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Highlights  
 First Laminariocolax ultrastructure report demonstrated no parasitism hints but 

cellular modifications for endophytism.  

 Use of DNA cloning for identification and separation of ITS1 sequences from 

Laminariocolax and its kelp host eDNA (galls).  

 Gall disease epidemiology in Lessonia showed that the probability to get infected 

increases towards summer and adulthood.   

 Laminariocolax aecidioides seems a potential threat for harvestable Lessonia 

resources in northern Chile. 
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Abstract 
Lessonia berteroana is the most highly exploited seaweed in Chile and the Americas, based 

on the harvesting of wild stocks. It is frequently facing overexploitation problems, which is 

detrimental for coastal ecosystems in northern Chile. Concomitant to its abundance 

problems, L. berteroana stocks have widely been found to bear tumour-like outgrowths. 

These circumstances triggered us to characterize this gall disease from one population on 

the Atacama coast. Galls are plastic in size, colouration and morphology, and all are linked 

to the brown algal endophyte Laminariocolax aecidioides, identified by using three different 

DNA markers. Gall histology revealed the presence of both pigmented and colourless 

endophytic filaments. The pathogenic nature of this interaction was confirmed by electron 

microscopy (EM), which showed a marked hyperplasia with host cells having disrupted cell 

walls. EM also indicated cellular modifications of the Laminariocolax endophytic network in 

contrast to free-living isolates (e.g. organelle and cell wall reductions, larger area of 

plasmodesmata in markedly undulated contacting cell walls). A one-year epidemiological 

survey from the same locality, supported by a generalized linear mixed model, revealed that 

the gall disease is strongly correlated with the age structure of a given population, the 

season of the year and maturity of the hosts, although in summer months almost all the 

population gets infected. Resistant phenotypes are therefore rare in the population, which 

flags the question of how harvesting, restoration and breeding programs should be carried 

out for these susceptible populations. 

 

Keywords: kelp – brown algal endophyte – Laminariocolax aecidioides – DNA barcoding – 

epidemiology - ultrastructure  
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1 Introduction 
Lessonia berteroana (Phaeophyceae) is an ecologically and economically important kelp 

species in the South-Eastern Pacific [1] (for the current systematic position of Lessonia in 

Chile see [2]). It occurs in vast standing stocks along 1200 km linear coastline in northern 

Chile and due to its ecological functions as food source, substratum and marine nursery it is 

an important bioengineer in Chilean rocky intertidal habitats [3]. Likewise, its high alginic acid 

content and quality has rendered it the most important algal resource in Chile, reaching 60% 

of in total ca. 600,000 t algal biomass harvested annually, and generating returns of ca. US$ 

80,000,000 only by commodities. Major yields are concentrated (97%) to northern Chile, 

where L. berteroana has been considered an endangered species for several years [4]. 

Current mitigation actions rely on adjusting management techniques and setting up pilot 

restoration attempts (see [5,6] and references therein).  

 

An important, and poorly understood, aspect in kelp ecology is its intimate relationship with 

pathogens. Kelp gametophytes and sporophytes can be infected by viruses [7], bacteria [8], 

fungi/protists [9] or endophytic algae [10]; such pathogens may be intracellular or interstitial, 

and be present in both natural populations and mariculture installations [11,12]. Records of 

kelp pathogens in Chile are limited to the brown algal genus Laminariocolax affecting 

Macrocystis and Lessonia [13,14], constitutive phaeoviruses in Macrocystis [15] and the 

marine phytomyxid Maullinia braseltonii causing galls in bull kelp (Durvillaea) populations 

[16]. However, in vitro transfection studies revealed that both Macrocystis and Lessonia 

gametophytes/early sporophytes are also susceptible to Maullinia ectocarpii (Phytomyxea) 

(Murúa et al. in prep.) and the water moulds Eurychasma dicksonii and Anisolpidium 

ectocarpii (Oomycota) [9,17]. All these pathogens have been recognized in the Southeastern 

Pacific, and eventually could be cryptic ecological regulators in the ecology and harvesting of 

kelp communities, including the economically important L. berteroana. 

 

Given the importance for human coastal settlements, several studies have been conducted 

on Lessonia spp. populations [1,6,18]. Particularly one of them led by Thomas et al. (2009) 

described the presence of deformations in different parts of L. berteroana thalli from 

Atacama, associated with the brown algal endophyte Laminariocolax. After morphological 

and phylogenetic studies based on the nuclear DNA marker ITS1 the authors proposed it 

could be a new species, sister to the previously described L. aecidioides, L. macrocystis, L. 

eckloniae and L. tormentosoides. Several articles have pointed out the poor conservation of 

this marker for phylogenetic studies in brown algae, which may give erroneous estimations 

of genetic distances and barcoding gaps [19,20]. Recent studies using a second, more 
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conserved barcode marker (mtDNA COI-5P) revealed that L. aecidioides is widely 

distributed in both hemispheres from the Arctic to Antarctica [20]. This also supports that L. 

