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Abstract 

To meet the food and feed demands of the growing population, global food production needs to double by 2050. Climate change- 
induced challenges to food cr ops, especiall y soil salinization, r emain a major threat to food production. We hypothesize that endo- 
phytic fungi isolated from salt-adapted host plants can confer salinity stress tolerance to salt-sensiti v e cr ops. Ther efor e , w e isolated 

fungal endophytes from shrubs along the shores of saline alkaline Lake Magadi and evaluated their ability to induce salinity stress 
tolerance in tomato seeds and seedlings. Of 60 endophytic fungal isolates, 95% and 5% wer e fr om Ascomycetes and Basidiomycetes phyla, 
r especti v el y. The highest n umber of isolates (48.3%) wer e fr om the r oots. Am ylase , protease and cellulase w er e pr oduced by 25, 30 
and 27 isolates, r especti v el y; and 32 isolates solubilized phosphate. Only eight isolates grew at 1.5 M NaCl. Four fungal endophytes 
( Cephalotrichum cylindricum , Fusarium equiseti , Fusarium f alcif orme and Aspergilus puniceus ) w er e tested under gr eenhouse conditions for 
their ability to induce salinity tolerance in tomato seedlings. All four endophytes successfully colonized tomato seedlings and grew in 

1.5 M NaCl. The germination of endophyte-inoculated seeds was enhanced by 23%, whereas seedlings showed increased chlorophyll 
and biomass content and decr eased hydr ogen per oxide content under salinity str ess, compar ed with contr ols. The r esults suggest 
that the the four isolates can potentially be used to mitigate salinity stress in tomato plants in salt-affected soils. 

Ke yw or ds: biotec hnology; endophyte; fungi; Lake Ma gadi; salinity str ess; tomato 
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Introduction 

Soil salinity is a major abiotic stress that affects individual plant 
gr owth and de v elopment and influences the diversity of plant 
species in affected soils, except those in salt-tolerant plant com- 
munities (Bandel et al. 2022 ). Soil salinity is caused either by nat- 
ur al pr ocesses, suc h as r oc k weathering and high e v a potr anspi- 
ration, or man-made processes such as irrigation using brackish 

water in farmlands (Jones et al. 2012 ) and continuous growth of 
shallow-r ooted cr ops that r aise the water table . T he effects of 
salinity on plants are exacerbated by climate change that can se- 
riousl y c hange w ater c ycles thr ough c hanging patterns of r ainfall 
and prolonged droughts (FAO 2021 ). 

Lands available for agriculture have declined by 22% over the 
last decade, while land under irrigation has almost doubled within 

the same period (FAO 2021 ). Ho w e v er, the expanded irrigated 

lands face challenges as more than one-third of the global irri- 
gated land is already degraded by induced salinity, while most sta- 
ple crops consumed by humans are sensitive to moderately toler- 
ant to salt (Cheeseman 2015 ). The Food and Agriculture Organiza- 
tion has estimated the need to increase agricultural productivity 
by 50% by 2050 to meet the demands of the growing population 

(FAO 2021 ). 
Irrigated a gricultur e continues to play an important r ole in 

meeting the food needs of the world’s population. Soil salinization,
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r e pr oduction in any medium, provided the original work is properly cited. For com
articularl y r esulting fr om irrigation and extr eme weather condi-
ions, is expected to increase and thereby continue to threaten
ood security in the futur e, especiall y in lands with arid and semi-
rid climates, wher e ther e is a rising demand for irrigation water
o support a gricultur al pr oduction (Tnay 2019). 

Efforts have been put in place in the last three decades to un-
erstand the mechanisms of salt stress tolerance in plants, es-
ecially in halophytes (Zhao et al. 2020 ). Se v er al physiological,
etabolic and molecular mechanisms are used by plants to mit-

gate salinity stress, and these can be used to engineer crops with
nhanced salinity tolerance. Ho w ever, crop engineering for salin-
ty tolerance has been slow, expensive and challenging due to the

an y knowledge ga ps r egarding plant r esponses to salinity str ess,
specially at the organelle, transcriptional and expression levels 
Zhao et al. 2020 ). 

