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Abstract 

Root associated fungi are critical to environmental success of their plant hosts. Whether 

through their interactions with hosts, nutrient recycling, decomposition, or even contribution to 

soil structure, soil-dwelling fungi play a pivotal role in environmental preservation and function. 

As climate change continues to affect and change patterns in climate, researchers are 

increasingly concerned about the impacts our global environments may endure as a result.  In a 

terrestrial ecosystem, mean annual precipitation (MAP) is an important control of biological 

productivity. As water leaves a system, via evapotranspiration, mass flow, surface flow, or other 

means, salts remain and concentrate in soils causing salinity stress for organisms that remain. 

This increasing salt concentration is a major stressor for organisms and requires specialized 

osmoadaptive responses. Plant communities as well as those of soil-dwelling fungi and bacteria 

change along precipitation gradients, indicating their responses to water availability. However, it 

is less certain if conspecific organisms also differ across similar gradients, especially in their 

abilities to tolerate salt stress.  

To investigate the inter- and intraspecific adaptive responses of root-associated 

ascomycetes to salinity, we devised an experiment wherein conspecific isolates representing five 

ascomycete species were subjected to increasing concentrations of salinity in an effort to 

quantify and compare the effective dose of salt (NaCl) necessary to limit colony growth by 50% 

(ED50). For each of the five species, we selected three conspecifics originating from drier “arid” 

environments and compared those to three conspecifics originating from wetter “mesic” 

environments. We hypothesized that (1) ascomycete species differ in their growth response to 

salinity across species; (2) conspecific strains from drier sites have greater salt tolerance than 

those from more mesic sites. Each isolate was tested three times in triplicate and exposed to four 



levels of NaCl concentrations in a quad-plate. We measured colony growth and used regression 

analyses to estimate the isolates’ ED50. In support of our first hypothesis, we observed that 

species differed in their growth response to salinity according to ED50. However, we observed no 

consistent, strong evidence to support our second hypothesis. Still, we observed non-significant 

differences in ED50 within three species observed, partial support in Periconia macrospinosa 

isolates and the most significant difference across sites within Fusarium cf. equiseti isolates. 

While isolate results within F. cf. equiseti do support our second hypothesis, Periconia 

macrospinosa appear to demonstrate an inverse response. This coupled with the non-significant 

differences between ED50 results across site conditions of the other three species – our second 

hypothesis was rejected.  

To further investigate the underlying mechanisms and differences in adaptive response 

among conspecific isolates, we designed an experiment in which two isolates, DS 1091 and DS 

0982, of Periconia macrospinosa that differed most in their salt tolerance as inferred from NaCl 

ED50 estimated in the experiment described above were subjected to prolonged salinity stress 

followed by proteomic analysis. The selection of Periconia macrospinosa isolates over Fusarium 

equiseti isolates was based on the species’ critical importance globally in ecosystems 

experiencing low nutrient and MAP inputs as well as the availability of a recently annotated 

genome. We hypothesized that (3) the highest and lowest performing strains within a species will 

differ in their proteomic profiles; (4) colony expansion under saline stress  (ED50) will correlate 

with cell wall related protein abundances under salt stress (signaling cell wall modifications); (5) 

similarly to the cell wall associated proteins, colony growth (ED50) will correlate with plasma 

membrane related protein abundances under salt stress (signaling cell membrane alterations); (6) 

the mitogen-activated protein kinase (MAPK) signaling pathway will be one strategy for 



tolerating prolonged salinity amongst the conspecifics (suggesting “compatible-solute” strategy); 

and, (7) conspecifics associated with the highest ED50 will demonstrate greater abundance of 

proteins involved in salt-tolerant strategies such as cell wall, plasma membrane, and MAPK-

related proteins than their counterparts originating from more mesic sites. Our third hypothesis 

was supported as the two isolates demonstrated unique proteomic profiles both with and without 

salinity induced responses. Our fourth and fifth hypotheses, which proposed correlation between 

isolate colony growth and the abundance profiles of proteins involved in cell walls and cell 

membranes respectively, were also supported by our proteomic data. The fourth hypothesis was 

reinforced by our proteomic analysis of our high-ED50 isolate, DS 0982, through the upregulated 

chitin synthase coupled with downregulation of chitinase demonstrating an investment in cell 

wall maintenance. The fifth hypothesis was supported through the evident DS 0982 responses to 

salinity where indicators of sphingolipid biosynthetic processing and ergosterol biosynthesis 

were observed. Specifically, support for the cell membrane related protein increase correlated 

with the colony growth was through ergosterol biosynthesis contributors CDP-diacylglycerol 

synthase, sterol C-14 reductase-like protein, and sterol 24-C methyltransferase. The sixth 

hypothesis, which focused on the positive correlation between colony growth and MAPK 

signaling interactions was also supported. The MAPK high-osmolarity glycerol HOG pathway 

regulates and initiates osmoadaptive responses within the cell, the most critical of which being 

the production of the compatible-solute – glycerol. This hypothesis was strongly supported due 

to observations of abundance differences in response to salinity of several key HOG pathway 

MAPK proteins, most notably Gdp1 the downstream initiator of glycerol production. Finally, our 

seventh hypothesis was supported by the observed inverse responses between our two 

conspecific isolates. As per our hypothesis, the isolate with greatest ED50, DS 0982, did indeed 



have the greatest abundance of proteins involved with osmoadaptive strategy across the board 

from those involved in cell wall modifications such as chitin synthase, to proteins involved in 

plasma membrane amendments such as including such observations as C-14 reductase-like 

protein, and even the critical MAPK compatible osmolyte production initiator protein Gdp1. 

Understanding soil-inhabiting and root-associated fungi is critical to ecosystem health. 

Whether through providing nutrient cycling and ecosystem services, or direct interactions with 

host plants, fungal impacts cannot be ignored. Through the effects of climate change and 

corresponding changes in precipitation, soil salinization is a major threat to plant and animal 

health as well as the overall function of our natural world. This research aims to fill the gap in 

our knowledge on the impact of salinity toward root-associated fungi and their limits in salt-

tolerance both within and across species. Further, this study aids in identifying varying 

functional adaptations soil-dwelling fungi depend on for survival in response to salt stress in soil 

matrices. 
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1. Introduction 

 

While it is generally understood that communities of animals, plants, and microorganisms 

differ along precipitation gradients (Galliart et al. 2020; Eckhart et al. 2004; Anderson et al. 

2015; Angel et al. 2010; Williams and Rice 2007; Yom-Tov and Nix 1986; Yom-Tov and Geffen 

2006; Pearce-Higgins et al. 2015; Mendola et al. 2015), it remains uncertain whether individuals 

within species are similarly ecotypically adapted, particularly for microbes. Exacerbated by 

climate change – increased occurrence and duration of droughts, caused by changes in 

precipitation, are of particular concern as a threat to water availability in ecosystems (Gautam et 

al. 2021), especially arid and semi-arid environments where precipitation is low, and evaporation 

is high (Nachshon 2018). Drier conditions, lesser precipitation, and more frequent drought events 

all negatively affect available water within a given environment. As water leaves the soil matrix, 

through evaporation, transpiration, and other means, soluble minerals, namely salts, accumulate 

and concentrate in soils (Xu et al. 2019). This salinization can have a compounding negative 

effect on the environment through the effects of decline in plant productivity and vegetation 

cover (Shrivastava and Kumar 2015). Further, salinization drives changes in activity and 

composition of microbial communities that lead to decreased nutrient cycling and ecosystem 

services (Rath and Rousk 2015; Yan et al. 2015). This compounds into further issues through 

decreased organic inputs – aiding in desertification (Sentis 1996; Hassani et al. 2020). Soil-

inhabiting microbes in particular often encounter the negative effects of saline conditions (Yan et 

al. 2015). Among soil-inhabiting microbes, root-associated fungi are especially powerful 

regulators of plant success. These fungi act as mutualistic symbionts, latent pathogens, and/or 

saprotrophs (Porras-Alfaro and Bayman 2011; Fesel and Zuccaro 2016), while providing a range 
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of other ecosystem services ranging from nutrient and water allocation and nutrient cycling to 

even functions as bioprotectors and deterrents of plant disease (Xavier and Boyetchko 2003).   

Coupled with their numerous interactions with plants, especially their critical role in salt 

stress-mediation (Li et al. 2017), it is imperative to understand how saline stress might affect 

microbes associated with plants, especially fungi. Fungi are more tolerant to salt stress than 

bacteria (Rath et al. 2016) and have also been reported to improve plant host salt-stress tolerance 

(Dastogeer et al. 2020; Evelin et al. 2019; Begum et al. 2019; Li et al. 2017). Soil salinization, 

i.e., the increase and accumulation of salts in soil water, is a gradually increasing concern 

because of its potential implications on plant and microbial health. There is also evidence of 

accelerated soil salinization due to direct and indirect effects of climate change correlate with 

increases in temperature and decreases in precipitation (Okur and Örçen 2020). To better 

understand the ecotypic adaptive response of root-associated fungi to salinity, we designed an 

experiment to test the salt tolerance of thirty fungal isolates representing five ascomycete species 

or species complexes from sites that experience two-fold differences in mean annual 

precipitation (MAP) across the central United States.  

In the soil system, salts concentrate as water availability declines within the soil 

substrate. The increasing salt ion concentration results in salt-stress for fungi within the soil 

matrix through actions of osmotic stress, intracellular water loss, and ion toxicity. However, 

fungi can combat salt-stress disequilibrium through one of two primary strategies: 1) “salt-in” 

and 2) “compatible-solute” otherwise known as “salt-out” (Gunde-Cimerman et al. 2018). The 

“salt-in” strategy is rather rare and involves taking salts from the environment into the cell and 

tolerating or compartmentally storing excess salts in order to maintain aqueous equilibrium. 

However, this concentration of salts within the cell can be very damaging and potentially fatal to 
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the cell and the whole organism. As a result, fungi primarily use the “compatible-solute” or “salt-

out" strategy through specialized responses to salt stress via actions of cell wall modification 

(Hagiwara et al. 2015), changes in membrane composition (Gostinčar et al. 2011; Pascual-Ahuir 

et al. 2018), and cytosolic osmolyte accumulation (Klein et al. 2016; Konte et al. 2016). It is 

likely, however, that cells may use some combination of the two strategies to tolerate high 

salinity. Fungi activate “compatible solute” strategy processes through several functional 

systems – most notably, a highly conserved signaling pathway, the MAPK signaling pathway, 

has often been reported in fungi as a response regulator to osmotic stress and ion homeostasis 

(Hohmann 2002), predominantly through the production of the compatible solute, glycerol 

(Kayingo and Wong 2005). While the majority of studies have focused on halotolerant and 

xerotolerant extremophiles (Lebre et al. 2017; Buzzini et al. 2018), model fungi (Stratford et al. 

2019), or human pathogens or microbiome associates (Jacobson et al. 2018) – similar studies on 

soil-inhabiting or root-associated fungi are rare.  

To investigate salinity tolerances of soil and root-inhabiting fungi and their avoidance of 

the detrimental effects of salinity, we chose conspecific isolates or species complexes of five 

ascomycetes across a precipitation gradient. Using proteomic analyses, we aimed to identify the 

mechanisms that underlay the adaptive tolerances of select isolates that differed in their 

experimentally determined salt-tolerances. Based on the observed ED50 results, we chose a 

salinity of 25g/L (0.4 M) to investigate salinity responses in a prolonged challenge, this 

coincided with the commonly used 0.4 M salinity challenge published in established research 

(Babazedah et al. 2017; Stojanovski et al. 2017; Tatebayashi et al. 2020). Most studies that focus 

on saline stress choose a brief saline shock (e.g., Brewster et al. 1993; Schüller et al. 1994; 

Szopinska et al. 2011; Babazedah et al. 2017; Tatebayashi et al. 2020). However, these designs 
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poorly account for prolonged or continuous salt challenges more akin to conditions experienced 

by soil-inhabiting organisms during periods of low water availability and concurrent salinity 

stress. In an effort to uncover the responses to prolonged salt-mediated osmostress, we combined 

proteomic analyses with selection of conspecific isolates selected for their differing tolerances to 

salt.  