aecidoides includes L. macrocystis and L. eckloniae, as suggested by previous studies 

[21,22]. L. aecidioides has a broad host range within Laminariales and the Antarctic kelp-like 

Himantothallus (Desmarestiales) [20,21,23]. Brown algal endophytes may be 

asymptomatically present in almost the totality of the individuals of kelp populations [14,24], 

in contrast Laminariocolax from Atacama is triggering gall formation all over the host thallus 

in a significant proportion of the population [6,13]. Galls normally increase the drag forces 

and the subsequent detachment of seaweeds, impacting kelp population structures and 

harvesting to some extent [10]. Detached kelps carry their epibionts (and presumably also 

their pathobiome) with them [25], which ultimately aids their dissemination. Despite its 

potential importance in L. berteroana ecology, little is known about the interaction of this kelp 

and its pathogens. Likewise, natural disease incidence of disease in kelp stocks is broadly 

under-documented worldwide, which is relevant in epidemic, potentially devastating 

pathogens such as kelp endophytes like Laminariocolax. In this article, we identify the 

etiological agent of the conspicuous gall disease of Lessonia by morphological and DNA 

barcoding, and describe for the first time the wild pathosystem L. aecidioides/L. berteroana 

from ultrastructural, developmental and epidemiological perspectives. The results are 

relevant as a baseline of the current status of the disease in commercial stocks of L. 

berteroana, and raise questions to deal on ecological, fisheries and management contexts of 

this important algal resource in northern Chile.  

 

2 Materials and methods 
2.1 Sample collection  

This study was carried out with samples collected from the Pan de Azúcar National Park 

(26° 09’ S, 70° 40’ W), Atacama, in a population of L. berteroana that shows widely 

prevalent symptoms of a Laminariocolax infection, such as galls, deformations and 

decolouration of the thalli. These diseased individuals were spotted in other populations 

neighbouring Pan de Azúcar (authors’ personal observations), but also in Lessonia spicata 

from Maitencillo (32º 40’ S, 71º 27’ W) [13], suggestive of a disease range of at least 600 km 

southward our study area. In sharp contrast to the healthy phenotype that is characterized 

by elastic and smooth fronds (Fig. 1a), infected individuals are recognized by the presence 

of warts and galls with different morphologies (Fig. 1b-f, Supplementary Figure 1). Ten 

infected stipes (showing different gall shapes) were cut with a razor blade and transported in 

separate bags to the laboratory, using a refrigerated box at 8°C. In the laboratory, the 
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tissues were thoroughly cleaned with tap water to remove potential epiphytes and bacteria, 

selected according to their gall morphology and fixed in i) 4% paraformaldehyde (PFA) in 

sterile seawater for further microscopic observations and ii) 96% ethanol/silica gel for 

molecular analysis. Additionally, some cleaned galls were chosen to isolate the endophytes 

from living tissue. 

 

2.2 Endophyte isolation  

Isolation of endophytes, which are able to live in culture without their host [23], was 

conducted as described previously [19]. After confirming the presence of endophytes by light 

microscopy, raw cultures were started from cross sections of galls of different morphologies 

(3 galls per morphology, 6 sections per gall, 3 of them with cortex excised using a Pasteur 

pipette or a sterile razor blade to prevent epiphyte contamination). The resulting L. 

berteroana fragments with endophyte filaments were cultured in Provasoli-enriched 

seawater PES [26] supplied with 4-6 mg L-1 GeO2 during the first 3 weeks in order to avoid 

diatom proliferation, in 6-well plates (8 ml each) at 10 µmol photons m-2 s-1, 12 h day-1 and 

12 ºC. After 6 weeks, endophyte filaments emerged from host tissues with circular and 

deformed morphology, and young apices of these filaments were excised with sterile 

surgical blades and transferred to 6-mm diameter Petri dishes with fresh PES. In total, 11 

endophyte strains were obtained from the experiment, but only the best two in terms of 

aspect and contamination (one per each gall morphology) were maintained, with the codes 

Lx CCE (circular gall) and Lx TCE (deformed gall). Endophyte culture material was fixed 

similarly to the fresh galls (see above) for light and electron microscopy and in Cetyl 

Trimethylammonium Bromide (CTAB buffer [27] for DNA extraction. 