In addition to efforts to understand the mechanisms of plant
alinity stress tolerance, dedicated and rigorous efforts have been 

ade to mine the plant microbiome communities and study their
nteractions. Various studies on plant–microbe interactions have 
 e v ealed the functions of endophytes in different plants growing
n different en vironments , including saline , neutral, geothermal,
esert and marine ecosystems (Andreote et al. 2014 , Berg et al.
014 , Zhou et al. 2015 , Berg et al. 2016 , Kaul et al. 2016 , Rho et al.
018 , Verma et al. 2021 ). These micr oor ganisms, especiall y fungi,
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orm symbiotic relationships that confer fitness benefits to plants,
uch as biotic and abiotic str ess toler ance and impr ov ed nutrient
cquisition (Rodriguez and Redman 2008 ). Ho w e v er, the ecological
oles of endophytic fungi are not fully understood (Gonçalves et
l. 2021 ). 

Some benefits conferred by microorganisms are hypothesized
o be related to habitat adaptation (Rodriguez and Redman 2008 ).
or example, inoculation of an Ampelomyces sp. isolated from a
lant growing under drought and poor nutrient conditions into
omato seedlings and grown for 8 days without water resulted
n plant survival in the absence of water. Similarly, inoculation
f P enicillium c hrysogenum isolated fr om a plant gr owing in a
alt-str essed envir onment into tomato seedlings and exposed to
00 mM NaCl resulted in plants that were healthier than uninoc-
lated plants throughout the salinity exposure period (Morsy et
l. 2020 ). 

Ther efor e, collecting nov el fungal endophytes from plants
r owing in extr eme envir onments is of gr eat biotec hnological
 alue for economicall y important cr op plants because of the
 hanging climatic conditions, especiall y in arid and semiarid re-
ions. 

Endophytes fr om extr eme envir onments can confer tolerance
o biotic and abiotic stresses on crop plants (Redman et al. 2011 ,
orsy et al. 2020 , Mutungi et al. 2021 , Moghaddam et al. 2022 ).
 en ya is home to the East African Rift Valley System, which har-
ors se v er al saline alkaline lak es (soda lak es) that ar e c har ac-
erized by saline and alkaline conditions (Sc ha gerl and Renaut
016 ). Studies on fungal populations in these unique ecosystems
n K en ya ar e sparse, and the fe w that hav e been conducted hav e

ainly focused on the diversity of fungi in soil sediments and
 ater (Orw a et al. 2020 ). Ther efor e, the curr ent study focused
n the isolation of fungal endophytes fr om fiv e shrubs collected
long the shores of the soda Lake Magadi in Kenya. The iso-
ated fungal endophytes were assessed for their potential to en-
ance tomato seed germination and impr ov e tomato growth un-
er salinity stress in a greenhouse. 

aterials and methods 

tudy area and sample collection 

he plant samples used in this study were collected from Lake
a gadi, an internall y dr ained saline alkaline lake (Deocampo et

l. 2022 ) in the southern part of the K en yan rift v alley (2 ◦S and
6 ◦E), with an ele v ation of ∼600 m. The lake is the most hy-
ersaline of the East African Rift Valley lakes that were formed
hrough tectonic and volcanic activities. It is situated in a hydro-
ogically closed basin and is characterized by a thick trona deposit
Sc ha gerl and Renault 2016 ). The region is semiarid with temper-
tur es r anging fr om 18 to 35 ◦C. Shrubs gr owing along the shor es
f Lake Magadi were collected in March 2016 and GPS coordinates
ecorded. One set of plant samples was k e pt in plastic resealable
ags in a cool box. Fungal endophytes were isolated from these
lants within 48 h of sample collection. A second set of plants
as wr a pped in ne wspa pers, labeled and pr essed in pieces of car-

on. These plants were submitted for identification by a botanist
t the National Museums of K en ya. 

solation of endophytic fungi 
solation of endophytic fungi follo w ed the pr ocedur e described
y Fouda et al. ( 2015 ), with some modifications. Briefly, the plant
amples wer e separ ated into r oots , stems and lea ves and washed
n running tap water to remove adhering soil and dust particles.
lants were then surface sterilized using 3% sodium hypochlorite
or 3 min follo w ed b y 70% ethanol for 1 min, follo w ed b y se v er al
inses of sterile distilled water. The last rinse water was plated
ut to confirm the sterilization process. Sterilized sections were
sceptically cut into small pieces ∼1-cm long with a sterile surgi-
al blade and placed onto sterile filter paper. The sections were
ir dried under a clean bench for ∼5 min and then they were
laced onto fr eshl y pr epar ed Potato Dextr ose Agar (PDA) medium

HiMedia, India) containing 50 μg/ml stre ptom ycin sulfate and
.25 M NaCl. The plates with plant pieces were then incubated
t 28 ± 2 ◦C for 7–20 days with regular monitoring. Emerging fun-
al colonies were isolated onto fresh PDA media and incubated
nder the same conditions. 

