is a plant that originated from the wild in North Guangdong,
China eventually cultivated in FLBG. Sample collection was conducted from April to June
2018. During collection, coralloid root samples were visually examined for the presence
of a cyanobacterial zone, or green ring, indicating a mature symbiotic root. Coralloid
roots were placed in ice and immediately transferred to the laboratory for further
processing. Soil debris were gently washed off with iced milliQ water repeatedly until the
washed-off water became clear. Due to the delicate structure and condition of coralloid
roots, tissue sterilization using sodium hypochlorite and ethanol was not conducted to
keep the roots intact and the cyanobacterial zone inside the roots protected. Therefore,
the roots were further rinsed with cold sterile distilled water until clear water was finally
observed. Clean coralloid roots were then cut into small pieces, around 2 cm in length,
and immediately frozen in liquid nitrogen and stored at -80°C until further processing.

DNA isolation. Frozen coralloid and normal root samples were pulverized to fine powder
using a sterile mortar and pestle. Total genomic DNA was isolated using a modified CTAB
method. CTAB extraction buffer (2X CTAB, PVP and 0.2% mercaptoethanol) was mixed
with 3 g pulverized coralloid roots followed by 30 minutes incubation at 65°C. DNA was
then extracted using phenol-chloroform-isoamylol (25:24:1) mixture and precipitated
using isopropyl alcohol and 5M NaCl. A series of washing steps using 76% and 100%
ethanol was then conducted. DNA quality and concentrations were evaluated using
NanoDrop 2000 at A260/280. Only the DNA extracts with ratios of > 1.70 were used for
further analyses.

GeoChip 5.0 loading and data processing. DNA concentration of 800 ng per sample
was used for labelling following a 16.5-hour hybridization step. The subsequent steps:
fluorescence labelling, array hybridization and scanning were conducted as described in
Lu et al (2012). The optical signal of the probe was converted into a digital signal using
ImaGene 6.0 software. Data normalization, removal of low quality spots and signal
intensities based on signal-to-noise ratio, filtering of outliers and obtaining mean
normalization signal intensities for each spot was provided by Magigene Biotechnology
Co., Ltd. (Guangzhou, China) as client service. The normalized signal intensities were
calculated as the sum of all probes per gene and divided by the signal intensity of all
probes per category. Afterwards, the mean across all replicates per sample was obtained.
GeoChip data were further analyzed in the R environment v3.5.1 (The R Core Team) for
principal components analysis.

Results and Discussion

GeoChip analysis of microbial functional genes. Using GeoChip 5.0, a total of
199,891 probes were detected in both species that represent 889 functional genes
classified in 17 gene categories. These probes with positive signals belong to metal
homeostasis (53,058), stress (31,844), carbon cycling (29,939), antibiotic resistance
(27,465), organic contaminant degradation (17,524) and nitrogen cycling (7,557). Other
functional categories having low signals with only < 7,500 number of probes each are
microbial defense, virulence, sulfur, phosphorus, pigments, gyrB, viruses, metabolic
pathways, electron transfer, plant growth promotion and protists.

Principal components analysis of samples revealed that the gene abundance of
two of the six samples (CF2 and CD3) deviated from the rest, the latter deviating more
significantly, but the other four samples vary less from each other (Figure 1). CD1, CD2,
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CF1 and CF3 were found to be more clustered together that presented a clear
demarcation between species. As the age and vigor status of coralloid roots were difficult
to determine during sampling, these might account for the differences in signal
intensities read by GeoChip for samples CF2 and CF3. Nonetheless, hierarchical clustering
of pooled normalized signal intensities of all gene categories between CD and CF revealed
that functional genes were not different in both species in all categories identified by
GeoChip (Figure 2A) and that similarities were more discernible rather than differences.
This indicates that the functional genes occurring in coralloid roots might be similar
between species of Cycas spp. regardless of where they thrive. Analysis of the microbial
genes present between species also supports this hypothesis as 23,155 (96%)
overlapping genes from the six samples were identified suggesting high similarity in the
functional profiles of coralloid roots (Figure 2B). A plausible explanation to this high gene
convergence is the dominance of cyanobacterial symbionts in the microbiome of coralloid
roots in which majority of the positive signals collectively detected by GeoChip from all
samples were in fact contributed by cyanobionts.