While it is generally understood that species of fungi and ascomycetes in general differ in 

their responses to salt (Motoyama et al. 2005), it is less well understood if salt responses differ 

among conspecific strains within species. To investigate the inter- and intraspecific adaptive 

responses of root-associated ascomycetes to saline stress, we devised an experiment where five 

species or species complexes of ascomycetes, each with three conspecifics originating from drier 

“arid” environments and three conspecifics originating from wetter “mesic” environments, were 

subjected to increasing concentrations of salt (NaCl) in an effort to quantify and compare their 

salt tolerances. We estimated the effective NaCl dose necessary to limit colony growth of our 

isolates by 50% (ED50). We hypothesized that (1) ascomycetes differ in their growth response to 

salinity across species; (2) conspecific strains from drier sites have greater salt tolerance than 

those from more mesic sites. To further investigate the underlying mechanisms and differences 

in adaptive responses within species, we designed an experiment in which two conspecifics, 

which differed most in their estimated ED50 and originated from different environments which 

varied in precipitation were subjected to prolonged salinity stress. We chose the ecologically 

important root-associated ascomycete, Periconia macrospinosa, and analyzed two conspecific 

isolates for differences in their proteomic responses to salt stress. We hypothesized that (3) 

conspecifics differing most in ED50 will also differ in their proteomic profiles; (4) responses in 

colony growth to salt stress (ED50) will correlate with cell wall related protein abundances under 
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salt stress (indicating cell wall modifications); (5) responses in colony growth to salt stress 

(ED50) will correlate with plasma membrane related protein abundances under salt stress 

(indicating cell membrane alterations); (6) the MAPK signaling pathway will be among the 

strategies for tolerating prolonged salinity amongst conspecifics (suggesting “compatible-solute” 

strategy); and, (7) conspecifics with higher ED50 will demonstrate greater abundance of proteins 

involved in salt-tolerant strategies such as cell wall, plasma membrane, and MAPK-related 

proteins than their counterparts with lower ED50.  

Understanding how soil-inhabiting and root-associated fungi respond to salinity and 

maintain their metabolic activities is critical to ecosystem health. Whether through providing 

nutrient cycling and ecosystem services, or direct interactions with host plants, importance of 

fungi and their functions under environmental stress cannot be overstated. Through the effects of 

climate change and lower precipitation, soil salinization is a major threat to plant and animal 

health as well as to the overall ecosystem function. This research aims to fill a gap in our 

knowledge on the impact of salinity on the root-associated fungi and their limits in salt-tolerance 

both within and across species. Further, this study aids in identifying the varying functional 

adaptations soil-dwelling fungi depend on for survival in response to salt stress in soil matrices. 
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In the course of a larger environmental survey of fungi to evaluate the impact of drought, 

geography, and plant traits or edaphic and environmental factors on fungal communities across 

latitudinal and longitudinal gradients in North America (Jumpponen et al. 2017; Lagueux et al. 

2020; Rudgers et al. 2022), we established a collection of 1,033 pure cultures isolated in the 

summer of 2016. In that study, roots from foundation grass species – blue grama (Bouteloua 

gracilis (Willd. ex Kunth) Lag. ex Griffiths), black grama (B. eriopoda (Torr.) Torr.), side oats 

grama (B. curtipendula (Michx.) Torr.), big bluestem (Andropogon gerardii Vitman), and little 

bluestem (Schizachyrium scoparium (Michx.) Nash) – were collected from 23 sites in south 

central states in the United States. At each site, a total of twelve whole plants were excavated 

with a transplanting shovel as described in Mandyam et al. (2012), and root systems were 

sampled for pure culturing at Western Illinois University (WIU; Macomb, IL) within 48 hours of 

collection.  

 

Fungal Isolation and Identification 

Methods for fungal isolation and identification have been described previously in 

Rudgers et al. (2022). Briefly, following sample collection and removal of adhering soil and 

debris, foundation grass roots were cut into 1 cm long segments then surface sterilized with 70% 

ethanol for 1 minute, with 1% bleach for 1 minute, rinsed three times with sterilized distilled 

water, and aseptically cut again into three smaller segments each ~3 mm in length. Six of these 

smaller root segments from each sample were randomly selected and plated on malt extract agar 

(MEA) (Difco Laboratories, Detroit, MI, USA) amended with antibiotics to prevent bacterial 

growth (Streptomycin and Tetracycline, 50 mg/L) on 48-well plates (Fisher Scientific, Walham, 

MA). The surface sterilization was confirmed by pressing sterilized roots on MEA – these 
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controls did not yield growth. The MEA plates were wrapped in parafilm and incubated at room 

temperature (25°C) for two weeks. After two weeks, different morphologies were transferred 

onto small Petri dishes (50 mm) of MEA amended with antibiotics (Streptomycin and 

Tetracycline, 50 mg/L). Representatives of the cultures are maintained at the WIU Fungarium 

and at the University of New Mexico (UNM; Albuquerque, NM) in cryovials with 1000 μL 

sterile water (Rudgers et al. 2022).  

For molecular identification, the genomic DNA was extracted from the cultured isolates 

using Wizard genomic DNA purification kits (Promega, Madison, Wisconsin) following the 

manufacturer’s protocol. Fungal barcode marker (Schoch et al. 2012) – the Internal Transcribed 

Spacer (ITS) of the ribosomal RNA gene repeat – was PCR-amplified using primers ITS1F 

(Gardes and Bruns 1993) and ITS4 (White et al. 1990). The 25µl PCR reactions contained 12.5 

μl of GoTaq PCR master mix (Promega, Madison, Wisconsin), 3 μl of 1% bovine serum albumin 

(BSA), 1 μl of each primer (5μM), 6.5 μl of nuclease-free water and 1 μl of genomic DNA. PCR 

reactions included an initial denaturation at 95 °C for 5 min; 35 cycles of denaturation at 94 °C 

for 30s, annealing at 50 °C for 30s, and extension at 72 °C for 45s; and a final extension at 72 °C 

for 7 min. Molecular grade water was used as negative controls.  

The PCR amplicons were visualized by gel electrophoresis on 1.2% TAE (Tris-acetate-

EDTA agarose). The PCR amplicons were sequenced with the forward primer (ITS1F) at 

Beckman Coulter Genomics (Danvers, Massachusetts). Obtained sequences were trimmed and 

edited using Sequencher 4.1 (Gene Codes, Ann Arbor, Michigan). Fungal isolates were assigned 

to taxa using the Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1997) and UNITE 

(Kõljalg et al. 2013). The ITS sequence data are available at the National Center for 

Biotechnology Information (NCBI) GenBank (accession numbers are listed in Table 1).  
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Strain Selection 

For the current study, we exploited this culture collection and sampling scheme to select, 

based on 99% ITS sequence similarity, groups of putatively conspecific ascomycete isolates for a 

balanced experimental design such that half of the isolates originated from either arid or mesic 

sites. We defined arid sites as those with a Mean Annual Precipitation (MAP) less than 600 mm, 

whereas mesic sites were those with a MAP greater than 600 mm. We selected a total of five 

species or species complexes, each with three strains from arid and three strains from mesic sites 

for a total of thirty strains. These isolates originated from a total of eight sites and from four 

different plant species (Table 1). A complete list of isolate species, strain, host, and site 

information is listed in the supplemental material (Table S1). The selection of thirty strains was 

shipped on MEA petri plates on ice to Kansas State University where they were transferred to 

Petri plates with potato dextrose agar (PDA) (Difco Laboratories, Detroit, MI, USA).  

Species Isolate ID 
GenBank 

Accession Number Host Site Arid/Mesic 

Curvularia spicifera DS 1212 MK808194 BOGR SEV Mesic 

Curvularia spicifera DS 1303 MK808270 BOGR SEV Mesic 

Curvularia spicifera DS 1304 MK808271 BOGR SEV Mesic 

Curvularia spicifera DS 0901 MK808983 BOGR KNZ Arid 

Curvularia spicifera DS 0902 MK808984 BOGR KNZ Arid 

Curvularia spicifera DS 1246 MK808225 BOGR KNZ Arid 

Fusarium equiseti complex DS 0607 MK808833 BOER NWP Mesic 

Fusarium equiseti complex DS 0608 MK808834 BOER NWP Mesic 

Fusarium equiseti complex DS 0614 MK808841 BOER NWP Mesic 

Fusarium equiseti complex DS 1641 MK808498 BOER CNF Arid 

Fusarium equiseti complex DS 1645 MK808501 BOER CNF Arid 
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Fusarium equiseti complex DS 1651 MK808506 BOER CNF Arid 

Fusarium chlamydosporum complex DS 0682 MK808867 BOGR KNZ Mesic 

Fusarium chlamydosporum complex DS 0687 MK808869 BOGR KNZ Mesic 

Fusarium chlamydosporum complex DS 0695 MK808872 BOGR KNZ Mesic 

Fusarium chlamydosporum complex DS 1435 MK808365 BOGR HPG Arid 

Fusarium chlamydosporum complex DS 1437 MK808367 BOGR HPG Arid 

Fusarium chlamydosporum complex DS 1438 MK808368 BOGR HPG Arid 

Periconia macrospinosa DS 0981 MK809059 BOCU KNZ Mesic 

Periconia macrospinosa DS 0982* MK809060 BOCU KNZ Mesic 

Periconia macrospinosa DS 0984 MK809062 BOCU KNZ Mesic 

Periconia macrospinosa DS 1091* MK808096 BOCU HAR Arid 

Periconia macrospinosa DS 1094 MK808099 BOCU HAR Arid 

Periconia macrospinosa DS 1095 MK808100 BOCU HAR Arid 

Trichoderma gamsii DS 0430 MK808752 BOER BNP Mesic 

Trichoderma gamsii DS 0432 MK808754 BOER BNP Mesic 

Trichoderma gamsii DS 0444 MK808766 BOER BNP Mesic 

Trichoderma gamsii DS 0071 MK808879 SCSC LBJ Arid 

Trichoderma gamsii DS 0073 MK808885 SCSC LBJ Arid 

Trichoderma gamsii DS 0075 MK808891 SCSC LBJ Arid 

 

Table 1. The ascomycete isolates used in the ED50 studies. Isolate ID refers to accession 

numbers in the WIU Fungarium; GenBank Accession refers to ITS sequence data deposited to 

NCBI GenBank; hosts are  Bouteloua gracilis (BOGR), Bouteloua eriopoda (BOER), Bouteloua 

curtipendula (BOCU), Schizachyrium scoparium (SCSC); sites are  Sevilleta National Wildlife 

Refuge (SEV) [242 mm MAP], Konza Prairie Biological Station (KNZ) [860 mm MAP], Nickel 

Family Nature and Wildlife Preserve (NWP) [1,276 mm MAP], Carson National Forest (CNF) 

[321 mm MAP], High Plains Grassland Research Center (HPG) [384 mm MAP], Hays 

Agricultural Research Center (HAR) [577 mm MAP], Big Bend National Park (BNP) [384 mm 

MAP], Ladybird Johnson Wildflower Center (LBJ) [870 mm MAP]; and, Arid sites have MAP 

<600 mm/year, whereas Mesic sites have MAP >600 mm/year. Asterisks (*) identify isolates 

selected for the proteomic analysis. 
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NaCl Tolerance ED50 Estimation through Regression Analysis 

To expediently assess NaCl-tolerance of the selected fungal cultures, we used quad 

dishes (Thermo Fisher Scientific, Inc., Waltham, MA, USA; Cat. No. FB087582) with their four 

quadrants filled with 10ml PDA amended with either 0g/l, 25g/l, 50g/l, or 100g/l NaCl. This 

way, each plate represented a full replicate of complete NaCl concentration gradient that we used 

to estimate NaCl concentration that reduced the colony expansion by 50% (Effective Dose or 

ED50). The fungal cultures were transferred onto the quad dishes from standard Petri plates (100 

mm ✕ 15 mm) with 20ml PDA. We selected large, two-centimeter (diameter) inoculum plugs to 

enable pressing the inoculum such that it reached each of the four sectors of the quad dish. The 

inoculum plugs were excised with a cork borer from one-week old cultures and pressed firmly, 

hyphal side down, to the center of each quad dish. Growth – the increase in the colony radius – 

within each quadrant was recorded daily until any one isolate of a species reached the plate’s 

edge in the quadrant without any additional NaCl. Terminal data point was recorded at this time 

for all isolates of that species and recording was not continued further.  

Species differed in their growth rates (Fig. 1). As a result, the incubation times varied 

from five to seven days among the species but were identical for all the conspecific strains. A 

complete list of growth rates and incubation times is located in the supplemental material (Table 

S2). The different incubation times permitted recording colony expansion adequately for taxa 

that varied in their growth rates. The NaCl challenges were repeated three times for each isolate 

in a non-replicated temporal block design, in which all thirty fungal strains were grown in a 

temporal block and each block was replicated three times.  

The colony growth data were used to estimate the effective dose that reduced the colony 

growth by 50% (ED50) (Dixon and Mood 1948; OECD 2000a; OECD 2000b) to compare NaCl 
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tolerances among the thirty selected isolates. We estimated ED50 individually for each of the six 

replicates of the thirty isolates – in our experimental design each quad dish represented one 

independent experimental unit yielding one ED50 estimate, allowing for a total of six replicate 

ED50 estimates for each isolate. To estimate ED50, we regressed the final colony radius 

(measured from the edge of colony to the edge of the inoculum plug) within each quadrant 

against the NaCl concentration and estimated the concentration that reduced the colony growth 

by 50% from that in the non-amended quadrant.  