reserv a tion of fungal cultures 

ungal cultures were preserved via agar slants and fungal spores
or short- and long-term pr eserv ation, r espectiv el y. Short-term
r eserv ation follo w ed the pr ocedur e described by Paul et al.
 2015 ), with slight modifications. Slant cultures of pure isolates
rown in PDA and incubated at 28 ◦C for 4 da ys were o verlaid
ith 15% v/v sterile gl ycer ol and stored at 4 ◦C. Fungal spores for

ong-term pr eserv ation wer e collected fr om cultur es gr own in PDA
or 2 weeks and then harvested in sterile 15% dimethyl sulfoxide
DMSO). One milliliter of the spor e-DMSO mixtur e was tr ansferr ed
o a −80 ◦C fr eezer, wher e the temper atur e was decr eased slowl y
nd at a controlled rate from room temperature to −80 ◦C (Dah-
en et al. 1983 ). The percentage of spore germination was calcu-

ated for each fungal culture before preservation, and only those
ith more than 90% spore germination were preserved. 

har acteriza tion of fungal endophytes 

ixty fungal endophytes wer e gr ouped into 18 groups based on
or phological c har acteristics of the gr owing cultur es as displayed

n PDA. These c har acteristics included gr owth r ate, colon y mor-
hology and pigmentation. Re presentati ve isolates from each
or phological gr oup wer e further c har acterized. 

N A extr action, amplifica tion and sequence 

nalysis 

ungal DN A w as extracted using the manual Cetyltrimethylam-
onium bromide (CTAB) extraction method, as described by
mesha et al. ( 2016 ). Pure fungal cultures were inoculated in PDA
nd incubated for 3 to 5 da ys . Growing mycelia were harvested
sing a sterile surgical blade and transferred into a sterile 1.5-ml
ppendorf microcentrifuge tube . T he mycelia were ground with
iquid nitrogen using a micropestle. Lysis buffer (800 μl of 0.1 M
ris-HCL, 50 mM EDTA, 2.5 M NaCl, 3% SDS and 3.5% CTAB) was
dded to the ground mycelia and the mixture was vortexed and
ncubated in a water bath at 65 ◦C for 1 h with occasional shaking.
he contents were centrifuged for 10 min at room temperature

25–27 ◦C). An equal volume of phenol-c hlor oform-isoamyl alcohol
25:24:1) was added to 500 μl of the supernatant and mixed well.
he mixture was centrifuged 10 000 × g for 10 min at room tem-
er atur e, then the supernatant was car efull y collected in a fresh
ube and mixed with an equal volume of c hlor oform-isoamyl al-
ohol (24:1) and 30 μl of sodium acetate . T he mixture was then
entrifuged. An equal volume of ice-cold isopropanol was added,
nd the sample was k e pt at −20 ◦C for 2 h. The DN A w as pel-
eted by centrifugation for 15 min at 13 000 × g at room tem-
er atur e. P elleted DN A w as w ashed with 800 μl of 70% ethanol
nd air dried before dissolving in TE buffer (10 mM Tris-HCl PH
, 1 mM EDTA). The purity of the DN A w as c hec ked by 0.8%
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a gar ose gel electr ophor esis . T he internal tr anscribed r egion (ITS1,
5.8S ITS2) of the ribosomal DN A w as amplified b y PCR using the 
primer set ITS1 (5 ′ -TCCGTA GGTGAA CCTGCGG-3 ′ ) and ITS4 (5 ′ - 
TCCTCCGCTT A TTGA TGA TGC-3 ′ ) (White et al. 1990 ). PCR was per- 
formed in a 50- μl reaction volume under the following conditions: 
95 ◦C for 5 min for the initial denaturation and enzyme activation 

follo w ed b y 35 c ycles of denaturation at 95 ◦C for 30 s, annealing 
at 55 ◦C for 1 min, elongation at 72 ◦C for 1 min, then a final elonga- 
tion at 72 ◦C for 10 min. The PCR product was visualized under UV 

light on a 1.5% a gar ose gel stained with ethidium bromide . T hirty 
microliters of amplicons were submitted to macrogen-Europe for 
bidirectional sequencing. 