To our knowledge, this is the first time that the microbial functional genes in
coralloid roots were examined and reported. Only minimal differences were observed
between the two species of cycads in which the small number of identified differentially
abundant genes belong to the categories of viruses and protists. Hence, only highly-
abundant genes per functional category common between CD and CF were selected and
further analyzed. Since metagenomics profiling from other studies revealed that majority
of the microbial population identified in coralloid roots are cyanobacteria (Zheng et al
2018; Bell-Doyon et al 2020), cyanobionts will be considered as prime contributors of
majority of the positive gene signals collected from GeoChip. Genes potentially belonging
to other microbes will still be included in the discussion, if necessary and relevant to
host-microbe symbiosis. But unless sufficient evidence suggests that certain genes
actually belong to a particular group of microorganisms, the discussion on the succeeding
sections will generally pertain to the abundance of cyanobacterial genes. Therefore, the
top gene categories relevant to cyanobacterial-coralloid root symbiosis were individually
presented below to assess the functional range and capacities of the symbiotic coralloid
root-associated microbiomes.

. '@
\
.

CF2

Sample
- CD1
§_ @ co:
= il @ co:
§ S ceat "_~ @ CF1

CF3

____________ _':-I:I—_ =JI’. Dll'.
PC1 (60.98%)
Figure 1. PCA plot showing percent variation of functional genes in all biological samples

of C. debaoensis (CD1, CD2, CD3) and C. fairylakea (CF1, CF2, CF3).
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Figure 2. (A) Hierarchical clustering of pooled normalized signal intensities of all gene
categories between C. debaoensis (CD) and C. fairylakea (CF) and (B) Venn diagram of
overlapping genes between all samples of C. debaoensis (CD1, CD2, CD3) and C.
fairylakea (CF1, CF2, CF3).

Metal homeostasis. Heavy metals are usually present in the environment especially in
soil. Copper, nickel, iron, magnesium, cobalt, manganese and zinc are trace metals used
by cyanobacteria for key cellular metabolism (Huertas et al 2014). However, levels of
these metals should be regulated as either deficient or excess amounts could affect
viability and performance of the cell. Other metals such as chromium, lead, cadmium and
arsenic are not essentially needed for survival but can only be tolerated by the cells in
low quantities (Shilpi et al 2015). Beyond a certain threshold, viability could be
compromised that could affect vital cell processes eventually leading to cell death (Hudek
& Ackland 2017). Since cyanobacteria that invades coralloid roots originate from the
surrounding soil, cyanobionts are typically exposed to varying levels of metals and over
time, must have developed a mechanism to increase metal tolerance. Likewise,
cyanobacteria might also play an important role in increasing accessibility and resistance
to metals for their respective hosts as symbionts (Dupont et al 2010). It has already
been reported that a symbiotic cyanobacterium isolated from coralloid roots of cycads,
Nostoc punctiforme, served as a facilitator in increasing host tolerance to elevated levels
of heavy metals (Hudek & Ackland 2017). The cycad hosts which are an ancient plant
group originating from Jurassic period are also known to withstand dry and rocky habitats
with infertile soil (Brenner et al 2003). The coralloid roots seem to be an adaptive feature
where it evolved to host microbes including cyanobacteria to aid the survival of cycads
from harsh environments by utilizing high levels of metals (Halliday & Pate 1976).