 

2.3 Microscopical observations 

Light microscopy: histological preparations were conducted according to [19], and were 

carried out only in deformed galls. For cross sections the tissues were dehydrated in an 

ascending ethanol series (70% and 95% for 2 hrs. and three series of 100%, 3 hrs. each) 

and defatted/cleared in 1:1 xylene: chloroform solution (three times of 1 hr.). Then, samples 

were wax-infiltrated in Cellwax Plus® (Cellpath) by two immersions of 3 hrs each. Blocks 

were sectioned at 5 m on a Leica RM2125RT microtome and permanent slides prepared 

after staining in 0.05% toluidine blue for 15-20 seconds. Records of the culture progress 

were performed using fresh preparations mounted in PES. Both living strains and gall 

sections were imaged with a Zeiss Axio imager D2TM microscope.  
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Transmission electron microscopy: The protocol reported by [16] was followed. The fixed 

material in 4% paraformaldehyde was transferred to a fixation buffer (2.5% glutaraldehyde, 

0.1 M cacodylate buffer at pH 7.4, 0.5% caffeine, 0.1% CaCl2 and 3% NaCl in Provasoli-

enriched seawater) and kept for 4 days. The TEM preparation workflow included washes in 

0.1 M cacodylate buffer, dehydration in acetone, staining steps with 1% osmium tetroxide, 

3% lead citrate and 2% uranyl acetate and polymerization with Spurr’s resin. Blocks were 

sectioned with a Leica UC6 ultramicrotome (90 nm). Final sections were imaged with a JEM- 

1400 Plus (JEOL) TE microscope with an AMT UltraVue camera at the University of 

Aberdeen Microscopy Facility. Cell morphometric measurements were calculated using open 

source software FIJI in TEM images [28]. 

 

2.4 Phylogenetic analyses 

DNA extractions from galls were performed using GeneJETTM Plant Genomic DNA 

Purification Kit (Thermo Scientific®) following the manufacturer’s instructions, with an initial 

CTAB buffer treatment [27]. Nuclear ribosomal ITS1 (primers ITSP1 – ITSK1R1, annealing 

temperature 45 ºC) was amplified to confirm presence of both host and endophyte, using the 

PCR protocols detailed by [29] and [30]. Since the PCR products contained double bands 

(host and endophyte), amplicons were cloned using the CloneJET PCR cloning kit (Thermo 

ScientificTM) to obtain pure sequences (for details see Supplementary method 1). 

 

In order to elucidate the phylogenetic affinities of isolates Lx TCE and Lx CCE, PCRs were 

performed to amplify fragments of mitochondrial COI (primers GAZF2 – GAZR2, annealing 

temperature 50ºC) and plastidial rbcL (primers rbcLP2f – rbcS139r, annealing 55 ºC). PCR 

details for both reactions are provided in [31] (COI), and [32] and [33] (rbcL).  

 

DNA products were Sanger sequenced and the resulting chromatograms manually 

corrected, checked for quality, trimmed and aligned with Geneious R11 [34].  

Consensus sequences were imported into an alignment containing representative 

Laminariocolax/brown algae sequences from Genbank. MAFFT was used as automated 

alignment method [35]. Since ITS1 is challenging to align, in this case we first aligned the 

sequence manually using the areas in the ITS1 close to the SSU and the 5.8s rDNA regions 

(which have conservative motifs) and then applied MAFFT. The final alignments were 

manually checked and analysed by using the Randomized Accelerated Maximum likelihood 

method (RaxML; [36]) based on the General time reversible model (1000 rapid bootstraps), 

Neighbour-Joining (NJ; [37]) method based on the Tamura-Nei model (1000 bootstraps), 

and Bayesian inference using MrBayes V3.1.6 [38] (settings: chain length 2,000, subsample 
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frequency 1,000, burn in of 10%), all implemented in Geneious. Sequences are available in 

Genbank, under the accession numbers MH477624 – MH477633. 

 

2.5 Epidemiological survey 

Our results were part of a study detailed in [6] and carried out from June 2014 to May 2015 

in a Lessonia berteroana population from the Pan de Azúcar National Park (geographic 

coordinates above), which is not harvested by fishermen. In this location, an area of 13-m2 

was selected and characterized every month using 1-m2 quadrats. All Lessonia individuals 

within these quadrats were counted, measured (for total length, holdfast diameter, number of 

stipes and major stipe diameter) and inspected for gall development and malformations. It 

was also recorded whether individuals were fertile (presence of sori) and if they were located 

on an exposed (direct wave impact) or semi-exposed (indirect wave impact) rocky platform. 

Density was estimated as individuals per square meter. An age structure was arbitrarily 

categorized, and made of recruits (individuals with ≤ 2 cm holdfast and ≤ 20 cm length), 

adults (≥ 5 cm holdfast or ≥ 150 cm total length), and juveniles (individuals between the two 

former categories). Fitness status was established as a binary variable (malformed/regularly 

shaped) based on the visual diagnosis of presence/absence of galls/warts in each individual.  

 

2.6 Statistical analyses 

In order to compare cell size differences between endophytic and free-living Laminariocolax, 

we calculated averages with TEM measurements from independent biological replicates and 

Mann-Whitney tests were performed using these averages [19]. 