Sequence assembly and phylogenetic analysis 

The resulting sequences were trimmed and edited using Chromas 
version 2.6.6 ( www.technelysium.com.au/ wp/ chromas ). Chro- 
matogr am vie wing and editing, sequence assembl y, ambiguity 
corr ection and double-pic k m utation detection wer e performed 

using DNABaser version 4 (www. DNABaser.com). The resulting 
consensus sequences were matched to highly similar sequences 
in the National Institute for Biotechnology Information (NCBI) 
database using the Basic Local Alignment Search Tool (BLASTn) 
to infer evolutionary relationships . T he MEGA11 (Molecular Evo- 
lutionary Genetic Analysis) program was used for phylogenetic 
anal ysis (Tam ur a et al. 2021 ). Sequences wer e aligned according 
to inferr ed e volutionary history using the maximum likelihood 

method with a bootstr a p consensus of 1000 replicates. Evolution- 
ary distance was inferred using the Tamura–Nei method (Tamura 
and Nei 1993 ), which considers the number of base substitutions 
per site and eliminates all positions with gaps and missing data. 

Determination of the enzyme activities 

Amylase activity 

Amylase production of the isolates was screened using the plate 
cultur e tec hnique as described by Sunitha et al. ( 2012 ), with slight 
modifications. Glucose yeast extract peptone agar (1 g/l glucose,
0.1 g/l yeast extract, 0.5 g/l peptone, 16 g/l agar) supplemented 

with 2% soluble starch and 50 μg/ml stre ptom ycin was used to 
screen the isolates. First, an agar plug from a sporulating fungal 
plate was placed at the center of a glucose yeast extract peptone 
agar plate, and then the plate was incubated at 28 ◦C for 3 days.
Amylase production was detected by flooding the plates with Lu- 
gol’s iodine solution (1 g of iodine crystals and 2 g of potassium 

iodide dissolved in 100 ml of distilled water). A clear zone around 

a fungal colony indicates amylase production. 

Cellulase activity 

Celluase production was tested by growing the isolates on yeast 
extr act peptone a gar supplemented with 0.5% carboxymethyl cel- 
lulose, as described by Carrasco et al. ( 2016 ). An agar plug from a 
sporulating fungal plate was placed at the center of a fr eshl y pr e- 
pared plate containing yeast extract peptone agar. The plate was 
incubated for 3 days at 28 ◦C, and then it was flooded with 0.2% 

Congo red and destained with 1 M NaCl. The de v elopment of a 
y ello w ring around a fungal colony indicated the production of 
cellulases. 

Protease activity 

Pr otease pr oduction was tested on fungal cultur es inoculated on 

yeast extract peptone agar supplemented with 0.4% gelatin at 
pH 6 (Sharma et al. 2015 ). The plate was incubated at 28 ◦C for 
3 days and then flooded with saturated aqueous ammonium sul- 
ate, whic h was pr epar ed by dissolving 541.8 g in one liter of dis-
illed water (4.1 M) at 25 ◦C. Clear zones around the colonies indi-
ated protease activity. 

hospha te solubiliza tion 

he ability of pure cultures of fungi to solubilize phosphate was
ested in Piko vska ya agar (Hi Media, India) supplemented with
.3% tricalcium phosphate . T he sterilized medium was poured
nto 9-mm plastic Petri dishes and left to cool. Fungal mycelial
lugs from actively growing cultures were placed onto the agar 
edium and incubated for 5–8 da ys . Clear zones around the fun-

al colonies indicate phosphate solubilization (Bilal et al. 2018 ). 

ungal growth at increasing sodium chloride 

oncentr a tions 

he ability of fungal isolates to grow at increasing concentra-
ions of sodium chloride was tested by growing them in plates
f fresh PDA medium supplemented with 0 mM, 0.5 mM, 1 M
nd 1.5 M sodium chloride. An agar plug from a sporulating plate
as placed at the center of plates containing the different sodium
 hloride concentr ations . T hr ee r eplicate plates per NaCl concen-
r ation wer e incubated for 14 da ys , and the r adial gr owth of eac h
ulture was measured. 

eed inoculation and assessment of endophytic 

ompetence of the isolates 

ungal cultures 
our fungal isolates were selected for further in vitro experiments.
eeds were inoculated following the pr ocedur e described by Jaber
 2018 ). Fungal cultur es wer e gr own on PDA supplemented with
0 μg/ml stre ptom ycin sulfate and incubated until sporulation
18–20 days). Each sporulating fungal culture was flooded with 

3 ml of sterile distilled water containing 1% Tween 80, and the
onidia were harvested by gently scraping the surface using a ster-
le glass rod. The conidial suspension was then gently vortexed,
nd the conidial concentration was determined using a Neubauer 
emocytometer (Electron Microscopy Sciences). Conidial viability 
 as tested b y plating 100 μl of spore suspension on a fresh PDA
late . A sterile co verslip was placed on top of the media and the
late was incubated for 24 h. Conidia with germ tubes longer than
he length of the conidia were considered germinated. Only sus-
ensions with more than 90% spore germination were considered 

or the experiment (Jaber 2018 ). Two concentrations of 10 6 and 10 8 

onidia/ml were used to inoculate seeds to determine the endo-
hytic competence of the isolates in tomato seedlings. 