This is also evident in our study as the highest average raw signal intensities
(13,066,735+388,202) and most number of probes (8,843+1,161) detected belong to
various metal homeostasis genes (Figure 3). The most abundant gene in all samples is
nikA receiving an average of 707.16+68.20 normalized signal intensity. nikA gene is the
periplasmic nickel-binding protein responsible for nickel transport. According to
Woodward et al (2000), if nickel metal transporter genes are present in phototrophic
microorganisms, it usually is involved in photosynthetic pathways as part of the large
subunit of hydrogenase complex coupled with iron creating a nickel-iron (Ni-Fe) active
binding site for production of mature hydrogenases. Hydrogenase enzymes release
hydrogen gas in oxygen-limited environments thereby increasing bioavailability of
hydrogen as an alternative energy source (Waldron & Robinson 2009). Each metal has a
specific channel for influx and efflux of metals across cell membranes and therefore,
different transporters are also required (Waldron & Robinson 2009; Ma et al 2009). Aside
from nickel and iron transporters, elevated normalized probe signals (> 300) were also
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detected for chrA, corA, copA, mgtA and znuC genes for transport of chromium,
cobalt/magnesium, copper, magnesium and zinc, respectively. As previously mentioned,
these metals are essential for cyanobacterial metabolism except chromium. The
increased gene intensity of chrA genes (459.06+39.01) in coralloid roots shows evidence
that symbionts in coralloid roots have potentially gained a strategy in regulating
chromium to non-deleterious levels for itself and its host as well. Similar strategy might
be employed for arsenic and cadmium as genes arsB, arsC and cadA obtained > 100-200
normalized signal intensities. The wide array of metal homeostasis genes that was
identified in both CD and CF suggests that coralloid roots can indeed regulate metal
uptake and increase metal tolerance of its host.
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Figure 3. Genes obtaining high normalized probe signal intensities for metal homeostasis. Error
bars represent standard deviation of the means. [C. debaoensis (CD) and C. fairylakea (CF)].

As cyanobacteria retain full photosynthetic machineries and accessory pigments even as
symbionts, the high abundance of nikA gene, as well as cirA and feoB genes for iron
transport, supports the possibility that cyanobionts are capable of fixing carbon even in
environments deprived of light and necessary photosynthetic reactants by use of an
alternative mechanism yet to be determined. In line with this, it is apparent that metal
demands for cyanobacteria are much higher compared to other non-photosynthetic
prokaryotes as various metals are required for photosystems | and Il to properly function
(Zak et al 2001; Shcolnick & Keren 2006). Photosynthetic processes require metals and
consequently, explains the high demands for metals in cells. Moreover, the main enzyme
for nitrogen fixation, nitrogenase, forms a dinitrogenase heterotetramer which requires
an iron protein (Dos Santos et al 2012; Jasniewski et al 2018). Hence, apart from gaining
insight that coralloid roots are indicative of assisting cycads to withstand poor-
conditioned soils, it appears that the significantly-elevated metal homeostasis genes
detected in GeoChip is correlated to nitrogen and carbon-fixing potential of cyanobacteria
in coralloid roots. Thus, separate discussions on carbon and nitrogen metabolism will be
expanded in the subsequent sections.

Carbon metabolism. Several carbon cycling genes were detected by GeoChip in
coralloid roots having an average raw signal intensity of 6,699,473+275,295 and a total
of 4,990+667 positive probes. Coralloid roots are oftentimes found embedded in soil or
covered by large foliage of its cycad host limiting its access for sufficient air and sunlight.
Hence, it was previously thought that cyanobacteria in coralloid roots do not
photosynthesize despite retaining complete apparatuses for carbon fixation (Lindblad et
al 1985; Lindblad et al 1987; Adams et al 2013). However, our study is telling otherwise
because a number of abundant genes for Calvin cycle were identified indicating active
photosynthetic activities are occurring in coralloid roots (Figure 4).
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Figure 4. Genes obtaining high normalized probe signal intensities for carbon fixation and
degradation. Error bars represent standard deviation of the means. [C. debaoensis (CD)
and C. fairylakea (CF)].