 

Given the nature of our data and to the response-type variable (binomial: 

malformed/regularly shaped), potential drivers of gall disease of Lessonia were assessed 

using generalized linear mixed models (GLMMs) with binomial error structure using the 

{glmer} function of the “lme4” package [39]. Modelling aimed to account for lack of 

independence of repeated sampling within quadrats, which was considered as random 

effect. Fixed factors were composed by categorical (month, life stage and maturity) and 

continuous (total length and density) variables. As first step, and after fitting the full model by 

maximum likelihood, we used the variance inflation factor (VIF) to check for colinearity 

among our explanatory variables. Total length was the only variable showing higher VIF than 

3, being removed from the full model following recommendations by [40]. Then, the full 

model was simplified in a backward fashion by removing the non-significant explanatory 

variables. For this purpose we used the {drop1} function, which is based on the Akaike’s 

Information Criterion (AIC) [41]. Pairwise comparisons were done applying a Tukey test on 
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the GLMM model using the library “lsmeans” [42]. In addition, both conditional (r2
c, fixed and 

random effects) and marginal (r2
m, fixed-factors effects) goodness of the fits were calculated 

[43]. All analyses were carried out in R version 3.5.1 [44]. 
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3 Results 
 

3.1 Gall plasticity 

The infection involves few localized affected spots in blades/stipes to, in the worst-case 

scenario, complete malformation of the entire thallus. We detected four different gall 

morphologies in the Lessonia population at Pan de Azúcar: dark spots (flat galls), deformed, 

thorn-like and circular galls (Fig. 1). Dark spots consisted of patches smooth in the surface, 

generally of irregular shape and of dark brown pigmentation in their borders, 0.2 – 1.3 cm 

diameter (Fig. 1c). Deformed galls instead were amorphous, often discoloured and with 

irregular surface, 0.6 – 5.3 cm diameter (Fig. 1d). Thorn-like galls consisted of conic 

protuberances, irregular surface, mildly discoloured structures of 0.4 – 0.7 cm diameter (Fig. 

1e).  Circular galls were spherical (circular to elliptical) structures, smooth in the surface, 

more strongly pigmented than the surrounding host surfaces, 0.5 – 1.9 cm diameter (Fig. 1f). 

During the whole study, we noticed that major prevalence of diseased individuals had 

deformed galls as deformity. In February 2015, for example, ca. 40% of the diseased 

individuals bore only deformed galls and ca. 59% shared both flat and deformed gall types in 

the same thallus (Supplementary figure 1). On the other hand, L. berteroana with circular 

and thorn-like galls normally represented less than 1% of the population. Therefore, 

histology analyses were done only on deformed galls. In the epidemiological survey, thalli 

that had any of the gall deformations described above were considered malformed 

individuals. 

 

3.2 Histology and ultrastructure of Laminariocolax-related galls 

Healthy tissues of L. berteroana, such as stipe cross sections (Fig. 2a), were commonly 

organized in parallel layers (e.g. meristoderm, cortex and medulla). In the outer medullar 

area, cells had a nucleus, few chloroplasts and several mitochondria and physodes 

(Supplementary Fig. 2). TEM images showed well-developed cell-to-cell boundaries, 

suggesting strong mutual attachment (Fig. 2b). Galls, in contrast, consisted of a localized 

hyperplasia, which resulted in a larger medullar area (Figs. 2c; d). Medullar cells were not 

significantly larger in diseased Lessonia but more abundant and less organized in layers 

than in healthy tissue (Fig. 2g). Host cell walls had an odd-looking morphology (Fig. 2e) and 

cells were partially dissociated (Fig. 2f).  
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In sections of diseased Lessonia we observed Laminariocolax filaments (Fig. 2g; inset in Fig. 

2i). They were thinner (2 m wide) than host cells, devoid of physodes but with a small 

pyrenoid. Organelles also were smaller than those of the host. The contrast of our images 

was limited, yet we identified nuclei and several reduced chloroplasts bearing several 

pyrenoids (Fig. 2h). Whereas some cells were full of organelles, others looked empty, 

regardless the microscopy technique used (TEM or light microscopy) (Fig. 2i). Cell walls of 

endophytic filaments were very thin (provide measurements), with no extracellular matrix 

recognizable. Plasmodesmata were present in all cellular connections within Laminariocolax 

filaments (Fig. 2i). These plasmodesmata were often folded and in good connection even 

when connecting apparently empty (dead-looking) cells (Fig. 2j). There were no 

plasmodesmata between endophyte and host cells. 

 

3.3 Free-living Laminariocolax cultures 

First endophyte filaments emerged from L. berteroana sections after three weeks in culture, 

whereas host cells progressively degraded (Fig. 3a). From different gall morphologies, we 

managed to raise and isolate two strains, referred to as Lx TCE and Lx CCE, from deformed 

and circular galls respectively. After excision, filaments grew and branched but remained 

uniseriate, with plate-like plastids and no phaeophycean hair formation (Fig. 3b). In free-

living Lx TCE, cells measured up to 6 m in diameter, with parietal plastids of ca. one m in 

diameter (Fig. 3c). Mitochondria were abundant (six to eight per cell per section) and Golgi 

apparatuses, prominent (ca. 800 nm in diameter). Pyrenoids were abundant and prominent 

(Figs. 3c and d). Nuclei were central, and usually bore nuclear pores. Cell walls were thick 

and possessed a complex extracellular matrix (Figs 3c and 3e). Neighbouring cells were not 

interconnected by plasmodesmata (Supplementary figure 3).  