etermination of the endophytic competence of 
ungal isolates 

eed inoculation 

olanum lycopersicum variety Cal J seeds were surface sterilized by
ashing them first in tap water followed by a 2-min wash in 3%

odium hypochlorite, follo w ed b y 2 min in 70% ethanol, then three
inses in sterile distilled water. The final rinse water was plated on
DA to confirm the effectiveness of surface sterilization (Muvea et
l. 2014 ). Sterilized seeds were then air dried for 30 min on sterile
lter paper and soaked in either 10 6 or 10 8 conidia/ml of each iso-

ate ov ernight. Contr ol seeds wer e soaked in sterile distilled water
ontaining 1% Tween 80. Inoculated seeds were air dried for 30
in before being transferred to plastic pots containing sterile ver-
iculite moistened with half-str ength Hoa gland’s solution. Thr ee

eeds w ere so wn in each pot, and the pots wer e tr ansferr ed to a

http://www.technelysium.com.au/wp/chromas
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r owth c hamber set at 27 ± 2 ◦C at a 12 h: 12 h light–dark cycle . T he
ots were arranged in a completely randomized block design with
our replicates per treatment. Sterilized half-strength Hoagland’s
olution was added as necessary. 

ssessment of endophyte colonization 

wenty-one days after germination, the seedlings wer e gentl y up-
 ooted fr om the pots. Seedlings w ere w ashed in running tap w ater
o r emov e an y v ermiculite adhering to the r oots, and then eac h
eedling was divided into roots, stems and lea ves . Each of these
lant parts was surface sterilized as described abo ve . Six pieces
f each plant part per conidial concentration per seedling were
ut into ∼1-cm-long pieces using a sterile surgical blade under a
aminar flow hood. The pieces were plated onto PDA plates sup-
lemented with 50 μg/ml stre ptom ycin sulfate and incubated in
he dark at 25 ± 2 ◦C for 14 da ys . T he growing fungal cultures were
tained with lactophenol cotton blue stain. The morphological
 har acteristics of the seedling-derived cultures were compared
ith those of the original isolates (Muvea et al. 2014 ). 

ffect of endophytic fungi on germination of 
omato seeds under salinity stress 

he conidial concentration of 10 8 conidia/ml gave a higher endo-
hyte r ecov ery r ate than 10 6 conia/ml and was ther efor e c hosen
or use in greenhouse experiments. Procedures for seed steriliza-
ion and colonization were performed as described abo ve . Colo-
ized seeds wer e tr ansferr ed to 9-mm diameter Petri dishes con-
aining sterile water agar supplemented with 0, 50, 75, 100 and
25 mM sodium chloride . T he seeds were incubated in the dark
or up to 10 days while c hec king dail y for germination. Two plates
ere set per isolate per salinity concentration and non-inoculated

eeds served as controls. 

ffect of endophytic fungi on tomato seedlings 

nder salinity stress in a greenhouse 

olanum lycopersicum variety Cal J seeds were surface sterilized as
escribed above and soaked overnight in 10 8 conidia/ml of each
ungal isolate. Inoculated seeds were air dried on sterile filter pa-
er under sterile conditions for 2 h befor e tr ansferring them to 1%
terile water agar plates to avoid additional handling of seedlings
n the course of the experiment. The seeds were germinated by
ncubating them in the dark at 25 ± 2 ◦C for 4 da ys , and then the
erminated seeds were transferred to plastic pots (15 × 17 cm)
ontaining a 5:1 mixture of sterilized forest soil and cattle ma-
ur e, r espectiv el y. Befor e potting, the soil and cattle manure mix-
ure was sterilized by autoclaving for 40 min at 121 ◦C, left to cool
 vernight, then autocla ved again. Approximately 1 kg of sterile
oil was distributed in each pot, and two germinated seedlings
er isolate were transplanted ∼2-cm deep into the soil. Uninocu-

ated seedlings grown under salinity stress and no salinity stress
erv ed as contr ols . T he seedlings wer e gr own in a greenhouse and
aintained under ambient conditions at 25–28 ◦C, arranged in a