Highest normalized signals were obtained from tktA gene (160.02+18.57), which codes
for transketolases. This gene is responsible for production of NADPH (nicotinamide
adenine dinucleotide phosphate) as well as several other sugar phosphates intermediates
(lida et al 1993). NADPH is a critical step in carbohydrate production and regenerating
ribulose biphosphates (RuBP) in Calvin cycle. The Calvin cycle consists of 3 main steps —
carboxylation, reduction and regeneration (Abebe et al 2009) — in which all genes
garnering high intensities under Calvin cycle category from GeoChip were involved in
each step of the carbon fixation cycle. Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCo) genes were detected obtaining an average normalized signal intensity of
91.61+7.98 which is the key enzyme in the carboxylation step of carbon fixation pathway.
Presence of genes for reduction (pgk, GAPDH, FBPase, TIM) and regeneration (RPI, prk)
steps were also found to be present. In almost comparable mean normalized intensities
with tktA gene is the multiple systems pcc gene (157.96+16.95) for citrate cycle or
tricarboxylic acid (TCA) cycle that codes for propionyl-CoA-carboxylase commonly
observed in archaea for autotrophic carbon fixation pathway (Berg et al 2007). In relation
to this is the presence of codH gene, which is commonly characterized in anaerobic
bacteria. This gene plays a part in carbon cycle by reversibly transforming carbon dioxide
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to carbon monoxide and capable of forming a cluster with acetyl-CoA-synthase (Tan et al
2006). Significant levels of FTHFS (formyltetrahydrofolate synthetase) genes typically
found in sulfate-reducing bacteria were also identified. In addition, bacterial
microcompartments (ccm and cso) genes were also present. In cyanobacteria, these
genes codes for carboxysomes which are structures for carboxylation and has a
significant role in global carbon cycling by storing RuBisCo enzymes (Kerfeld et al 2018).
Active carbon metabolism within coralloid roots are evident in both species of Cycas used
in this study. It even showed higher intensities for carbon compared to nitrogen
metabolism, wherein the latter was more popularly known as the primary function of
symbiotic coralloid roots. One interesting feature of coralloid roots is its negative
geotropic growth. Instead of growing downwards like a normal root, it prefers to grow
upwards until it reaches the soil surface - also referred to as apogeotropic growth
(McLuckie 1922; Chang et al 2019) which might have evolved throughout the course of
geologic history to facilitate survival and reproduction. Relating this to the functional
profiles obtained from GeoChip, it appears likely that endosymbiosis in coralloid roots
with cyanobacteria might be causing the roots to grow apogeotropically, for exposure and
more contact to air and sunlight, as the identified carbon fixation genes validate its
dynamic involvement in the global carbon cycling. These findings corroborate a study
done by Perraju et al (1986) where high photosynthetic rates were discovered in the
coralloid roots of Cycas circinalis that develop at close proximity to the soil surface where
cyanobacteria may gain access to more light.

Surpassing signal intensities of carbon fixation genes are genes for carbon
degradation. Significant signals came from amyA gene that is responsible for starch
degradation. In contrast to carbon fixation genes which could easily be attributed to
cyanobacteria because of their characteristic as pigmented, photosynthesizing microbes,
therefore setting it apart from fungi and other microbes, the same cannot be applied for
carbon degradation genes. However, it must be mentioned that some strains from the
phylum Proteobacteria, which were also detected in coralloid roots (Zheng et al 2018;
Bell-Doyon et al 2020), are known to produce bacteriochlorophyll a (Bchl a) and
carotenoid pigments making them able to photosynthesize as well (Molouba et al 1999).
Hence, in the matter of carbon degradation, gene signals from other microbes might also
be contributing to these functions and cannot be solely attributed to cyanobionts.
Nonetheless, the identified microbiomes of coralloid roots in our samples seem to be
capable of breaking down various aromatic compounds and carbon-based molecules
thereby playing a role in recycling and stabilizing carbon levels in the environment.

Nitrogen metabolism. Cyanobacteria in coralloid roots are known as nitrogen fixers
increasing bioavailability of usable forms of nitrogen for its host. As some soil microbes
were also capable of fixing nitrogen, it is good to note that other microbes might also be
contributing to the signal intensities detected by GeoChip. The average raw signal
intensities and number of probes detected for nitrogen metabolism are
1,931,158+114,209 and 1,260+181, respectively. Major pathways for nitrogen cycling
(ammonification, nitrification, denitrification, assimilatory and dissimilatory nitrogen
reduction and nitrogen fixation) were identified in our study (Figure 5).