 

From plant models, we know that pathogenic interactions contribute to cell modifications in 

both host and pathogen. Likewise, effector proteins or drugs may abolish such changes, 

influencing the virulence/infectivity rate. Knowing which cell organelles are target of these 

modifications is key to study such molecular pathways and then develop treatments against 

the infection, especially in commercial stocks. Cell morphometrics confirmed strong 

differences between key organelles of endophytic and free-living Laminariocolax (Fig. 4). 

Cell diameter of endophytic Laminariocolax was 33% of the median value of free-living 

Laminariocolax, not surpassing 3 µm (Mann-Whitney-Wilcoxon test; p < 0.001). Likewise, 

chloroplasts (25 – 50% shrunk), pyrenoids (50 – 66%) and cell wall thicknesses (50 – 90%) 

were also significantly reduced in the endophytic life style (Mann-Whitney-Wilcoxon test; p < 
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0.05). Nuclear sizes were not statistically different between the two environments, with 

medians varying between 2 – 2.5 µm (Fig. 4). 

 

3.4 DNA barcoding and molecular phylogeny of Laminariocolax from Atacama 

DNA cloning and sequencing from gall tissues was satisfactory to distinguish the ITS1 region 

of the endophyte (468 bp) from that of the host (L. berteroana, 339 bp). ITS1 of all 

sequences obtained from galls matched the brown algal endophyte Laminariocolax (Fig. 1g). 

Furthermore, all these endophyte sequences were >99.8% similar and formed a cluster with 

the isolate obtained by [13] (accession EU547808), and with our isolates Lx TCE and Lx 

CCE, also from Atacama (Fig. 1g; Supplementary figure 4). Therefore, all corresponded to 

the same taxonomic entity. The most closely related strains outside northern Chile were L. 

aecidioides (Antarctic, South African southern Chilean strain). Two strains of L. antlanticus 

and L. tomentosoides from the northern hemisphere clustered together. In addition, the 5’-

partial COI sequences from Lx TCE and Lx CCE were 658 nucleotides. In the phylogenetic 

tree, which included several representative members across Chordariaceae but also more 

distantly related brown algae, our strains formed a well-supported clade within 

Laminariocolax and were conspecific with L. aecidoides from Europe, South America and 

South Africa respectively (Supplementary Figure 5). Our isolates were 100% identical, 98.94 

- 99.24 % with the latter tree sequences, and 96.96% with L. tomentosoides. Similarly, but 

with longer sequences (1392-1400 bp), an rbcL phylogeny was generated using several 

members of brown algae. Our isolates Lx TCE and Lx CCE were 100% identical; they 

nested within Chordariaceae, forming a clade with Laminariocolax sp. from Shimamaki, 

Japan (99.71 % identity), and with L. tomentosoides (98.99% identity; Supplementary Figure 

6).  

 

3.5 Epidemiology of the Lessonia-Laminariocolax pathosystem at Pan de Azúcar 

From our survey, diseased Lessonia were spotted throughout the entire year at Pan de 

Azúcar. However, their presence was strongly correlated with season, and towards late 

spring and early summer their prevalence exceeded 90% of the host population (Fig. 5). 

Likewise, adult individuals (>150 cm length) were likely to be diseased all year round, with 

few exceptions winter months (Fig. 5b). On the other hand, recruits normally did not show 

symptoms and juveniles displayed them predominantly in spring/summer months (Fig. 5a). A 

similar contrasting tendency was observed for maturity level, where reproductive plants were 

more often diseased by Laminariocolax, an effect that was particularly evident in summer 

months (Fig. 5b). The final GLMM included season (month), age-structure and maturity as 

the most explicative variables to explain the variation in the disease prevalence at Pan de 
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Azúcar (final model r2
m = 0.78) (Table 1). The random effect from quadrat level was low, and 

only increase by ca. 1% the overall r-square of the model (final model r2
c = 0.79). By using 

this model we confirmed statistical differences in our observed data at month (χ2
11 = 

201.142; p = 2.2e-16), age- structure (χ2
2 = 141.416; p = 2.2e-16) and maturity levels (χ2

1 = 

27.608; p = 1.486e-07) (See Supplementary Figure 6 for more details on the Tukey tests). 

Other factors such as plant total length were collinear and density and wave exposure were 

not included in the model as they were not resolute enough to explain the disease 

prevalence in the field (See supplementary figure 8 for an overview of their raw data). 

 

4 Discussion 
4.1 Clarification of the identity of gall-bearing Laminariocolax as L. aecidioides  

Brown algal endophytes have been challenging to describe, since they have reduced 

morphologies, plastic development and phylogenetic proximity with their host. Therefore, 

phylogenetic studies in these organisms have been carried out on isolates and were limited 

to a few individuals due to the involved experimental efforts. Advanced molecular 

techniques, in contrast, may allow the comprehensive study of endophytes in host 

populations (e.g. [24]). We used DNA cloning to separate endophyte sequences from those 

of their hosts after PCR, in order to obtain barcodes from both host and pathogen in DNA 

extracted from different types of Lessonia galls. This reduced a significant workload and 

increasing the sampling coverage, in our case, to non-isolated Laminariocolax.  