ompletel y r andomized design. The seedlings wer e water ed with
terile tap water as required for 30 days with no additional fertil-
zation, follo w ed b y w atering with sterile tap water supplemented
ith 125 mM NaCl for 28 da ys . T he following six treatments at
0 seedlings per tr eatment wer e compar ed: (i) F04 + 125 mM
aCl; (ii) F05 + 125 mM NaCl; (iii) F18 + 125 mM NaCl; (iv) F21
 125 mM NaCl; (v) non-inoculated seedlings (C + 125 mM NaCl);
nd (vi) non-inoculated (C with no NaCl). After the treatments,
he seedlings were flooded with tap water overnight, uprooted and
ashed under running tap water to r emov e an y adhering soil par-
icles . T he seedlings were then wrapped in a paper to w el to re-
ove excess water . T en seedlings (one from each replicate) were

elected per treatment for measurements of root and shoot wet
nd dry weights. Dry weight was measured by drying the seedlings
n an oven at 68 ◦C for 48 h (Balliu et al. 2015 ). 

Chlor ophyll and car otenoid content wer e measur ed using the
r ocedur e described by Lichtenthaler and Buschmann ( 2001 ).
riefly, 1.5 g of fresh leaves were ground in the dark in 100% ace-
one and centrifuged at 10 000 × g for 10 min. The supernatant
as collected for absorbance measurements using a microplate

pectrophotometer (Versamax). The quantities of the pigments
ere calculated as follows: 

Chlorophyll A: 12.25A 662 –2.79A 647 

Chlorophyll B: 21.50A 647 –5.10A 662 

Total c hlor ophyll: 20.2A 647 –8.02A 662 , 

here A 662 is the absorbance of the solution at 662 nm and A 647

s the absorbance of the solution at 647 nm. 
Hydr ogen per oxide le v els in the leav es wer e measur ed using

he method of Junglee et al. ( 2014 ), with slight modifications.
eav es wer e harv ested fr om tomato seedlings and 500 mg wer e
round in liquid nitrogen using a mortar and pestle. Five milliliters
f 1% TCA (w/v) was added to the ground powder and mixed well.
he homogenate was then centrifuged at 12 000 × g for 15 min at
 

◦C. The supernatant was mixed with 0.5 ml of 10 mM potassium
hosphate buffer (pH 7) and 1 ml of 1 M potassium iodide . T he
bsorbance of the mixture was measured at 390 nm. The mixture
ithout the supernatant served as the control. A standard curve
f hydr ogen per oxide was de v eloped by diluting 57 μl of 30% hy-
r ogen per o xide to 100 μl with distilled water. Ad ditional 10 x dilu-
ions wer e pr epar ed and the absorbances of the various dilutions
nd measured at 390 nm. 

ta tistical anal ysis 

he salinity tolerance of the isolates and seed germination rates
er e anal yzed using one-way ANOVA ( P < 0.05) and means com-
ared using the Student’s Ne wman–K euls test. The effects of the
ndophytes on seedling biomass, c hlor ophyll content and hy-
r ogen per oxide pr oduction wer e determined using the Kruskal–
allis c hi-squar e test. Post hoc analysis was performed using
unn’s test. Data on endophyte colonization and r ecov ery r ates
ere fitted to a generalized linear model with a Poisson distribu-

ion. The analysis was performed using R statistical software ver-
ion 2.15.4. 

esults 

solation and characterization of fungal 
ndophytes 

iv e differ ent shrubs wer e collected fr om the shor es of Lake Ma-
adi and used for the isolation of endophytic fungi. All sampled
lants harbored fungal endophytes. Sixty fungal isolates were pu-
ified from the lea ves , stems and roots of collected shrubs (Ta-
le 1 ). Grouping of the isolates based on the morphological char-
cteristics of their growth on PDA resulted in 18 different groups.
ndigofer a spinosa F orssk generated the highest number of isolates,
hereas Commicarpus gr andiflor as and Lactuca inermis Forssk gen-

rated the least number of isolates. Most of the fungal isolates
er e isolated fr om r oots (48.3%), wher eas stems and leav es pr o-
uced 30% and 21.7%, r espectiv el y. Of the 60 isolates, 25, 30 and
7 wer e positiv e for amylase, pr otease and cellulase pr oduction,
 espectiv el y. Thirty-two isolates solubilized phosphate (Table 1 ).
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Figure 1. Unrooted phylogenetic tree of fungal endophytes depicting the evolutionary history of the isolates using the maximum likelihood method 
with 1000 bootstr a p r eplicates and complete elimination of ga ps and missing data. Phylogenetic anal ysis w as performed in MEGA 11. The per centage 
of trees in which the associated taxa clustered together is shown below the br anc hes. 
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Four isolates were selected for further experiments on the ba- 
sis of the rate of growth, sporulation and production of exoen- 
zymes (data not provided). Two of these isolates, Cephalotrichum 