 

NaCl Tolerance Statistical Analyses 

Statistical analyses were executed using JMP® software version 15.0 (SAS Institute Inc., 

Cary, North Carolina). Differences in the ED50 estimates (α = 0.05) were tested to compare i) 

overall NaCl tolerance across all isolates originating from either arid or mesic sites in a mixed 

effect analysis of variance (ANOVA) with “species” assigned as a random effect and “climate” 

MAP at the origin of the strain (arid vs. mesic) as a fixed effect; ii) species and their NaCl 

tolerances depending on MAP at the site of isolate origin in a mixed effect ANOVA with 

“block” assigned as a random effect to account for the strains as replicate without exaggerating 

the statistical power in our analyses and the main effects “species” and “climate” as well as their 

interaction as fixed effects; and, iii) NaCl tolerance of strains within each species originating 

either from arid or mesic sites in one-way ANOVA as shown in Fig. 1. We selected Periconia 

macrospinosa as a focal species for proteome analyses (below). For the selected two strains with 

the most extreme ED50 estimates, we further tested for differences in their growth in a mixed 

effect ANOVA with “block” as a random effect and “strain” and NaCl concentration “[NaCl]” as 

the fixed effects (see Fig. 2). 
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Sample Preparation for the Proteomics Analyses 

Based on the recorded ED50 estimates and our literature review, we chose a mild salinity 

of ~0.4M NaCl (Brewster et al. 1993; Schüller et al. 1994; Szopinska et al. 2011; Babazedah et 

al. 2014; Stojanovski et al. 2017; Babazedah et al. 2017; Tatebayashi et al. 2020) to investigate 

responses in a prolonged NaCl challenge. While most studies choose brief saline shock (e.g., 

Babazedah et al. 2017; Stojanovski et al. 2017; Tatebayashi et al. 2020), these designs do not 

account for the effects of prolonged or continual salt challenges more akin to the conditions 

experienced by organisms in their natural environments during periods of low water availability. 

From the five species observed in the ED50 analyses, we chose P. macrospinosa for further 

proteomic investigation based on its growth response to NaCl, hypothesized function in host salt 

tolerance as well as its ubiquitous, global presence in grassland systems (Mandyam and 

Jumpponen 2005), previous examples of reliable ITS barcode-based taxon identification 

(O’Donnell 2010), proposed important ecological role in arid and nutrient-limited ecosystems 

and availability of a recently available annotated genome (Knapp et al. 2018). To better 

understand the effects of prolonged salt stress, we grew the two P. macrospinosa isolates with 

the most extreme (high and low) ED50 estimates for two weeks (14 days) in preparation for 

advanced proteomic analysis. Chosen isolates (DS 0982 and DS 1091; Table 1) were grown in 

quadruplicate on 20ml of solid media in parafilm sealed Petri dishes under two NaCl conditions: 

i) control (PDA with no amended NaCl [0M NaCl]) and ii) experimental (PDA amended with 

25g/L NaCl [0.43M NaCl]). Two weeks post-inoculation, the total 16 proteomic samples (2 

strains x 2 NaCl concentrations x 4 replicates) were subsequently transferred into 50ml Falcon 

tubes, parafilm sealed, and stored at -80 C.  
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Less than 48 hours following cold storage, the samples were prepared for lyophilization. 

The tissues were lyophilized at -50 C under a high vacuum for 16 hours. Following 

lyophilization the dried samples were stored at -20 C for less than 24 hours prior to shipping to 

Pacific Northwest National Laboratory’s (PNNL) Environmental Molecular Sciences Laboratory 

(EMSL) on dry ice for further protein extraction and proteome analysis. The hyphal biomass was 

extracted in microcentrifuge tubes with beads (Omni International, Kennesaw, GA) and 50 mM 

NH4HCO₃ (pH 8), and lysed using a bead ruptor elite (Omni International, Kennesaw, GA) 

tissue lyser by homogenizing twice at 6 rpm for 45 s. The microcentrifuge tube with the cell 

lysate was placed over a 15 ml falcon tube after a hole was poked in the microcentrifuge tube 

using a 26-gauge needle and the lysate extracted by centrifuging at 4500 x g for 5 min. The 

microcentrifuge tube with beads was washed using ammonium bicarbonate solution and 

centrifuged again at 4500 x g for 5 min. The lysates from the two wash cycles were combined. 

A solution of 2:1 chloromethane:methanol (CH3Cl:CH3OH) was added at 5 times the 

volume of the cell lysate and vortexed for 30 s and kept on ice for 5 min and vortexed again for 

30 s. The solution was centrifuged at 10000 x g for 10 min at 4 ̊ C and the protein interlayer was 

collected and dissolved in 8 M urea. A bicinchoninic acid (BCA) protein assay (Smith et al. 

1985) was performed to determine the amount of protein in each sample before further analysis 

using the global digestion protocol. The protein interlayer solution in urea was then incubated at 

60 ̊ C after adding dithiothreitol (Sigma Aldrich, St. Louis, MO) at 5 mM concentration for 30 

min. The sample was diluted 10-fold in 50 mM NH4HCO₃ and CaCl2 was added to a 

concentration of 1 mM. Protein digestion was performed by incubating in trypsin (1 µg 

trypsin/50 µg protein: Thermo Fisher Scientific, Waltham, MA) for 3 h. The samples were 
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desalted using 30 mg/ml C18 polymeric reversed phase column (Strata-X 33u, Phenomenex, 

Torrance, CA) and analyzed using liquid chromatography mass spectrometry (LCMS). 

 

Liquid Chromatography Mass Spectrometry (LCMS) of Protein Digests 

A nanoACQUITY ultra performance liquid chromatography (LC) with a 2DLC system 

(Waters, Milford, MA, USA) was used to separate protein digests. Buffer A (0.1% formic acid in 

water) and buffer B (0.1% formic acid in acetonitrile) were used as mobile phases for a 180 min 

gradient separation. A 5 µl protein digests were automatically loaded onto a C18 reversed phase 

column prepared in-house (70 cm x 70 µm I.D. with 3 µm Jupiter C18 particle size, room 

temperature) with 100% buffer A at 5 µl/min. The eluted peptides from the C18 column were 

analyzed using a Q-Exactive Plus Orbitrap MS (Thermo Scientific, San Jose, CA) for high 

resolution MS and high-energy collision-induced dissociation tandem MS by electrospray 

ionization. Samples were analyzed using a 180 min LC-MS/MS method, data acquisition was 

started 15 min after sample injection. Spectra were collected between 375 to 1800 m/z at a mass 

resolution of 180000 (at m/z 200), followed by a maximum ion trap time of 180 ms. Peptides 

were fragmented using a high-energy collision energy level of 32% and a dynamic exclusion 

time of 30 s for discriminating against previously analyzed ions.  

 

Quantitative Analysis and Data Integration 

 

Proteins were compared based on relative abundances and were considered up- or down-

regulated at alpha with a P-value of ≤ 0.05 in comparative t-tests. Missing values, for t-test 

comparison analysis, were overwritten with half of the smallest value within the data set. Using 

the Multi-Experiment Viewer (MeV, v4.9.0) (Howe et al. 2011), orthologues were grouped into 
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five clusters, clusters generated using k-means, and integrated into a heatmap (Figure 3). Using 

key-word searches, proteins assigned to the cell wall and cell membrane related processes were 

compared in heatmaps generated in MeV and represented in Figures 4 and 5, respectively. A 

complete list of cell wall proteins utilized for analysis and generation of Figure 4 (Table S6) and 

a complete list of cell membrane proteins used for creating Figure 5 (Table S7) are listed in the 

supplementary materials. 

 Proteins were annotated using the KEGG (Kyoto Encyclopedia of Genes and Genomes) 

database (Kanehisa and Goto 2000; Kanehisa 2019; Kanehisa et al. 2021) to map KEGG 

Orthology (KO) terms to protein orthologues through the assignment of a K number. The K 

number assignment was performed via KEGG’s internal annotation implement, KOALA (KEGG 

Orthology And Links Annotation) (Kanehisa et al. 2016a) coupled with a rapid GhostX sequence 

data search through the use of the GhostKOALA program (Kanehisa et al. 2016b). Following the 

KEGG annotation, a KEGG pathway enrichment analysis was performed for each of the five 

clusters using Microsoft Access Database to map KEGG annotations to relative and standardized 

(via Fisher exact test cut-off) quantitative protein abundances and Microsoft Excel (Microsoft 

Office 2019, v16.50) to perform enrichment analysis. Enrichment analysis utilized Fisher exact 

tests and only enrichment P-values of ≤ 0.05 were considered significant.  

KEGG pathway enrichment highlighted a key MAPK Signaling Pathway considered to 

be critical in cell signaling, regulation, and osmotic response. KEGG’s GhostKOALA annotation 

of this pathway of interest was referenced to the more comprehensive annotations of the model 

fungus Saccharomyces cerevisiae. The MAPK signaling pathway is composed of several highly 

conserved components thought to be crucial across Kingdom Fungi. Thus, S. cerevisiae has been 

deemed an ideal MAPK model system in functional analyses of orthologous proteins involved in 
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fungal signaling (Bansal et al. 2001; El-Mowafy et al. 2013; Konte et al. 2016). Consistent with 

this, S. cerevisiae MAPK signaling proteins in our findings present consistent homologues across 

fungi regardless of evolutionary relationship, categorization, or survival strategy (Martínez-Soto 

and Ruiz-Herrera 2017).  

To further investigate this pathway, and in particular its role in regulating osmotic 

response affected by salinity, we used an integrated data pathway visualization software, the 

Visualization and Analysis of Networks con-Taining Experimental Data tool (VANTED, v2.8.1) 

(Junker et al. 2006; Rohn et al. 2012). The VANTED software is a powerful tool for -omics 

related studies and allows for the analyses of large, complex datasets in order to provide insight 

on expressed and detected pathway responses and biological functions (Hartmann and 

Jozefowicz 2018). A subsection of the MAPK Signaling Pathway known as the High-Osmolarity 

Glycerol (HOG) pathway was manually developed by integrating protein data into a VANTED 

pathway (Figure 5). The HOG pathway proteins were considered differentially regulated at (α= 

0.05) in t-tests. 
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3. Results & Discussion: ED50 and KEGG Pathways 

Fungal salt tolerance 

We evaluated NaCl-tolerance (ED50 – Dixon and Mood 1948; OECD 2000a; OECD 

200b) across five ascomycete species of species complexes and compared isolates originating 

from either arid or mesic sites (MAP < 600 mm or MAP > 600 mm, respectively). Across all 

thirty isolates included in our analyses, there was no strong evidence for differences in ED50 

among isolates originating from arid or mesic sites (Mixed Effects ANOVA: F1,264 = 3.27, P = 

0.0716) (Fig. 1) suggesting absent general ecotypic adaptation to prevailing environmental 

conditions, specifically MAP in this case. Although there was no support for general ecotypic 

adaptation among strains, fungal species varied in their estimated ED50 (Mixed Effects ANOVA: 

F4, 252 = 113.03, P < 0.0001), supporting our first hypothesis, and differed in ED50 depending on 

whether the conspecific isolates had originated from arid or mesic sites as indicated by the 

interaction between MAP at the origin site and species identity (Mixed Effects ANOVA: F4, 252 = 

7.52, P < 0.0001). Again, these analyses provided no strong support for overall differences in 

ED50 for isolates originating from either arid or mesic sites (Mixed Effects ANOVA: F1, 252 = 

3.52, P = 0.0616) (Fig. 1).  
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Figure 1. NaCl ED50 estimates for root-associated ascomycetes isolated from arid and mesic 

sites. NaCl ED50 estimates (NaCl concentration that reduced terminal colony radius by 50%) are 

first divided to the five selected ascomycete species and then by site origin from either arid and 

or mesic sites based on estimated MAP (MAP < 600 mm or MAP > 600 mm, respectively). The 

inserted figure (top right) shows the relative NaCl ED50 of all the isolates divided only to arid 

and mesic sites based on estimated MAP. Pairwise Comparisons among all included isolates 

(insert) and within each species are based on one-way ANOVAs and the asterisks and lettering 

refer to these P-values (* – 0.01 ≤ P < 0.05; ** – 0.001 ≤ P < 0.01; *** – P < 0.001; ns – P 

≥0.05).  