 

Laminariocolax species have been subjected to several systematic re-arrangements from 

their first formal descriptions, reviewed in [20]. Our barcoding, using three different markers 

(nrITS1, COI, rbcL), revealed that the Lessonia-infecting Laminariocolax from northern Chile 

corresponds to L. aecidioides. The species is widely distributed in temperate and polar 

regions of both hemispheres and found in several hosts, usually kelps (Laminariales) but 

also the kelp-like Himantothallus grandifolius [20,23]. Previous studies based only on ITS 

sequences ([13,14], ), tended to over-splitting because ITS1 is widely variable within 

Phaeophyceae, even within/between populations of the same species ([19,20]). For gall-

forming Laminariocolax from Chile, [13] suggested it be a new species based on differences 

in the ITS1 region, morphological features in its free-living filamentous stage, symptoms in 

their host, host range and disease distribution. Phenotypic features in Laminariocolax and 

other brown algal endophytes may be highly plastic depending on culture conditions. For 

example, phaeophycean hairs were not observed in our study but have been reported in L. 

aecidioides (e.g. [45]), their presence or absence are therefore inaccurate to distinguish 
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species. Several Laminariocolax spp. were defined by morphological traits, different hosts or 

distributions, but cannot be separated at a molecular level [20]. In protein-coding cytoplasmic 

markers, Laminariocolax from Atacama clustered with L. aecidioides from Southern Chile 

(infecting Macrocystis), South Africa (infecting Ecklonia) and Antarctica (infecting 

Himantothallus), but also with L. aecidioides from Greenland and Spitzbergen [20,21]. In 

COI-5P, all these isolates formed a single species, separated from the two other species L. 

tomentosoides and L. atlanticus, which are confined to the northern hemisphere ([20]). In 

ITS1, however, they differ from each other mainly in the presence of indels in the 5’-sector. 

Our findings not only support that all these species are included in L. aecidioides, but also 

that this species has a broad host range within and beyond Laminariales and a wide bipolar 

distribution worldwide. 

 

4.2 Cellular modifications for an endophytic life style 

Both bright field and electron microscopy revealed cellular adjustments in endophytic 

Laminariocolax in comparison to the free-living life style. Overall, the cellular diameters are 

shrunk by 66%. Cell structures such as chloroplasts, pyrenoids and cell walls, but not the 

nucleus, are reduced significantly in terms of size. These modifications also have been 

observed in several brown algal endophytes such as gametophytes of Agarum clathratum 

inhabiting the red algae Orculifilum denticulatum [46], Chukchia endophytica in Saccharina 

latissima [47] and Microspongium alariae in Alaria esculenta [19]. In Laminariocolax, we 

found no evidence of parasitism such as connections in the host/pathogen interfaces 

described in truly parasitic symbioses such as Herpodiscus-Durvillaea (connections by 

plasmodesmata; [48]) and adelphoparasites-red algal hosts (host-pathogen secondary pit 

connections; [49]). Laminariocolax may have evolved endophytism as a survival strategy 

(grazing, sedimentation or increased light avoidance as suggested by [50,51]), but may not 

depend on nutrients from its host. We cannot completely rule out, nonetheless, that some 

host metabolites may be translocated from/to the endophytic Laminariocolax. 

 

Several endophytic Laminariocolax cells appeared empty in TEM, but cell walls were still 

intact and showed no signs of degradation. It is unknown if these cells represented a 

response to a host defense, an attempt of the endophyte to cover more volume or if these 

were artefacts. At the same time, cell walls were highly undulated between neighbouring 

Laminariocolax cells within a filament, increasing significantly the contact area. 

Plasmodesmata, which were not seen in free-living Laminariocolax filaments, occurred in the 

entire contact zone between endophyte cells; they were observed in every endophytic cell. 

Plasmodesmata are important in brown algae for cell-to-cell communication, contributing to 
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the development of complex multicellularity [52]. They may have a role in facilitating the 

nutrient mobilisation between different parts of the endophyte, even for dead cells, which 

may work as bridges between metabolically active cells in order not to interrupt the nutrient 

and metabolite trafficking along the entire endophytic network. 

 

4.3 Gall incidence in the field and considerations for Lessonia management 

Brown algal endophytes may cause different malformations in their host, such as dark spots, 

warts, distortions (twisted thalli), perforations/loss of blades and galls in a narrow sense, 

provoked by hyperplasia and/or hypertrophy [53]. Laminariocolax infections may affect up to 

100% of kelp populations [54–57]. However, typically only a small fraction shows symptoms 

that appear to be detrimental for the host. For instance, only a minor proportion of Laminaria 

digitata and L. hyperborea, who are mainly infected by L. tomentosoides and L. aecidioides, 

respectively, at Helgoland were crippled [57]. Despite being a common endophyte in coastal 

kelp communities, this is the first record that Laminariocolax extensively forms galls in its 

hosts. In plants, there is extensive evidence that gall formation has strong implications in 

host ecology, mediated by pathogens as an adaptive response rather than plant immunity. 