cylindricum (F04) and Fusarium equiseti (F05), were from the stem 

of Commicarpus gr andiflor as ; and the other two, Fusarium falciforme 
(F18) and Aspergilus puniceus (F21), were from the roots of Indigofera 
spinosa Forssk (Fig. 1 ) . All four isolates were able to grow on all 
tested NaCl concentrations; they were all positive for the produc- 
tion of amylase, cellulase and protease enzymes; and they all sol- 
ubilized phosphate (Table 1 ). 

Molecular identification 

DN A w as extr acted fr om a r epr esentativ e of eac h of the 18 mor-
phological groups, and the ITS rRNA gene of each was sequenced 

for species identification. Analysis of the resulting concensus se- 
quences and comparison with homologous sequences in the NCBI 
enebank database r e v ealed that the genus Fusarium was iso-
ated at the highest frequency and was r epr esented by eight mor-
hogroups; and these isolates represent seven different Fusar- 

um species ( F . equiseti , F . pseudoathophilum , F . longifundum , F . falci-
orme , F. clamidosporum , F. solani and F. ipomea ). These mor phogr oups
 epr esented 28 of the 60 isolates. Species within the genus As-
ergillus were the second most frequently isolated ( A. puniceus and
. terreus ), and these were represented by four mor phogr oups, to
hich 17 of the 60 isolates belonged. One species within the genus
ephalotricum ( C. cylindricum ) was in two mor phogr oups r epr esent-

ng se v en of the 60 isolates . T he other identified gener a ( Sc hizo-
hyllum, Saracladium , Daratomyces and Fungal species) were each 

 epr esented by one mor phogr oup (Fig. 1 ). Ninety-fiv e per cent of
he isolates belonged to phylum Ascomycota and the remaining be-
onged to phylum Basidiomycota , both of which are in the subking-
om Dikarya. Isolates (three of the 60) classified under the phylum
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Figure 2. Fungal endophyte r ecov ery r ate fr om leav es, stems and roots of tomato seedlings inoculated via the seed-soaking method. (A) and (B) show 

endophyte r ecov ery r ates using conidial concentr ations of 106 and 108 Conidia/ml, r espectiv el y. Bars r epr esent standard err or of the mean (SEM). 
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asidiomycota all belonged to one mor phogr oup and to the genus
c hizophyllum . The r est of the isolates belonged to the phylum
scom ycota . BLAST searc h r esults gener ated similarity matc hes
 anging fr om 97% to 100% identity with known species . T he dis-
ribution of the genus in isolation did not show any tissue or plant
pecificity. 

ndophytic competence of the fungal isolates 

wo differ ent concentr ations (10 6 and 10 8 conidia/ml) of the iso-
ates were tested for their endophytic competence in tomato
eedlings grown on sterile vermiculite . T he two conidial concen-
r ations wer e r ecov er ed at significantl y differ ent r ates ( P = 0.0018).
o w e v er, both concentr ations of the four isolates wer e able to col-
nize all the tomato seedling parts (lea ves , stems and roots) within
 weeks (Fig. 2 ). We detected a significant difference in endophytic
erformance ( P < 0.001). Specifically, isolate F21 was re-isolated
t the highest rate at both concentrations. Although the four iso-
ates wer e deriv ed fr om the stem and root, we found no significant
ifference in fungal colonization for the different plant parts ( P =
.2492). No isolates were recovered from the control seedlings that
er e moc k inoculated. 

ffect of salinity on fungal endophytes and seed 

ermination 

alinity significantly affected the radial growth of the isolates
F 15–32 = 169.2, P < 0.001). The isolates significantl y differ ed in
heir le v els of salinity toler ance acr oss the v arious sodium c hlo-
ide concentrations tested ( P < 0.0001) (Fig. 3 A), with isolate F21
howing the lar gest r adial gr owth acr oss all concentr ations. For
xample, at 1.5 M NaCl, the mean r adial gr owth v alues of isolates
18 and F21 were 1.8 ± 0.1 and 2.7 ± 0.2 cm, respectively. Increas-
ng concentrations of sodium chloride significantly reduced the
ermination of seeds (F 24–25 = 80.53, P < 0.0001) (Fig. 3 B). In the
ontr ols, NaCl concentr ations of 75 mM and abov e r esulted in no
ermination. Inoculation of seeds with fungal endophytes signif-
cantly affected germination under salinity stress ( P < 0.0001). In
he presence of endophytes, seeds germinated at 100 mM NaCl,
ith isolate F21 showing the highest number of germinated seeds
t all NaCl concentrations (Fig. 3 B). 