Nitrification genes, amoA and hao, were identified that indicates presence of
ammonia oxidizers in the microbial community of coralloid roots. Elevated normalized
gene intensities were from narG, nirK, nirS and nosZ genes involved in denitrification
processes. These genes aid in converting nitrate (NO3") or nitrites (NO,") to dinitrogen (N,)
atoms. Significant signals for nitrogen fixation nifH gene were also detected that sustains
the nitrogen cycle by converting dinitrogen atoms to useful nitrogen forms such as
ammonia (NH3) or ammonium (NH,%). And finally, ammonification genes, ureC and gdh,
were present that transforms organic nitrogen to NHs; (Hoffman et al 2014). GS-GOGAT
(glutamine synthetase-glutamate synthase) is the main pathway for nitrogen assimilation
(Muro-Pastor et al 2005). Nitrogen assimilation genes, as well as nirB, nasA, nrfA and
napA genes for assimilatory and dissimilatory nitrogen reduction, were also identified but
detected at lower gene intensities. Likewise, the main enzymes for GS-GOGAT pathway,
glutamine synthetase and glutamate synthase, were consistently present as expected
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from a nitrogen-fixing organism. Free-living and symbiotic bacteria both have nif genes
which can also be found in other nitrogen-fixing organisms (Corbin et al 1982; Fay 1992).
The main function of these genes is to form nitrogenase complexes for the conversion of
unusable atmospheric dinitrogen to useful forms like ammonia and in this process, other
nif genes (nifD and nifK) encode a dinitrogenase heterotetramer creating an active site
for reducing dinitrogen atoms (Dos Santos et al 2012). The nifDK genes combine with an
iron protein encoded by nifH gene to complete the structure and function of the formed
nitrogenase complex (Jasniewski et al 2018). Hence, nif genes are essential for microbial
nitrogen fixers as lack of these genes may alter their ability to efficiently fix nitrogen for
their host (Spaink et al 1998) making them inadequate as beneficial symbionts.
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Figure 5. Genes obtaining high normalized probe signal intensities for nitrogen cycling. Error bars
represent standard deviation of the means. [C. debaoensis (CD) and C. fairylakea (CF)].

GeoChip functional profiles showed evidences that nitrogen metabolism is active in
coralloid roots with the presence of most functional genes involved in nitrogen cycling.
Supporting this are the identified ntrC and glnA genes for nitrogen limitation where it is
widely accepted that formation of heterocyst cells, where nitrogen fixation occurs, are
triggered by nitrogen starvation (Bergman et al 1996; Zhang et al 2006). Hence, an
increase in nitrogen metabolism, as a response to low nitrogen levels, was evident in the
functional profiles of both species of cycads used in this study. Comparing the signal
intensities of carbon and nitrogen metabolism, it is apparent that carbon cycling genes
surpassed the latter. However, this does not indicate that carbon fixation is the main
function of cyanobacteria in coralloid roots. It is best to recall that cyanobacterial chains
are made up of vegetative cells where carbon fixation occurs, whereas in regularly-
spaced intervals between these cells are heterocysts for nitrogen fixation (Kumar et al
2010). In a single cyanobacterial chain, the ratio of vegetative cells to heterocyst cells
are indeed significantly higher and thus, might account for the elevated signals for
carbon metabolism detected by GeoChip (Figure 6).
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Figure 6. A depiction of ratio between vegetative (v) and heterocyst (H) cells in a
cyanobacterial filament accounting for higher presence of carbon fixation genes
compared to genes for nitrogen metabolism.

Stress, virulence and other genes. Since coralloid roots are typically exposed to harsh
environments in the soil, presence of genes coding for stress-related genes are significant
obtaining average raw signal intensities of 8,788,618+265,435 and a total of 5,307+721
probes (Figure 7). Sigma factors 24 and 70 are abundant alongside stress genes for
oxygen limitation (fnr), osmotic stress (ompR) and heat shock proteins (clpP). Also
considerably high normalized probe signals were detected for genes involved in MFS
(2,663+225) and Mex (982+95) antibiotic resistance categories.

MFS, or major facilitator superfamily and Mex systems are bacterial multidrug
efflux pumps, which are energy-dependent efflux pumps for the extrusion of various
antibiotics making them incapable of effectively damaging their targets (Nikaido 2009).
ABC family of antibiotic efflux pump is also present in coralloid roots which is similar to
MFS which could help increase resistance to broad-spectrum antibiotics (Lubelski et al
2007). On the contrary, beta-lactamases genes target only specific group of antibiotics
(Vila & Martinez 2008). Aside from antibiotics, it is also assumed that multidrug efflux
pumps can eliminate toxic compounds such as antimicrobials produced by competing
microbes, heavy metals and organic contaminants (Blanco et al 2016). This brings us to
the evidences of organic contaminant degradation occurring in coralloid roots as genes
for degrading chlorinated solvents (exaA and dehH), hydrocarbons (alkB) and herbicides-
related compounds (atzA) were also found to be present. And lastly, virulence genes for
iron uptake (iro), adherence (pilin), toxins (hly), antiphagocytosis (cap) and type Il
secretion systems were identified. Some of these genes might be involved in host
invasion, with emphasis on entry of hormogonium, the motile stage of cyanobacterium,
into the cortical layer of coralloid roots. Though detected at low signals (only < 20
normalized probe signals), virulence factors for cell adhesion, host cell disruption,
invasion and intracellular survival was also present which is needed by potential
symbionts to successfully enter host tissues.