 

When isolates from arid and mesic sites were analyzed separately for each species or 

species complex, isolates representing two of the five species differed based on the MAP at the 

site of origin (Fig. 1): Fusarium cf. equiseti complex isolates from arid sites had higher ED50 

than those from mesic sites (One-Way ANOVA: F1,52 = 23.75; P < 0.0001), whereas Periconia 
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macrospinosa isolates from mesic sites had higher ED50 than those from arid sites (One-Way 

ANOVA: F1,52 = 7.10; P = 0.0102). These analyses further suggest that ecotypic adaptation to 

prevailing environmental conditions does not exist for the selected taxa and can indeed be 

opposite to our initial hypotheses. We selected P. macrospinosa for our proteomic analyses 

because of its importance in nutrient-limited ecosystems (Knapp et al. 2018), perceived function 

in host stress tolerance (Jumpponen 2001), ubiquitous presence and global distribution in 

grassland systems (Mandyam and Jumpponen 2005), previous examples of reliable ITS barcode-

based taxon identification (O’Donnell 2010), and its recently available annotated genome 

(Knapp et al. 2018). 

 

 

Figure 2. Terminal colony radii of the two Periconia macrospinosa isolates under three 

NaCl concentrations (0g/L, 25g/L, 50g/L); there was no visible growth at the highest NaCl 

concentration (100g/L). The boxplot shows the terminal colony radii of two P. macrospinosa 
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isolates (high ED50 isolate DS 0982 and low ED50 isolate DS 1091) selected for the proteomic 

studies based on their NaCl ED50. Isolates were grown on quad plates for seven days at which 

point the unamended quadrant’s growth reached the plate’s edge for the fastest growing isolate. 

Asterisks above the boxplot represent P-values of one-way ANOVAs for the pair of isolates 

under that NaCl concentration (* – 0.01 ≤ P < 0.05; ** – 0.001 ≤ P < 0.01; *** – P < 0.001; ns – 

P ≥0.05). 

 

We selected two P. macrospinosa isolates – DS 0982 (mesic site, high ED50) and DS 

1091 (arid site, low ED50) – with the most extreme ED50 estimates for proteomic analyses. The 

terminal colony radius measured after seven days in NaCl challenges varied between the two 

strains depending on the NaCl concentration as indicated by the strain x [NaCl] interaction 

(Mixed Effects ANOVA: F3,62 = 50.32; P < 0.0001) (Fig. 2). The two strains differed in growth 

(Mixed Effects ANOVA: F1,62 = 118.07; P < 0.0001) and the increase in [NaCl] reduced growth 

(Mixed Effects ANOVA: F3,62 = 285.65; P < 0.0001). The interaction effect was mainly 

attributable to the minimal decline in the growth of the slower growing strain from the mesic site 

(DS 0982) with higher ED50 (Fig. 2). These data highlight the higher ED50 and minimal growth 

response to salinity in DS 0982 and the lower ED50 and greater reduction in growth in response 

to salinity in DS 1091. 

 

Condition-dependent proteomic profiling of P. macrospinosa 

We hypothesized that, due to MAP of site origin, the isolate from the more arid 

environment, DS 1091, would demonstrate greater resistance to salt through a greater abundance 

of proteins associated with salt-tolerating strategies. Contrary to our hypothesis, growth of DS 

1091, the isolate originating from a dryer environment, declined rapidly in response to salinity. 

Based on the differences in growth responses to increasing NaCl concentration, we hypothesized 

that DS 1091, the fast-growing isolate with low ED50 and greater decline in growth, would show 

greater proteomic responses to salinity than the slow growing DS 0982 with high ED50. Our 
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proteomic analysis yielded a total of 4,749 individual P. macrospinosa proteins (Table S3). To 

categorize and compare proteomic data associated with specific pathways, we utilized a 

GhostKoala orthologous GhostX search and KEGG annotation as described in Kanehisa et al. 

(2016). The proteome data indicated that the two strains substantially differed in their response 

to NaCl stress. Additionally, these data suggest strong metabolic responses as well as changes in 

cell wall and plasma membrane synthesis. Further, these analyses provide evidence for activation 

and interaction of the HOG pathway in response to salinity. 

 

KEGG Pathway Enrichment Analysis 

We identified the responses of proteins associated with specific pathways using a KEGG 

pathway enrichment analysis (Fig. 3). We used k-means clustering, which identified a total of 

five major clusters demonstrating differences in protein abundances between the isolates and in 

their responses to salinity. Overall, we identified a total of 112 enriched KEGG pathways, 

including key pathways involved in fundamental and basic cellular metabolism such as 

glycolysis and the TCA cycle.  

Fungal adaptive responses to salinity often occur through signal transduction mechanisms 

which result in the restructuring of the fungal cell wall (Alex et al. 1996; Schumacher et al. 1997; 

Zhang et al. 2010; Hagiwara et al. 2013; Perez-Nadales et al. 2015; Ene et al. 2015), composition 

amendments to the cell membrane (Petrovič et al. 2002; Turk et al. 2004; Gunde-Cimerman et al. 

2007; Manzanares-Estreder et al. 2017a; Manzanares-Estreder et al. 2017b; Pascual-Ahuir et al. 

2017) and/or the accumulation and regulation of intracellular osmolytes (Albertyn et al. 1994; 

Luyten et al. 1995; San José et al. 1996; Hohmann 1997; Kirk 1997; Sutherland et al. 1997; Rep 

et al. 1999; Hohmann et al. 2002; Kayingo and Wong 2005; Klipp et al. 2005; Ashraf and Foolad 
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2007; Hohmann et al. 2007; Saito and Posas 2012; Lee et al. 2013; Pérez-Llano et al. 2020). Our 

data are consistent with these reports and highlight upregulation of mechanisms involved in cell 

wall remodeling, plasma membrane configuration, and osmolyte regulation in response to salt. 

 

 

Figure 3. Heat map of protein abundances in enriched KEGG pathways of two P. 

macrospinosa isolates (slow-growing, high-ED50 isolate DS 0982 and fast-growing, low-ED50 

isolate DS 1091) with (+) and without (–) salt stress. Proteins are listed in the heatmap and 

separated by isolate and [NaCl] condition with enriched KEGG pathways separated into five k-

means clusters based on the protein abundance between the four combinations of P. 

macrospinosa isolates and [NaCl] conditions. The complete list of proteins, their relative 

abundances, and P-values (determined by t-test) are listed in Supplemental Table S3. A complete 

list of KEGG enriched pathways and k-mean separated clusters is available in Supplemental 

Table S4. 
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K-means clustering revealed dramatic differences in protein abundances between and 

within the two P. macrospinosa isolates, apparent in comparisons of both control conditions and 

prolonged salinity stress. Consistent with our hypotheses, the two isolates differed in the 

enrichment of several pathways including those relevant to cell wall restructuring, cell 

membrane reorganization, and osmolyte regulation including steroid biosynthesis, fatty acid 

metabolism, and the MAPK signaling pathway.  

Cluster 1 in Fig. 3 highlights a trend of downregulation, in response to NaCl stress, of 

critical KEGG pathways associated with glycolysis, the TCA cycle, and several specific cell 

metabolisms, particularly in the fast-growing, low-ED50 isolate DS 1091, whose growth declined 

rapidly with increasing NaCl concentration. The observed downregulation of general cell 

metabolism to generate cellular energy in the isolate with low ED50 is consistent with its 

observed growth decline in response to prolonged salt stress and the rapid decline in its growth in 

response to increasing [NaCl]. Further, this downregulation of critical pathways is likely a result 

of targeted cellular investment to pathways and processes related osmoadaptive responses. 

Cluster 2 in Fig. 3 highlights the upregulation in the slow growing strain DS 0982 with 

high ED50 and an inverse downregulation in DS 1091 in response to salinity, conspicuously in 

galactose metabolism and also in several regulatory pathways involved in the metabolism and 

biosynthesis of amino acids. Galactose metabolism results in glucose 6-phosphate (G6P), a cell 

membrane impermeable compound which accumulates in the cytosol and is required as an 

upstream biomolecule in glycerol production (Wang et al. 2001). While DS 0982 demonstrated 

an increase in G6P in response to salinity, indicating potential glycerol and glucose production – 

DS 1091 appears to have an inverse response. This, coupled with the evident downregulation of 

the TCA cycle in DS 1091 in response to salinity, provides further evidence for regulatory 
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responses to osmotic stress, with DS 0982 maintaining growth and metabolic activity toward 

survival efforts against salt challenge and DS 1091 evidently losing basic cellular function. 

Considering the indirect connection between galactose metabolism providing an upstream 

molecule for glycerol production and the TCA cycle’s direct effect on glycolysis, DS 1091 

appears to downregulate and disinvest its regulatory efforts, whereas DS 0982 upregulates 

metabolism efforts in response to salt – potentially related to regulatory effects on glycolysis and 

likely aiding in an increase in cytosolic glycerol as a non-toxic intracellular regulator (Dihazi et 

al. 2004). This is especially important because among all osmoadaptive responses, the 

production and accumulation of glycerol in the cytoplasm is critical for successful 

osmoadaptation (Babazadeh et al. 2014). The several pathway responses related to amino acid 

metabolism apparent in cluster 2 also suggest potential recycling of transcriptional subunits 

relating to changes in expression in response to salinity within the slow-growing DS 0982 

isolate. Similar to cluster 2, the salinity response of the two isolates tends to be inverse in cluster 

3.  

Cluster 3 suggests strong inverse responses in isolates with an upregulation in DS 0982 

and a downregulation in DS 1091 in steroid biosynthesis, N-glycan biosynthesis, and oxidative 

phosphorylation as well as vesicular transport and protein processing. Taken together, these 

likely indicate potential cell membrane amendments in the slow growing isolate DS 0982 in 

response to salt stress through steroid synthesis (Nes et al. 1989; Kristan and Rižner 2012; Hu et 

al. 2017) especially biosynthesis of ergosterol (Rodrigues 2018), a key membrane sterol that 

regulates membrane fluidity. In conjunction, potential cell wall strengthening may have 

simultaneously occurred via N-glycan biosynthesis in DS 0982. This not only suggests further 

amendment to the cell membrane via N-glycosated and membrane-anchored extracellular 
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glycans but also implies cell wall strengthening via cell wall glycan cross-linkages (Doering et 

al. 2017) and enforces responsive regulation in intracellular transport, secretion, and defense 

against proteolytic degradation (Dos Reis Almeida et al. 2011). N-glycans pre-assemble to cell 

membrane anchors before being further processed in the endoplasmic reticulum – Golgi 

pathway, further supporting the enrichment of protein processing KEGG pathway in DS 0982. A 

final note in cluster 3 is the upregulation of oxidative phosphorylation in DS 0982 and its 

downregulation in DS 1091. Consistent with the above findings, oxidative phosphorylation 

generates ATP for cellular energy, confirming that the slow-growing DS 0982 isolate is adapting 

to and surviving in the salt-laden substrate whereas the fast-growing DS 1091 isolate is shutting 

down key metabolic functions necessary to sustain growth.  

Another major challenge is the osmotic stress that directly results from salt stress.   

Osmotic stress increases intracellular and extracellular oxidative stress contributors such as 

reactive-oxygen species (ROS), which react with protein substrates inactivating functional 

intracellular components (Breitenbach et al. 2015) and may even extracellularly enact changes 

and restructuring within the cell wall (Podgórska et al. 2017). Coordinating with the alleged 

upregulation of transmembrane transport and secretion implied by the enrichment of N-glycan 

biosynthesis, another transport pathway – vesicular transport – was also enriched in DS 0982 and 

comparatively downregulated in DS 1091 (Fig. 3). The underlying mechanisms of these transport 

schemes suggest the translocation of ROS from the cytoplasm. ROS transport to the extracellular 

space may relieve intracellular oxidative stress, permit protein function maintenance, and interact 

to support the cell wall remodeling (Podgórska et al. 2017). Earlier research suggests that 

oxidative stress inhibits vesicle trafficking from the cytosol to the plasma membrane in the 

model yeast S. cerevisiae (Mazel et al. 2004). Some intracellular proteins which ROS molecules 
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inactivate are critical for energy production, such as G6P, through the pentose phosphate 

pathway (Lushchak and Gospodaryov 2005) and could elucidate the loss of normal function and 

metabolic maintenance - leaving DS 1091 unable to cope and maintain activity in response to 

salt. 

The extracellular relocation of ROS by both vesicular transport and N-glycan related 

secretory mechanisms also indicate cellular maintenance and energy conservation via ROS 

export to counteract the potential damage from increase in intracellular ROS caused by osmotic 

stress (Heinisch et al. 2020). Following this logic, the slow-growing, high-ED50 DS 0982 isolate 

likely responds to mild salinity by exploiting a cellular preservation through membrane 

modifications, cell wall reinforcement, critical resource production, and conservation and 

allotment of cellular energy necessary for membrane and cell wall restructuring. 