These responses are meant to i) divert, sink or pump nutrients out, ii) create controlled 

micro-environments and protect from natural enemies  ([58] and references therein). The 

factors triggering gall development after endophyte penetration and the molecular 

mechanisms behind it are yet understudied in seaweeds. Gall development in bacteria-

infected Prionitis is strongly correlated with a 2-3 orders of magnitude higher presence of the 

phytohormone indole-3-acetic acid (IAA) , and was shown to be species-specific for both 

host and its respective holobiont [59,60]. 

 

Laminariocolax galls at Pan de Azúcar had their strongest prevalence in older individuals, 

with almost the entire population carrying them in early summer. The fact that at some point 

of the year roughly all the individuals are infected suggests that disease-resistant 

phenotypes may be extremely rare, at least at Pan de Azúcar. According to [13], the 

prevalence of macroscopic symptoms in Lessonia associated with Laminariocolax 

diminishes southward, from 63 – 93% at Pan de Azúcar (L. berteroana) to 9 – 29% at 

Maitencillo (ca. 700 km South, infecting L. spicata), which would reflect that optimal 

conditions reached in intertidal environments of particularly northern Chile, especially in 

summer months. Seasonal variation of disease symptoms has also been detected in 

diseased Mazzaella laminarioides infected by their pathogens Ulvella ramosa (formerly 

Acrochaete ramosa and Endophyton ramosum) and Pleurocapsa sp., and malformations 

were related with higher proportion of reproductive individuals and spatial distribution 
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[61,62]. Laminariocolax infections may affect the population biomass because it is likely that 

the presence of galls increases drag forces and detachment of host individuals, and the 

reproductive output by infecting reproductive tissue as observed in Macrocystis [45]. Fitness 

may also be reduced by allowing the entrance of opportunistic pathogens [63]. However, we 

have not detected bacteria or fungi in TEM of infected tissue. Our best model revealed a 

strong influence of season (month) of the year and age structure on the fitness in Lessonia 

of Pan de Azúcar. Nonetheless, still a variability yet to be dissected, involving environmental 

factors and the genetic background of northern Chilean Lessonia in more detail. 

 

Laminariocolax may be an ecological regulator in Lessonia populations, possibly aggravating 

the well-known impact by overharvesting in northern Chile. To date there is no evidence of 

selective harvesting of healthy L. berteroana individuals, like in Maullinia-diseased Durvillaea 

fronds [16]. Galls tend to deflate in dried and processed Lessonia (dehydrated pellets) and 

there are no counter-measures by industry actors (harvesters, middlemen, processors, 

commodity traders) that suggest quality modifications on the sub-products extracted from 

Lessonia in presence of Laminariocolax galls. However, we cannot ignore the effects 

associated with overharvesting, especially if disease-resistant genotypes are being removed 

from local genetic pools. Currently, several projects aim to restore Lessonia populations in 

several areas affected by local overharvesting. They should consider the natural presence of 

Laminariocolax in northern Chile, and how transplanting diseased (symptomatic or non-

symptomatic) plants across northern Chile may affect the overall repopulation results and 

the genetic pool of local Laminariocolax linked with the health of the restored population. In 

parallel, biobanking and breeding studies on Lessonia berteroana will be crucial to keep 

disease-resistant gentoypes backed-up from indiscriminate harvesting [64]. 
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Table 1. Most informative model explaining the effects of gall disease in Lessonia fitness 

(regular/malformed) using generalized linear mixed models (GLMMs) with binomial errors 

and logit link, and Akaike’s Information Criterion (AIC) for model selection. Reference 

coefficients for the intercept are: month (April), maturity (mature) and life stage structure 

(adult). 

Random 

effects 

Group Variance SD    

 Quadrant 0.16 0.40    

Fixed effects Parameters Levels Estimate SE z-value P-value 

 Intercept  1.81 0.31 5.80 6.56e-09 

 Month August -1.59 0.37  -4.29 1.77e-05 

  December 1.83 0.47 3.901 9.59e-05 

  February 2.66 0.48 5.48 4.22e-08 

  January 2.75 0.52 5.246 1.55e-07 

  July -1.70 0.38 -4.47 7.68e-06 

  June -1.65 0.35 -4.65 3.27e-06 

  March 0.84 0.39 2.15 0.031214 

  May 0.11 0.40 0.28 0.777210 

  November 2.81 0.51 5.48 4.14e-08 

  October 1.23 0.41 2.94 0.003250 

  September 1.40 0.42 3.331 0.000864 

 Maturity Immature -1.15 0.21 -5.25 1.49e-07 

 Life-stage Juvenile -2.51 0.23 -10.46 < 2e-16 

  Recruit -8.07 1.05 -7.62 2.45e-14 

SD: standard deviation; SE: standard error 
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Fig. 1. Gall plasticity in infected Lessonia berteroana specimens. a) Healthy adults of L. berteroana 

are characterized by smooth green-olive fronds. b) Instead, infected specimens of L. berteroana 

contain several irregularities across the thallus, which include galls (arrows) and warts/frond bleaching 