ELBA Bioflux, 2020, Volume 12, Issue 1. 14
www.elba.bioflux.com.ro



Stress genes uCF mCD Virulence genes =CF mCD
700.00 £ 150,00

=
-
=2
&
2
g o
& §0.00
=
g 40.00
T 2000 " '.
£
g oo
s & & &

&

600.00

500.00

400.00
300.00
200.00
100.00 I ' I I
0.00
é@n}‘ é@m“’ S £

Normalized probe signal intensity

i
"3’:_

& &
§
& cw‘jb
Iron uptake Adherence Toxins Antiphagocytosis Secretion
Sigma factors Oxygen Osmotic stress Heat Shock systems
limitation
Organic contaminant degradation Antibiotic resistance genes =CF mCD
z genes uCF mCD E‘ 3500
£ 140.00 < 3000
a 2 -
£ 120.00 £ 2500
 100.00 g 2000
2 8000 2 4500
& 6000 & 1000
2 4000 5 500
= s g i
T 2000 2 . . .
& = )
E £ Al & hed \a g ;“O& ‘E@ QD&\Q’
E % = 2
2 & N ¥ ¢ s & &
,3?-\' t.‘i"\ < &

&

Chlorinated Chlorinated Hydrocarbons | Herbicides-related \;bc"
solvents solents compounds

Figure 7. Genes obtaining high normalized probe signal intensities for stress, virulence,
organic contaminant degradation and antibiotic resistance. Error bars represent standard
deviation of the means. [C. debaoensis (CD) and C. fairylakea (CF)].

Conclusions. Functional gene array analysis revealed that community gene profiles of
coralloid root-associated microbiomes in two species of cycads are significantly common
and that the genes detected from microbes are the same regardless of their host species.
GeoChip analysis revealed that microbes in coralloid roots primarily work on maintaining
metal homeostasis which can be associated to the ability of cycads to grow in poor-
conditioned soil and habitats. Cyanobionts, with the help of other microbes in the
coralloid roots, appears to be increasing the tolerance and utilization of their hosts to
high levels of metals. With respect to nitrogen metabolism, all major genes for nitrogen
cycling were successfully identified by GeoChip. Our study therefore supports the role of
coralloid roots as nitrogen fixers upon forming a stable symbiotic association with
cyanobacteria. The microbiome of coralloid roots also showed active carbon metabolism
which might also be attributed to cyanobionts as they are microorganisms capable of
photosynthesis. It was formerly believed that cyanobacteria as symbionts of coralloid
roots only retain photosynthetic machineries and accessory pigments but do not fix
carbon as some enzymes might be lacking. Here, evidences that cyanobacteria are
capable of performing Calvin cycle were presented and that it appears to be actively
involved in various carbon cycling activities. This also provided insights as to why
coralloid roots grow apogeotropically as our data suggest that symbionts probably require
access to sunlight causing the negative geotropic growth of coralloid roots via
phototropism. Even though GeoChip could only identify existing functional genes, it was
still able to provide valuable insights and validate existing theories that gave us a better
understanding of how coralloid root functions with its symbionts.

Gene profiling and expression studies for in-depth analysis of the coralloid root
symbionts is still in its initial stages and a lot of areas are still waiting to be explored.
Upon successful identification of genes proven beneficial for the host, this research will
validate the potential use of cyanobacterium and other endophytic microbes as effective
bio-inoculants for a more sustainable approach in improving soil fertility and also opens
an opportunity to create more effective biofertilizers or root symbionts to a wide range of
plants by engineering symbiotic cyanobacterium and other bacteria. Furthermore, it will
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uncover the unexplored areas and dynamics involved in cycads-cyanobacteria
endosymbiosis. For a more comprehensive approach, we recommend using de novo RNA-
Seq technology for the identification of novel transcripts and comparing expression
patterns between symbiotic coralloid roots and non-symbiotic normal roots.
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