Cluster 4 confirms the increase in overall protein abundance in DS 0982 in response to 

salt and a consistent, relative to the overall stable protein abundance in the fast-growing, low-

ED50 DS 1091 isolate. This cluster highlights differences in the adaptive response such that DS 

0982 responds to osmotic stress with upregulation, whereas DS 1091 does not respond strongly 

in protein quantity. Major KEGG pathways in cluster 4 that were upregulated in DS 0982 in 

response to salt include the pentose phosphate pathway, ribosome biogenesis, RNA polymerase, 

and terpenoid backbone biosynthesis. Consistent with cluster 3 and the protective strategy of 

removing excess ROS to prevent inhibition of the pentose phosphate pathway, the enrichment of 

pentose phosphate pathway highlights the upregulation of a key pathway in cellular energy 

production. The upregulation of these pathways suggests that DS 0982 increased its cellular 

activity in response to salinity and provides support for cellular investment in transcription, most 

likely to assist in cell wall and plasma membrane reorganization and restructuring to counteract 
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osmotic stressors. In further support, the enriched terpenoid backbone biosynthesis pathway 

similarly suggests downstream cell membrane modification, as this pathway acts as an upstream 

regulator for biosynthesis of ergosterol, an essential structural component in fungal cell 

membranes (Wang et al. 2019). In contrast, the fast-growing DS 1091 isolate seems to 

downregulate efforts to maintain and modify cell membranes and cell walls, indicating its 

inability to counteract the increased salinity, perhaps in an effort to aid in its survival as the 

colony begins to shut down cellular operations. 

Similar to clusters 2 and 3, cluster 5 shows contrasting responses to salinity between the 

two isolates. The enriched pathways in cluster 5 include fatty acid degradation, pyruvate 

metabolism, and mitogen-activated protein kinase (MAPK) signaling pathways. Fatty acid 

degradation pathway upregulation in the slow-growing DS 0982 isolate in response to salt 

suggests membrane reformation through the breakdown of fatty acids – critical subunits of 

membrane sterols and phospholipids which themselves contribute to membrane rigidity (Pan et 

al. 2018). This is consistent with the observed upregulation of upstream factors of ergosterol 

biosynthesis (cluster 4) and provides further evidence for the conceivable restructuring of plasma 

membrane constituents via recycling and interactions with fatty acid dependent membrane 

components. This fatty acid repurposing may also aid in cellular defense responses against saline 

stress through its action as an intracellular signal transducer (Duplus et al. 2000). In line with 

this, this response may constitute a metabolic shift in response to salinity, perhaps through 

peroxisomal assisted degradation (Pascual-Ahuir et al. 2018). Consistently, upregulation of the 

pyruvate metabolism pathway in DS 0982 indicates a downstream effect and subsequent 

upregulation of both fatty acid and ergosterol biosynthesis, both of which contribute to fungal 

cell membrane organization (Rodrigues 2018; Zamith-Miranda et al. 2019). In consistent 



 

34 

contrast with DS 0982, the fast-growing DS 1091 appears to downregulate fatty acid 

degradation, suggesting its disinvestment in membrane maintenance and pyruvate metabolism. 

Taken together, this indicates a further downregulation of fatty acid and ergosterol biosynthesis. 

These data suggest that the fast-growing DS 1091 isolate is not investing in conservative tactics 

such as metabolism maintenance or cell remodeling, whereas the slow-growing DS 0982 isolate 

is. 

Cluster 5 highlighted responses in the MAPK signaling pathway. Perhaps the most 

informative and interesting within this pathway is the high-osmolarity glycerol (HOG) pathway. 

The MAPK signaling pathway is imperative for many cellular responses to extracellular stimuli 

(Bahn et al. 2007; Román et al. 2020) because it is central in regulating transcription factors. 

Transcription factors affect critical fungal functions including cell cycle regulation and hyphal 

growth (Carbó and Pérez-Martín 2010; Correia et al. 2010; Chen et al. 2020), cell differentiation 

and morphogenesis (Martínez-Soto and Ruiz-Herrera 2017; Román et al. 2005), cell wall 

assembly and integrity (Jiménez-Gutiérrez et al. 2020; Dichtl et al. 2016), and cellular stress 

responses (Hagiwara et al. 2016). However, MAPK regulated HOG directly and specifically 

relates to fungal responses to saline and osmotic stresses (Konte et al. 2016). This histidine-

kinase pathway regulates salt stress and salt-induced osmotic stress through the production and 

accumulation of compatible osmolytes, predominantly glycerol (Kayingo and Wong 2005). 

Overall, our proteomic data provide evidence for fundamental changes in the cellular 

metabolism, the structure and integrity of the fungal cell wall and plasma membrane, as well as 

the employment and interaction of the HOG pathway in response to NaCl-induced salinity and 

osmotic stresses. We discuss the cell wall and plasma membrane modifications in the subsequent 

sections and specifically discuss the evidence for the HOG pathway in P. macrospinosa.  
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4. Results & Discussion: Cell Wall and Cell Membrane Response to 

Salinity 

 

Cell Wall Associated Proteomic Responses in P. macrospinosa 

Before an extracellular stimulus, e.g., increased extracellular salinity, can initiate 

signaling response in a cell, it must pass the initial fungal barrier – the cell wall. The fungal cell 

wall is critical for cellular structure and defenses (Hopke et al. 2018). It also mediates cellular 

interactions with the extracellular environment (Bahn et al. 2007; Román et al. 2020), actively 

controlling permeability to protect the cell against changing or unfavorable environmental 

conditions (Gow et al. 2017). During a hyperosmotic shock (high osmolarity conditions caused 

by high ion concentration) fungal cells lose turgor pressure because the greater ionic 

concentration gradient initiates responses (Babazadeh et al. 2014) and attempts to achieve 

homeostatic balancing through cell wall restructuring (Hagiwara et al. 2015), structural and 

functional reformation of the cell membrane (Gostinčar et al. 2011; Pascual-Ahuir et al. 2018), 

and compatible osmolyte (e.g., glycerol) accumulation (Klein et al. 2016). The fungal cell wall is 

composed of a complex, interconnected, and interlinked framework of β-glucans (β-1,3-glucans 

and β-1,6-glucans) and chitins that provide structural rigidity and tensile strength (Ene et al. 

2015).  
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Figure 4. Cell Wall Proteomic Responses of two P. macrospinosa isolates (slow-growing, 

high-ED50 isolate DS 0982 and fast-growing, low-ED50 isolate DS 1091) to NaCl. Select cell 

wall protein abundances are shown in the heatmap and separated by isolate and [NaCl]. A 

complete list of select relevant lipid proteins and their abundances are shown in Supplemental 

Table S6. 

 

The β-glucans form an interlocking matrix with β-1,3-glucans act as the major cell wall 

structural component (Fesel and Zuccaro 2016). They form a barrier surrounding the outer 

plasma membrane where membrane localized chitins covalently bond and support the β-1,3-

glucan envelope (Kollár et al. 1995) linking it to the plasma membrane and forming the glucan-

chitin structural exoskeleton (Klis et al. 2001). The glucan-chitin exoskeleton is a well-

conserved, cross-linked innermost layer of the cell wall assembled by membrane-bound 

synthases (Latgé 2007).  Similar to the lignocellulosic plant cell walls, fungi depend on their 

glucan-chitin reinforced cell walls for essential structural support and defense against membrane 

rupture in the case of imbalance in the osmotic pressure gradient (Bowman and Free 2006). The 

chitin cross-linked β-1,3-glucans provide a strong casing to regulate cell shape and volume – a 

strategy that functionally dictates growth via turgor pressure in filamentous fungi, such as P. 

macrospinosa (Bartnicki-Garcia et al. 2000). Another important cell wall component is the β-

1,6-glucan, which also cross-links with the structurally important β-1,3-glucans (Garcia-Rubio et 
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al. 2020), contributes to strength and support within the cell wall matrix, and provides a linkage 

between skeletal β-1,3-glucans and polysaccharide or glycoprotein cell wall proteins, all of 

which are regulated by and involved in signal transduction (Free 2013; Muszewska et al. 2018).  

Our two P. macrospinosa isolates shared some responses to salt stress and differed in 

others. The 1,3-betaglucanosyltransferase was upregulated in both P. macrospinosa isolates in 

response to salt (Fig. 4). The 1,3-betaglucanosyltransferase has been observed in several fungal 

species and has previously been isolated from an Aspergillus fumigatus cell wall autolysate 

(Okada et al. 1998). It is responsible for commencing β-1,6-glucan inter-linkage to structural cell 

wall β-1,3-glucans (Mouyna et al. 2005). In contrast to the 1,3-betaglucanosyltransferase that 

was consistently upregulated in both isolates, chitinase and chitin synthase responses were 

inverse in the two isolates (Fig. 4). Unlike 1,3-betaglucanosyltransferase, which adds to the cell 

wall matrix and increases its rigidity, chitinase degrades chitin in the innermost glucan-chitin 

exoskeleton (Roncero et al. 2020) and plays a role in softening and remolding fungal cell walls. 

Chitin synthases, in contrast to chitinases, produce chitin (Li et al. 2016), contributing to cell 

wall structure and strengthening of cell walls in response to salinity.  

In the high ED50 isolate DS 0982, chitinase downregulation was coupled with chitin 

synthase upregulation, both key proteins involved in the degradation and synthesis of cellular 

chitin, cell viability, and cell wall integrity (Shaw et al. 1991; Munro et al. 2001). Chitinase is 

often a membrane-anchored cell wall associate which acts to degrade cell wall chitins and 

regulates fungal growth and morphogenesis (Takaya et al. 1998; Adams 2004). Its 

downregulation and concomitant chitin synthase upregulation suggest cell wall modifications 

toward stronger, more rigid cell walls in DS 0982 and an inverse response in DS 1091. It should 

be noted however, that as fungal cell walls mature, chitin continues to covalently cross-link with 
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β-1,6-glucans and β-1,3-glucans increasing chitin resistance to chitinase degradation (Hartland et 

al. 1994; Kollár et al. 1997). In contrast to slow-growing, high-ED50 isolate, chitinase 

upregulation was coupled with chitin synthase downregulation in the low-ED50 isolate DS 1091, 

highlighting the opposite NaCl stress responses of the two isolates and suggesting degradative 

modification leading to cell wall breakdown and increased elasticity in the latter isolate. Based 

on the chitinase and chitin synthase abundances, we suggest that the slow-growing, high-ED50 

isolate DS 0982 is increasing the rigidity and strength of its cell wall in response to prolonged 

NaCl stress, whereas the fast-growing, low-ED50 isolate DS 1091 is decreasing rigidity and 

increasing elasticity of the cell wall. Based on these observations, we posit that salinity drives an 

adaptive response and results in modification of the cell wall structure in our isolates, albeit in 

opposite ways.  

 As further evidence for saline mediated cell wall modification and reinforcement in the 

high-ED50 DS 0982 isolate, β-1,6 glucan biosynthesis protein-like protein was also upregulated. 

β-1,6 glucan biosynthesis will likely result in a greater abundance of cross-linkages within the 

cell wall thus increasing its rigidity. This β-1,6 glucan biosynthesis protein-like protein 

upregulation in DS 0982 was in stark contrast with the lack of a similar response in low-ED50 

isolate DS 1091. Corroborating these findings, another protein identified as the cell wall 

assembly and cell proliferation coordinating protein (SMI1) was also differentially regulated in 

the two isolates in response to NaCl stress (Fig. 4). In sum, while the fast-growing, low-ED50 

isolate DS 1091 may have reduced cell wall synthesis and maintenance of its rigidity in response 

to NaCl stress, the slow-growing, high-ED50 isolate DS 0982 responded by upregulating proteins 

responsible for cell wall synthesis and cell wall modification, such as SMI1, likely resulting in 

adjustments in structural strategy and subsequent cell wall strengthening.  
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Figure 5. Cell Membrane Proteomic Response of P. macrospinosa to NaCl. Relevant 

membrane protein abundances are listed in the heatmap and separated by isolate and condition. A 

complete list of select relevant lipid proteins and their abundances is available in the 

supplemental Table S6.  
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Cell Membrane Lipid-Associated Proteomic Responses in P. macrospinosa 

We observed a variety of P. macrospinosa membrane lipid responses to salinity (Fig. 5). 

We used MEV software to visualize salinity-affected membrane lipid proteins that were selected 

based on keyword searches. In the slow-growing DS 0982 isolate, the cell membrane associated 

protein abundances tended to increase in response to salt stress. In contrast, in the fast-growing 

isolate DS 1091, those proteins tended to decrease in relative abundance. These data support the 

strong, relative positive response in the slow-growing, high ED50 isolate and an opposite 

response in the fast-growing, low ED50 isolate.  