(arrowheads) in some areas. c) Dark spots are widely abundant within the population (arrows), which 

consist in dark parches in stipes and fronds with no (or reduced) associated hyperplasia. d) Deformed 

galls consisted of tumour-like protuberances with no regular shape, very irregular on the surface and 

usually led to malformation of the whole plant (arrows). e) thorn-like galls consisted in conic galls, 

slightly bleached in the tip (arrows). f) Sometimes, dark brown galls were detected with regularly 

circular to ellipsoid shape (arrows). g) Bayesian analyses of Laminariocolax based on the ITS1 rDNA 
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region. 13 sequences and 942 positions. Support values given are posterior probabilities 

(MrBayes)/bootstrap values (RAxML)/bootstrap values (NJ). The sequences for circular gall, flat 

gall, deformed gall and thorn-like gall were obtained by cloning of PCR bands after 

amplification of DNA extracted from galls. The other sequences were from isolated 

endophytes. The tree presented here was generated using MrBayes, chain length 1.000.000, 

subsample frequency 1.000, burn in of 10%. The scale bar indicates the number of substitutions per 

site. A different MrBayes tree with trimmed indels is provided as Supplementary figure 4. Collection 

localities and hosts for Laminariocolax sequences used in this tree include: BR 98: Brittany, France 

(host: Laminaria digitata). ELhypBR 98: Brittany, France (host: Laminaria digitata). SA: South Africa 

(host: Ecklonia maxima); SCh: Southern Chile (host: Macrocystis pyrifera); ANT: King George I, 

Antarctica (host: Himantothallus grandifolius). 
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Fig. 2. Histology of a L. berteroana (deformed) gall. a-b) Morphology of medullar cells in a healthy L. 

berteroana stipe showed by bright field (a) and electron microscopy (b). HN: host nucleus. c-f) 

Histological (c-d) and cell (e-f) morphology from medullar tissue in L. berteroana galls from the stipe. 

Md: Meristoderm; Co: Cortex; Me: Medulla; HN: host nucleus. Host cell walls (HCW) are rather 

undulated in contrast to cells from healthy tissue (arrows). g) Semi-thin section suggesting that an 

endophytic L. aecidioides allocated nearby the host surface is pigmented. Endophyte cells are thinner 

than the host cortex (Co) and medullar (Me) cells. Lx = L. aecidioides. h) Endophytic L. aecidioides 

usually have reduced plastids (C), pyrenoids (P) and a thin cell wall (CW). i) in inner host tissues, 

endophytic L. aecidioides cells are even narrower, sometimes with few organelles. Inset: View of the 

same endophyte after a semi-thin section. j) Connection between cells was always shared by the 

presence of plasmodesmata (P).  

 

 



 28 

 
Fig. 3. Morphology of a free-living Laminariocolax aecidioides. a) Emerging filament from a L. 

berteroana cortex tissue. b) Morphology of L. aecidioides showing the disc-shape plastids 

arrangement and absence of phaeophycean hairs. c) Cross section of a L. aecidioides cell showing 

nucleous (N) and chloroplasts (C). A complex extracellular matrix is also conspicuous outside the cell 

wall (EM). d-e) Magnification of the L. aecidioides ultrastructure pointing out the presence of the 

nucleus (N) and nuclear pores (Np), pyrenoids (P), Mitochondrion (M), Golgi apparatus (GA) and a 

thick cell wall (CW). 
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Fig. 4. Cellular reductions in endophytic Laminariocolax. Endo: Endophytic. Free: Free-living 

Laminariocolax. Arrowheads indicate the organelle/cell structure quantified in every sampling (n = 7 – 

33). Boxes show median (horizontal line) ± 1.5 times the interquartile range (whiskers). Red dots 

represent deemed outliers. Asterisks on bars were used to designate statistical differences (Mann-

Whitney-Wilcoxon rank-sum test), where ***: p < 0.001 and *: p < 0.05. 
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Fig. 5. Observed epidemiology of gall disease in Lessonia berteroana from Pan de Azucar, Atacama, 

between Jun 2014 and May 2015. Fitness is expressed in terms of diseased (malformed) and healthy 

(regular) L. berteroana individuals, sorted by monthly variation, age stage structure (a) and maturity 

(b).  
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Fig. 6. Predicted probabilities to find one Laminariocolax-malformed L. berteroana in Pan de Azucar 

using our best-fit predicted GLMM described in Table 1. Probabilities were sorted by seasonality 

(Month), age structure and maturity. 

 