The cell membrane is the final barrier that separates the cell cytosol from the external 

environment. The cell membranes are essential in halostress tolerance as they regulate cellular 

responses and defenses in response to the extracellular environment (Hohmann 2002). In general, 

membrane exposure to hyper-saline stress implies inherent hyperosmotic impacts such as passive 

membrane-permeating water efflux or dehydration (Lerici et al. 1988; Raoult-Wack et al. 1992; 

Guilbert 1994; Raoult-Wack 1994; Rahman MS and Labuza 1999; Tortoe 2010; Yadav and 

Singh 2014), loss of turgor pressure (Hohmann 1997; Mager and Siderius 2002), increase in 

internal solute concentrations (Yancey et al. 1982; Mager and Varela 1993; Jin et al. 2005), 

challenges of osmotic and ionic stress (Hohmann 2002; Szopinska et al. 2011), osmotically 

induced oxidative stress (Moran et al. 1994; Serrano et al. 1999), turgor-mediated growth 

suppression (Kempf and Bremer 1998; Blomberg 2000), expected ion-mediated metabolic 

inhibition (Murguía et al. 1995; 1996), general aversion to enzymatic activity (Wyn Jones and 

Pollard 1983), and imbalance in the membrane potential (Norbeck and Blomberg 1998).  

Turgor pressure is necessary for cell survival and growth (Blomberg 1997). Thus, it is 

critical that cells in the fungal hyphae regulate cytoplasmic volume during hyphal growth under 
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desiccating conditions. During hyphal growth, cytoplasmic streaming occurs throughout the 

hyphal network and is regulated by cytoplasmic turgor pressure and microtubule-based motors 

(Steinberg 2007). The microtubule motors transport vesicles as well as resources and cell wall 

materials necessary for hyphal tip elongation, cell division, hyphal septation, and cytoplasmic 

expansion against newly developed cell walls (Geitmann and Emons 2000). During this cell wall 

material delivery, the growth site at the hyphal tip – the Spitzenkörper (Roberson 2020) – aid in 

the exoenzyme secretion (Harris et al. 2005) by means of an induced isotropic pressure gradient 

(Bartnicki-Garcia 2002). These exoenzymes break down extracellular substrates for colony use 

and are involved in synthesizing new, elastic, and non-rigid cell walls (Archer and Wood 1995; 

Gooday 1995; Chao et al. 2014; Xie and Miao 2021) necessary for hyphal shaping and 

elongation through turgor-driven cytoplasmic expansion (Sietsma and Wessels 1994). 

The cellular membrane is water permeable. When challenged with external compatible 

solutes or osmolytes, such as NaCl ions (Yancey 2005), it regulates the intracellular tonicity or 

effective osmolarity. During osmotic challenge, the extracellular osmotic agents create a 

hyperosmotic gradient that effectively draws ions into the cell and water from the cytosol 

through a process known as osmotic dehydration (Serrano et al. 1999; Tortoe 2010; Yadav and 

Singh 2014). Cellular desiccation and loss of intracellular water can be detrimental to the cell 

and negatively affects the intracellular water activity. Low water activity, or the low reactive 

potential of free water, limits fungal growth (Rahman and Labuza 1999) by decreasing the 

cytosolic volume and turgor pressure, diminishing potential cytoplasmic streaming, and 

restricting hyphal tip extension, as well as concentrating potentially harmful osmolytes within 

the cytoplasm (Rahman and Labuza 1999; Tortoe 2010).  
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The fungal cell membrane consists of a phospholipid bilayer (Wang et al. 2019) 

entrenched with transmembrane proteins involved in cell wall biosynthesis, active transport 

against gradients, and signal transduction (Douglas and Konopka 2016). The protein activity 

within the plasma membrane has even been reported to affect regulation of cell polarity and 

growth (Los and Murata 2004). Lipids are critical to membrane structure, function, composition, 

and permeability and belong to three major classes: glycerophospholipids, sphingolipids and 

sterols (Sant et al. 2016).  

Glycerophospholipids are the structural backbone lipids of plasma membranes and 

facilitate their proper fluidity and ion permeability (Farooqui 2014). Sphingolipids are key 

components of cell membranes, especially in filamentous fungi, where they are essential for 

polarisome organization at the hyphal tip (Fontaine 2017). Polarisomes assist to direct the cell 

polarity and mediate actin remodeling for cell segregation (Liu et al. 2010) and transport (Xie 

and Miao 2021). Some even suggest that filamentous growth and hyphal formation may be 

entirely dependent on polarisome action (Xie et al. 2020) through actin cable polarization 

(Steinberg 2007), and the subsequent potential to direct the Spitzenkörper to the hyphal filament 

apex – directing this hyphal tip elongation (Crampin et al. 2005). Glycerophospholipids and 

sphingolipids are collectively involved in cell function and signal transduction pathways (Sant et 

al. 2016) as well as DNA replication and cell trafficking (Dowhan 1997; Doufourc 2008).  

Sphingolipids, aside from membrane structure contributions, also likely play several roles 

in cell function. Sphingolipid biosynthesis requires the precursor starting materials known as 

very long chain fatty acids (Nie et al 2021). The elongation of fatty acids to develop these 

essential sphingolipid building blocks is facilitated by specialized proteins. Both very-long-chain 

3-oxoacyl-CoA reductase and elongation of fatty acid proteins were upregulated in the slow-
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growing, high-ED50 isolate DS 0982 and changed inconsistently in the fast-growing, low-ED50 

isolate DS 1091 in response to osmostress indicating differences in their membrane 

modifications (Fig. 5). Both of these proteins have been suggested to be involved in the 

development of very-long-chain fatty acids used in sphingolipid synthesis (Beaudoin et al. 2002; 

Han et al. 2002; Beaudoin et al. 2009) and therefore central to plasma membrane structuring.  

Consistent with the responses of the slow-growing DS 0982, sphingolipid production has 

been suggested to improve osmotic tolerance in fungi (Zhu et al 2020). Further, protein 

facilitated transport at the fungal membrane requires ATPases for energy transfer, particularly 

for cellular excretion; sphingolipid synthesis has been reported as a requirement for ATPase 

routing toward the cell membrane (Gaigg et al. 2005), potentially promoting additional 

osmoregulatory efforts. Sphingolipids also act with sterols to create structural and functional 

lipid rafts in fungal membranes that are involved in protein organization and sorting, cell 

polarity, and secretion (Bagnat and Simons 2002; Wachtler and Balasubramanian 2006; Alvarez 

et al. 2007). 

Sterols, especially the most abundant ergosterol (Rodrigues 2018), are possibly the most 

important lipids in the fungal membrane (Zinser et al. 1991). These sterols are likely effective 

structural membrane reinforcement (Ribeiro et al. 2007) and regulate membrane fluidity and 

permeability (Douglas and Konopka 2014; Rodrigues 2018) as well as ion homeostasis (Li et al. 

2021). Sterol biosynthesis, particularly that of membrane ergosterol, is critical to membrane 

success and response (Dhingra and Cramer 2017).  

The abundance profiles listed in Fig. 5 demonstrate several interesting protein responses 

to salinity within our isolates. First, CDP-diacylglycerol synthase is upregulated in the slow-

growing, high-ED50 isolate DS 0982 in response to salt. CDP-diacylglycerol synthase is an initial 
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enzyme in sterol biosynthesis and produces CDP-diacylglycerol, a key lipid precursor (Carman 

and Han 2011). Second, we observed a correlated response of sterol C-14 reductase-like protein, 

that is reportedly crucial to membrane integrity as a regulator of both ergosterol biosynthesis and 

ion homeostasis (Li et al. 2021). Further support for increased sterol biosynthesis is highlighted 

in the response of sterol 24-C methyltransferase, the last enzymatic step in sterol biosynthesis 

(Zinser et al. 1993). Hyperosmotic conditions, created by the external NaCl ion challenge, have 

been suggested to reduce membrane fluidity, to correlate with ion permeability, and increase 

membrane rigidity, likely through the addition of membrane sterols – resulting in an increased 

membrane sterol composition (Los and Murata 2004). In contrast to the high-ED50 isolate DS 

0982, the low-ED50 isolate DS 1091 expressed a decreased abundance in these proteins, 

suggesting a relative downregulation in sterol biosynthesis likely to lead to decreased rigidity 

and increased permeability. 
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5. Results & Discussion: Evidence and Impacts of the High-

Osmolarity Glycerol Pathway 

The KEGG pathway enrichment analysis strongly indicated that the MAPK signaling 

pathway was upregulated in the slow-growing, high-ED50 isolate DS 0982 (Fig. 3) in response to 

salt. The response was opposite in the fast-growing, low-ED50 isolate DS 1091, whose MAPK 

signaling pathway was downregulated in response to salt stress. This inverse response of such a 

critical pathway may provide insight into the overall functions and interactive mechanisms of our 

two isolates’ salt tolerance strategies and their use of the High-Osmolarity Glycerol (HOG) 

pathway. The HOG pathway responds to changes in osmotic pressure that correlate with changes 

in intracellular volume as a result of a salinity challenge (Duran et al. 2010). The salt challenge 

chosen for our study corroborates prior reports that a salinity challenge of 0.4 M NaCl causes a 

prompt 20% loss of cell volume and effectively results in Hog1 nuclear transport (Babazadeh et 

al. 2014; Stojanovski et al 2017; Tatebayashi et al. 2020). Our data indicated an array of 

differential responses among the two P. macrospinosa isolates ranging from compatible 

osmolyte production to transcriptional regulation and changes in cell cycle regulation. To 

validate these results and correlate them with their relative upstream and downstream effects, we 

mapped our proteome data to the HOG pathway (Fig. 6). 

Past research has characterized MAPK signaling proteins present in Saccharomyces 

cerevisiae and identified fungal homologues across taxa and lifestyles (Martínez-Soto and Ruiz-

Herrera 2017). The HOG pathway is a MAPK signaling pathway subcomponent and highly 

conserved across all fungi (Bansal et al. 2001; El-Mowafy et al. 2013; Konte et al. 2016). 

Further, S. cerevisiae HOG pathway systems have previously been used as models for 

orthologous signaling proteins (Konte et al. 2016). Seventeen of the twenty-one detected proteins 
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annotated to S. cerevisiae homologues and associated with the complex HOG histidine-kinase 

cascade demonstrated significant differences in abundance across the isolates and conditions. 

The HOG pathway is a highly conserved, interconnected, and multifaceted series of cascades and 

protein interactions which operate as adaptive response regulators such as the linchpin MAPK: 

Hog1 (Konte et al. 2016). 

Current understanding of the upstream membrane-bound sensory proteins directly 

interacting with the HOG pathway suggests a bifurcated regulation, in which two major 

contributing osmosensory proteins are required for initial stimulus response – Sln1 and Sho1 

(Hohmann 2015). While both pathways offer relative regulatory redundancy, they do so in 

distinctly unique ways. The Sln1 branch utilizes a multi-step inhibitive activation osmodetection 

cascade, whereas the Sho1 branch has direct osmodetection to multi-step, multi-channel cascades 

that utilize phosphorylative complexes. The Sln1-activated branch operates as a two-component 

signal transduction system (TCS) and involves the membrane-bound osmosensor Sln1, the 

intermediary phosphorelay protein Ypd1, and the cytoplasmic response regulative protein Ssk1 

(Posas et al. 1996). At low to normal extracellular osmolarities the Sln1 osmosensor is activated 

via phosphorylation and inhibits Ypd1 mediation, ultimately resulting in the phosphorylation of 

Ssk1 and the subsequent inhibition of the TCS Sln1-Ypd1-Ssk1 phosphorelay (Dexter et al. 

2015). High extracellular osmolarity results in the Sln1 inactivation, allowing the targeted 

MAPK Ssk2-Pbs2-Hog1 phosphorelay activation resulting from the dephosphorylation of the 

Ssk1 cascade regulator (Posas et al. 1996; Posas and Saito 1998).  

In both P. macrospinosa isolates included in this study, the osmosensor Sln1 abundance 

declined in response to salt, suggesting a subsequent HOG pathway upregulation. However, the 

intermediary phosphorelay protein Ypd1 was also heavily upregulated in response to salinity in 
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our slow-growing, high-ED50 DS 0982 isolate, but not in our fast-growing, low-ED50 DS 1091 

isolate, indicating a stronger TCS Sln1 branch response in DS 0982 than that observed in DS 

1091. During Ssk2-Pbs2-Hog1 cascade activation, Ssk1 – unphosphorylated via Ypd1 of the 

TCS phosphorelay – interacts with the MAP kinase kinase kinase (MAPKKK) protein Ssk2. 

While Ssk2 seems to have been upregulated in response to salinity in DS 0982, the comparisons 

both within and across isolates in response to salt indicated no significant differences. MAPKKK 

Ssk2 proteins continue the cascade response activating the MAP kinase kinase (MAPKK) Pbs2, 

which directly regulates the MAPK Hog1. In the high-ED50 DS 0982 isolate, Pbs2 protein 

abundance was upregulated in response to salinity, whereas, in contrast, it was downregulated in 

the low-ED50 DS 1091 isolate (Fig. 6). Because of the sequential activation of Pbs2 to Hog1, 

especially during osmotic stress (Tatebayashi et al. 2020), the DS 0982 isolate likely upregulated 

Hog1 activation, whereas the fast-growing, low- ED50 DS 1091 isolate likely downregulated it. 

In contrast to Sln1 osmosensor that was upregulated in both of our P. macrospinosa 

isolates, the Sho1 osmosensor was upregulated in the slow-growing, high-ED50 DS 0982 isolate 

but was downregulated in the fast-growing DS 1091 isolate. The Sho1 osmoadaptive branch 

utilizes the membrane anchored Sho1 protein, which interacts with associated osmosensory 

proteins to initiate a response to high osmolarity (Fettich et al. 2011). The Sho1 branch activates 

the downstream MAPKKK Ste11 and does so through an intricate set of interactions between 

several upstream response regulative proteins (Posas and Saito 1997). Sho1 abundances were 

highly upregulated in DS 0982 in response to salinity and downregulated in DS 1091. This 

response in Sho1 osmosensor abundance indicates an increased investment in Sho1 branch 

osmosensing efforts and a resultant overall increase in HOG pathway activation and subsequent 

osmoadaptive efforts in DS 0982 in response to prolonged salinity. Inversely, DS 1091 is 
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demonstrating a disinvestment in the Sho1 branch and an implied resultant decrease in overall 

HOG pathway activation and osmoadaptive response. The activated Sho1 phosphorylates the 

guanosine-triphosphatase (GTPase) Cdc42 and recruits Cdc24, a guanine nucleotide exchange 

factor (GEF) for their co-involvement in the activation of the MAP kinase kinase kinase kinase 

(MAPKKKK) Ste20 (Raitt et al. 2000). This disinvestment of DS 1091 into the Sho1 branch 

may implicate serious consequences due to a lack of sensitivity of the HOG pathway as a result 

of downregulation of Sho1 osmosensing and the effective regulatory and adaptive responses that 

will be unable to phosphorelay downstream due to the decreased Sho1 activity. DS 0982 on the 

other hand evidently is investing in upregulation of Sho1 which may provide not only a higher 

osmosensitivity but result in greater HOG pathway regulatory and adaptive activity due to Sho1 

interaction and downstream phosphorelay interactions. 
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Figure 6. High Osmolarity Glycerol (HOG) Pathway Response of P. macrospinosa to NaCl 

stress. The figure shows the relative abundance of proteins involved in the HOG pathway in the 

slow-growing, high-ED50 DS 0982 and fast-growing, low-ED50 DS 1091 P. macrospinosa 

isolates. Proteins followed by (ns) did not differ in any of the four comparisons (t-test; P ≥ 0.05). 

Complete comparisons between the different samples and abundances of each analyte are shown 

in the supplemental Table S5. 
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As Sho1 activates Cdc42, which recruits Cdc24 for a coupled interaction with Ste20 for 

downstream activation of the keystone HOG1 protein, a second Ste20 initiator also plays a part 

in co-regulating this downstream activation. The HOG pathway recruits Cla4, a protein 

redundant with GEF-Cdc24, to assist in activating the MAPKKKK protein Ste20 (Tatebayashi et 

al. 2006). Both Cdc24 and Cla4 were upregulated in DS 0982 and downregulated in DS 1091 

further confirming the distinct and opposite HOG pathway responses in the two P. macrospinosa 

isolates. Activation of Ste20 by the coupled interactions of the GEF Cdc42 and GTPase-like 

proteins Cdc24/Cla4, which together form the Cdc42-Ste20 complex, is facilitated by the 

scaffolding interaction with the membrane anchor associate Ste50. Ste50 binds to another, 

membrane-anchored Ste11 protein to form a Ste50-Ste11 complex – an integral requirement for 

Sho1-Ste11 activation of the HOG pathway (Posas and Saito 1998).  

It is also understood that Ste50 is involved in regulating mating signaling and filamentous 

growth response in fungi (Ramezani-Rad 1998). Ste50 abundances in response to salt increased 

in DS 0982 and correlated with and supported our observations of high ED50 and maintenance of 

the observed continuous growth under salt stress, whereas DS 1091 showed little to no Ste50 

response to salinity. Ste50 acts as an adapter that facilitates connection between the Cdc42-Ste20 

complex and Ste11 (Ramezani-Rad 2003). The Ste11-Ste50 complex subsequently binds with 

the Cdc42-Ste20 complex that facilitates activation of Cdc24/Cla4 to act on Ste20 and also 

provides the activated proteins to Ste11.  

Within the Ste50-Ste11 complex, Ste11 is activated through interactions with 

Ste20/Cdc24/Cla4 and begins downstream regulation and osmoadaptive response through Hog1 

interaction. Activated Ste11 proteins contribute to cell growth (Lee and Elion 1999; Liu et al. 

2017).  The greater abundances of Sho1, Cdc24, Cla4, Ste50, and Ste11 in the slow-growing, 
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high-ED50 DS 0982 isolate and their relatively lower abundances in the fast-growing, low-ED50 

DS 1091 provide further confirmation of the inverse trend in HOG pathway response in the two 

isolates when experiencing salt stress. 

Following Ste11 activation, through collaboration with the Ste50-Ste11 complex and 

recruitment of Ste11 activators Ste20/Cla4/Cdc24 via the Cdc42-Ste20 kinase complex, the 

Ste11-Ste50 complex binds via Ste50 to the cytoplasmic region of the membrane-anchored Sho1 

(Gu et al. 2014; Wang et al. 2021). Sho1 recruits inactivated Pbs2 and activated Ste11, via the 

Ste11-Ste50 complex, in order to facilitate indirect docking and activation of Pbs2 by Ste11. 

Pbs2 appears a critical HOG pathway activator regulated in initiation and subsequent activity by 

both the Sln1 and the Sho1 branches through a TCS phosphorelay. Pbs2 activation via the Sho1 

branch results in pathway activation and subsequent adaptive facilitation by adapter proteins 

Cdc42, Ste50, and Sho1 respectively (Tatebayashi et al. 2006; 2020). 

While Pbs2 acts to activate Hog1 proteins in order to initiate subsequent adaptive 

responses, Ptp2/3 proteins work in a Hog1-dependent, negative feedback loop to 

dephosphorylate and deactivate activated Hog1 proteins (Jacoby et al. 1997; Hohman et al. 2007; 

Muakami et al. 2008; Liu et al. 2020). Along with the Ptp2/3 negative regulator proteins, another 

negative regulator, Ptc1, also works to deactivate HOG activity through indirect 

dephosphorylation of Pbs2 and direct dephosphorylation of Hog1 (Warmka et al. 2001; Lemos et 

al. 2018). These groups of negative regulators target Hog1 dephosphorylation differently: Ptc1 

acts to dephosphorylate phosphothreonine likely within the cytoplasm, whereas Ptp2/3 act to 

dephosphorylate phosphotyrosine, possibly in either the cytoplasm or the nucleus (Homann 

2009). These negative HOG pathway regulators, Ptp2/3 and Ptc1, induce expression in response 

to osmotic stressors in a Hog1-dependent manner (Jacoby et al. 1997). While Ptc1 abundance 
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relatively decreased in response to salinity across isolates – indicating a potential positive effect 

on Hog1 activation kinetics leading to an implied increased abundance of activated Hog1 within 

the cytoplasm and subsequent nuclear transport of activated Hog1 – Ptp2/3 proteins increased in 

abundance in response to salinity across isolates, likely demonstrating a negative regulation of 

Hog1 and increased effort to inactivate Hog1 – effectively replenishing the inactivated Hog1 

stock in the cytosol (Fig 6). 

 Even with a greater abundance of upstream regulators, Hog1 seemed resistant to salinity 

and was unresponsive in the DS 0982 isolate, whereas its abundance decreased in response to 

salinity in DS 1091 (Fig. 6). Upon initiation by Pbs2, Hog1 proteins become activated and are 

transported from the cytoplasm to the nucleus where they induce expression resulting in adaptive 

response to osmotic stressors. The Hog1 transcriptional regulation increases glycerol production 

(Konte et al. 2016), activates glycerol symporter, Stl1, channels (Zemančíková et al. 2019), and 

closes Fps1 glycerol leak channels through phosphorylation activation of transcriptional factors 

(Lee et al. 2013). Although Hog1 abundances responded inconsistently across the two isolates, 

downstream Hog1 adaptive response instigators responded uniquely to prolonged salinity stress 

(Fig. 6). 

We also observed differences in protein abundances that are associated with different 

aspects of the cell cycle. Cdc28, a Hog1 induced adaptive response regulatory protein, is a 

cyclic-dependent kinase (CDK) that regulates cell-cycle. Its greater abundance has been reported 

to correlate with a cell’s ability to efficiently re-enter the cell-cycle post-stress (Nadal-Ribelles et 

al. 2014). In response to prolonged salinity, Cdc28 was downregulated in both isolates. Its lower 

abundance suggests that the isolates continue to experience stressors and remain unable to re-

enter normal cell-cycle because of the prolonged salinity. Mcm1 mediates expression of a cell-
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cycle regulator and CDK associate Cip1 (Chang et al. 2017). Functionally, Cip1 acts on CDKs 

associated with the G1 growth phase of the cell-cycle and inhibits cycle progression upon 

activation. During conditions consistent with osmotic stress, Hog1 phosphorylates and 

subsequently activates Msn2,4 which activates Mcm1 to trigger Cip1 and induce a secession in 

cell-cycle continuity (Chang et al. 2017). In response to salt, Mcm1 abundance increased 

dramatically in the slow-growing, high-ED50 DS 0982 isolate and a decreased in DS 1091 

isolate. This suggests sustainable, conservative growth regulation in DS 0982 individuals and a 

relatively unchecked response in DS 1091 (Fig. 6). 

Two downstream Hog1 transcriptional proteins, Tup1 and Ssn6, form a co-repressor 

complex that evidently regulates osmostress response by repressing expression of osmoadaptive 

genes (Márquez et al. 1998). The Tup1-Ssn6 complex is recruited to an active promoter and 

associates with a sequence-specific repressor to mediate an interaction with RNA polymerase II 

in order to halt transcription (Malavé and Dent 2006). Although these co-repressors act in unison 

as a complex to regulate transcription, their responses to persistent salinity differed between the 

isolates. Tup1 abundance increased in response to salinity in DS 0982 isolate, whereas it 

decreased in DS 1091 isolate. In contrast, Ssn6 protein abundance consistently decreased across 

the isolates in response to salt (Fig. 6).  

Hog1 activity regulates the Cct1 translational effector whose expression is induced in 

response to osmotic stress (Herrero et al. 2008). Ctt1 encodes for a cytosolic catalase T, which 

protects glucose-6-phosphate dehydrogenase (G6PH) from stress-mediated inactivation 

(Lushchak and Gospodaryov 2005).  Ctt1, through the encoded catalase T, is a critical 

antioxidant defense necessary for the degradation of reactive-oxygen species (ROS). ROS, 

through oxidation, inactivate G6PH and other ROS-sensitive enzymes and proteins.  
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G6PH plays an important role in the pentose phosphate pathway and is crucial for 

sustained energy production and redox response within fungal cells (Heinisch et al. 2020) as well 

as for providing upstream materials for glycolysis-mediated glycerol production (Fillinger et al. 

2001). Further, G6PH actively reduces NADP+ to NADPH to be used in many biosynthetic and 

detoxification responses (Levy 1979). NADPH is especially useful in the detoxification of ROS, 

which are major contributors to cellular oxidative stress (Breitenbach et al. 2015). In addition to 

detoxifying intracellular ROS, an increase in NADPH induces electron transport activity 

(Koshkin and Pick 1993), associates with the cell membrane to affect pH and impact 

electrochemical-driven ion fluxes and cell turgor (Segal 2016), as well as contributes to the 

accumulation and release of ROS to the extracellular space where they may take part in cell-wall 

modification, communication, and defense via signaling (Podgórska et al. 2017) – all of which 

would benefit osmoadaptation. While Ctt1 responses to salinity differed only nominally between 

the two conditions, with a slight increase in abundance in DS 1091 when experiencing salinity – 

it is notable that DS 1091 experiences greater abundance when compared to DS 0982 both with 

and without salinity induced response.  

Ctt1 can be inferred to act as a cellular energy production regulator, may participate in 

general and oxidative stress response (Singh et al. 2021), and may be an anabolic response 

regulator (Wennekes et al. 1993). Ctt1 correlates most strongly with oxidative stress (Martínez-

Pastor et al. 1996) and may be involved in assisting in cellular protection via reductive 

processing of ROS which accumulate in the cell during oxidative stress conditions. This strong 

correlation between Ctt1 and oxidative stress further support the notion that DS 1091 is 

experiencing markedly high levels of oxidative stress compared to DS 0982. Ctt1 abundance 

increased in our fast-growing, low-ED50 DS 1091 isolate in response to salt, whereas such 
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response was absent of minimal in the slow-growing, high-ED50 DS 0982 isolate. In 

correspondence with this, we infer that the slight upregulation of Ctt1 is likely to result from the 

aforementioned increase in inherent oxidative stressors experienced by DS 1091 isolates under 

the salt stress. Further, the lack of response of Ctt1 in the DS 0982 isolate reasons a relatively 

low inherent oxidative stress experienced by DS 0982 isolates when compared to DS 1091 

isolates. 

For DS 1091 this appears to indicate a greater need to combat ROS-inactivation which is 

possibly due to the faster growth of this isolate. Coupling this with the findings of decreased 

galactose metabolism and the implied resultant lower glycerol abundance of glycerol precursor 

biomolecule G6P in DS 1091 (cluster 2 of the KEGG Pathway analysis in Fig. 3), we suggest a 

potentially disruptive oxidative stress. This oxidation could inactivate G6PH enzymes, necessary 

for G6P to be converted into the necessary downstream molecules for glycerol biosynthesis. This 

further corroborates the lack of glycerol-mediated osmoadaptive responses in DS 1091 when 

compared to DS 0982 in response to prolonged salinity. 

During osmotic stress, cells experience challenges ranging from ion toxicity, water loss, 

and cellular turgidity concerns. The HOG pathway attempts to alleviate these challenges by 

counteracting the gradient effects and achieves adaptive response through transcriptional 

regulations that ultimately aim to increase osmolyte accumulation, decrease osmolyte loss, and 

increase osmolyte production. The primary compatible solute produced to counter high 

osmolarity, glycerol, is produced via an increase in the downstream induced expression of the 

Gdp1 gene. Gpd1 encodes for glycerol-3-phosphate dehydrogenase (GDPH) and upon Hog1 

induction increases production of GDPH enzymatic proteins (Albertyn et al. 1994). Consistent 

with the inverse trends among the two isolates, Gdp1 abundance decreased in DS 1091 in 
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response to salt, whereas Gdp1 abundance in DS 0982 it greatly increased. This is critical to 

HOG Pathway osmoadaptation with glycerol as the chief compatible osmolyte to combat salt 

stress. GDPH enzymes act on the glycolysis by-product dihydroxyacetone phosphate converting 

it into L-glycerol 3-phosphate. From here, a second enzyme is recruited to convert L-glycerol 3-

phosphate into glycerol, the compatible osmolyte (Gencedo et al. 1968; Nevoigt and Stahl 1997).  

Glycerol accumulation combats the osmotic potential for permeating ions across the plasma 

membrane and restores cell functionality during stress (Plemenitaš et al. 2014).  

Glycerol accumulation and regulation is also proposed to occur through membrane 

transporting proteins such as the glycerol symporter Stl1 (Ferreira et al. 2005) and the opening or 

closing of the glycerol transport channel Fps1 (Lee et al. 2013). Glycerol biosynthesis through 

MAPK signaling has been suggested the most crucial osmoadaptive response in fungal cells 

(Babazadeh et al. 2014). Understanding the salt responses via the HOG pathway permits a 

clearer understanding in the variability of salt-induced hyperosmotic adaptive stress responses 

among filamentous fungi in general and within P. macrospinosa in particular. However, our 

current understanding of cellular osmotic responses to salinity also highlights interactions with 

two other cellular targets for combating the associated stressors in fungal – the cell membrane 

and cell wall (Ene et al. 2015; Pérez-Llano et al. 2020). 
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6. Conclusion 

Studies described in this thesis focused on two main themes: first, whether conspecific 

strains of ascomycetes would be ecotypically adapted to either dry or mesic environments as 

measured by MAP; second, how do conspecific strains that differ in their NaCl tolerance and in 

their cellular responses to NaCl stress. In the course of these studies, we tested the following 

initial hypotheses: (1) ascomycete species differ in their growth response to salinity across 

species; (2) conspecific strains from drier sites have greater salt tolerance than those from more 

mesic sites. In an effort to further investigate the underlying mechanisms and differences in 

adaptive responses within species, we designed an experiment in which two Periconia 

macrospinosa conspecifics expressing the greatest variance in ED50 and originating from 

environments with varying precipitation were subjected to prolonged salinity stress prior to 

proteomic analysis. Inferring cellular responses from the proteomic analysis, we hypothesized 

that (3) conspecifics differing in ED50 will differ in their proteomic profiles; (4) colony growth 

(ED50) will correlate to cell wall related protein abundances under salt stress (signaling cell wall 

modifications); (5) colony growth will correlate to plasma membrane related protein abundances 

under salt stress (signaling cell membrane alterations); (6) the MAPK signaling pathway will be 

an evident strategy for tolerating prolonged salinity amongst conspecifics (suggesting 

“compatible-solute” strategy); and (7) that conspecifics demonstrating a greater ED50 will 

demonstrate greater abundance of proteins involved in salt-tolerant strategies such as cell wall, 

plasma membrane, and MAPK-related proteins than their counterparts originating from more 

mesic sites.  

There was no strong support for our first hypothesis. In rejection of our original 

hypothesis (1), there was no evidence for ecotypic adaptation in response to salinity among the 
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five species of filamentous ascomycetes (Fig. 1). Further, our second hypothesis (2) was also 

rejected due to inconsistent relative response within species in relation to site origin and salt 

tolerance measured by ED50, evident in P. macrospinosa and F. equiseti results (Fig. 1). 

However, KEGG pathway investigation (Fig. 3) supported our third hypothesis (3) of differing 

responses to saline stress through a variety of responses between the two selected isolates. These 

analyses strongly suggested that the high-ED50, slow growth isolate (DS 0982) and the low-ED50, 

fast growth isolate (DS 1091) differed in their strategies in response to NaCl stress. Our 

proteomic results demonstrated numerous and strong pathway-level proteomic changes in 

response to salinity. These responses included overall changes in metabolism, changes indicating 

plasma membrane and cell wall modifications and changes in glycerol production via MAPK 

signaling enrichment evident in cluster 5 (Fig. 3), and elaborated on in Figure 6, in support of our 

third (3), fourth (4), fifth (5), and sixth hypotheses (6).  

Changes witnessed in Figures 3 and 4 further support our fourth hypothesis (4) through 

inferred cell wall modifications. DS 0982 appeared to have the greatest positive abundance 

response to salinity, indicating a superior osmoadaptive strategy compared to the downregulation 

of DS 1091. Further, the inferred changes in plasma membrane composition support our fifth 

hypothesis (5) through the enrichment of fatty acid metabolism and steroid biosynthesis, distinct 

in clusters 2 and 3 respectively (Fig. 3) and further distinguished by differences in plasma 

membrane related protein abundances listed in Figure 5. In further support of our fifth hypothesis 

(5) – DS 1091 showed the greatest negative growth response to salinity (Fig. 2) and correlative 

plasma membrane related protein abundance downregulation (Fig. 5), while the nominally 

responsive DS 0982 (Fig. 2) demonstrated an increased abundance of membrane relative proteins 
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Investigations on the protein-level provided further support of our later hypotheses 

(3;4;5), especially for the more NaCl tolerant, high ED50 isolate DS 0982. When observing the 

cell wall relevant proteins, the two isolates distinctly differed in response to NaCl stress (Fig. 4). 

For example, DS 0982 upregulated chitin synthase, suggesting more abundant chitin synthesis 

and resultant cell wall reinforcement, coupled with downregulation of chitinase, a chitin 

degrading enzyme. This response is opposite to that of DS 1091, indicating a stark contrast in 

NaCl response strategies. Correlating this proteome information with the growth data - the slow 

growing DS 0982 isolate may be continually investing in self-preservation tactics, while the fast-

growing DS 1091 may be shutting down regulative activities, providing partial support for our 

fourth hypothesis. 

Further protein-level investigations demonstrated differing membrane-relevant protein 

responses to salinity between the two isolates (Fig. 5). For example, very-long-chain 3-oxoacyl-

CoA reductase and elongation of fatty acids proteins, strong indicators of sphingolipid 

biosynthetic processing, were upregulated in DS 0982 and changed inconsistently in DS 1091 in 

response to NaCl stress. Likewise, evidence of changes in ergosterol biosynthesis, a key 

membrane component involved in membrane rigidity and osmo-regulative ion permeability, was 

ample in our protein-level investigations (Fig. 5). Hyperosmotic conditions, enabled by the 

external NaCl ion challenges, have been suggested to reduce membrane fluidity, a correlate of 

ion permeability, and increase membrane rigidity, likely through increased membrane sterol 

abundance (Los and Murata 2004). Evidence for ergosterol biosynthesis, inferring membrane 

sterol composition amendment, is demonstrated through observed abundance variations of 

ergosterol biosynthesis contributors: CDP-diacylglycerol synthase, sterol C-14 reductase-like 

protein, and sterol 24-C methyltransferase. While these proteins were upregulated in DS 0982 in 
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response to salt - DS 1091, the low ED50 and fast growth isolate, expressed a decreased 

abundance in these particular proteins, suggesting a relative downregulation in sterol 

biosynthetic processes. These findings are consistent with the observed rapid decline in growth 

in response to NaCl. 

In addition to the observed cell wall and plasma membrane modifications, we observed 

evidence to suggest “compatible-solute” strategy (6) within P. macrospinosa isolate DS 0982 

elucidated most successfully through protein-level and MAPK pathway mapping investigations 

(Fig. 6) providing evidence for the presence and role in osmolyte regulation by the HOG 

pathway in P. macrospinosa. Most notably, the two isolates differed in their responses to 

salinity: slow growing DS 0982 generally upregulated proteins in this pathway, whereas DS 

1091 downregulated most proteins, consistent with systematic shutdown.  

The major goal of the HOG pathway is to combat osmotic stress via the production of the 

compatible-solute, glycerol. It has been suggested that the most crucial osmoadaptive response in 

fungi occurs through MAPK-regulated glycerol biosynthesis (Babzadeh et al. 2014). To that end, 

the glycerol production initiating protein, Gdp1, activated by Hog1, is especially informative for 

osmoadaptive response. Consistent with the inverse response trend between the two isolates, 

Gdp1 abundance decreased in DS 1091 in response to salt whereas it increased in DS 0982 (Fig. 

6). Through this, we posit DS 0982 has higher glycerol production capability and is likely 

actively counteracting osmotic stressors while DS 1091 either has met a growth capacity or 

responds by shutting down cellular metabolism. Incredibly, these findings support our seventh 

hypothesis (7) due to the inverse responses of the conspecifics based on salinity induction. While 

DS 1091 was initially expected to outperform DS 0982 due to its site origin being drier than that 

of DS 0982, we amended this stance upon reflection of the ED50 results. The proposed impact 
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and correlation between ED50 and osmoadaptive protein abundance proved correct as DS 0982 

demonstrated a greater abundance of plasma membrane, cell wall, and MAPK HOG pathway 

related proteins compared to DS 1091 as well as demonstrated less dramatic growth inhibition in 

response to salinity. 

Confirming the presence and understanding the role of the HOG pathway in response to 

salt stress provides a clearer understanding of the variability of salt-induced hyperosmotic 

adaptive stress responses within P. macrospinosa. However, current understanding of cellular 

osmotic response also highlights complex interactions and interconnected responses with two 

other cellular targets in fungal organisms for combating these stressors: the cell membrane and 

cell wall (Ene et al. 2015; Pérez-Llano et al. 2020). We confirm that our isolates responded to 

salt stress and exhibited distinct salt-response strategies. We also confirm a greater abundance of 

osmoadaptive proteins present in DS 0982, our isolate originating from a wetter climate, than 

that of its conspecific DS 1091, originating from a drier climate. We also confirm the critical 

importance of HOG pathway response in mediating osmostress and effective osmoadaptive 

response. 

Understanding soil-inhabiting and root-associated fungi is critical to ecosystem health. 

Whether through providing nutrient cycling and ecosystem services, or direct interactions with 

hostplants, fungal impacts cannot be ignored. Through the effects of climate change, and 

decreased precipitation patterns soil salinization is a major threat to plant and animal health as 

well as the overall function of our natural world. This research aims to fill the gap in our 

knowledge on the impact of salinity toward root-associated fungi and their limits in salt-

tolerance both within and across species. Further, this study aids in identifying varying 
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functional adaptations soil-dwelling fungi depend on for survival in response to salt stress in soil 

matrices. 
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