ffect of fungal endophytes on tomato seedlings 

nder NaCl stress 

he effect of fungal endophytes on tomato was tested in seedlings
rown in a greenhouse with sterile soil and a fungal spore concen-
ration of 10 8 conidia/ml. Inoculation of tomato seedlings with the
ungal isolates significantly affected both wet and dry weights ( χ2 

 21.193, df = 5, P = 0.00074) of the seedlings compared with those
f the controls with salt stress. Seed inoculation with isolate F04
esulted in the highest increases in both wet and dry weights com-
ared with those of the controls with salt stress (Fig. 4 ). Growth of
he seedlings symbiotically with fungal endophytes significantly
 P ≤ 0.01) increased the wet and dry weights of both roots and
hoots compared with those of the control plants de pri ved of the
ndophytes and exposed to salinity stress (Fig. 4 ). Isolates F05 and
18 had similar impacts on both root and shoot fresh weights. On
v er a ge, the fr esh weights of the roots and shoots of inoculated
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Figure 3. (A) Mean ( ±SE) radial growth of endophytes on PDA plates (n = 3) supplemented with different concentrations of sodium chloride. (B) Effect 
of fungal endophytes on seed germination following seed soaking with 108 conidia/ml and incubation on PDA plates supplemented with 0 to 125 mM 

NaCl concentrations (n = 30). 
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seedlings were 34% and 56% higher, respectively, than those of the 
control plants. 

Except for isolate F18, the symbiotic association of the iso- 
lates with tomato seedlings positiv el y affected the biosynthesis 
of photosynthetic pigments (Fig. 5 ). Specifically, inoculation of the 
seedlings with fungal endophytes enhanced the content of c hlor o- 
phyll a ( P < 0.0001), c hlor ophyll b ( P < 0.001) and total c hlor o- 
phyll ( P < 0.0001) compared with the controls. Plants inoculated 

with isolates F05 and F21 sho w ed a higher percentage increase of 
c hlor ophyll b than c hlor ophyll a under salinity stress. 

The endophytes significantly ( χ2 = 35.364, df = 5, P = 0.0001) 
reduced the quantity of hydrogen peroxide produced by the 
seedlings under salinity stress compared with that of the controls 
(Fig. 6 ). Seedlings inoculated with isolate F18 exhibited the lo w est 
tolerance to salinity stress in terms of hydr ogen per oxide pr oduc- 
tion, whereas those inoculated with isolate F04 sho w ed the best 
performance of the four isolates in reducing hydrogen peroxide.
Isolates F05 and F21 did not differ significantly ( P ≤ 0.05) in their 
performance. Salinity increased the amount of hydrogen peroxide 
produced in the uninoculated control plants. 

Discussion 

Lake Magadi is an alkaline saline lake situated in a semiarid 

region in the southern part of the K en yan rift v alley. It is fed 

by ephemer al str eams and has no outlet. Human activities, cli- 
mate, geology, altitude and soil type shape and control the vege- 
tation, soil macr ocomm unities and micr ocomm unities and habi- 
tats along the Magadi Natron basin (Muiruri et al. 2021 ). The re- 
gion’s climate is c hanging fr om dry to e v en gr eater aridity, whic h,
coupled with high e v a potr anspir ation r ates, cr eates high pH and 

alkalinity (Owen et al. 2019 ). These changes in environmental con- 
ditions have shaped the plant and microbial communities along 
the lake ecosystem to those more adapted to saline and alkaline 
conditions . T his phenomenon has been noted by Maciá-Vicente 
et al. (2012) , who reported a variable shift in endophytic and rhi- 
zosphere fungal communities along a spatially short salinity gra- 
dient in which halophytes harbor an endophytic assemblage of 
saline-adapted fungi. 

Habitat-ada pted micr oor ganisms hav e been used to enable 
plants to adapt to biotic and abiotic str esses, enhance gr owth and 
ncr ease r epr oductiv e success; some plants are unable to survive
n their habitats without fungal symbiosis (Redman et al. 2002 ,
ouzouina et al. 2021 , Moghaddam et al. 2022 ). Our results are
onsistent with these findings. Specifically, we showed that se- 
ected endophytic isolates can tolerate and grow in salinity con-
entrations of up to 1.5 M NaCl. Moreover, our results complement
he growing body of knowledge on the importance of micr oor gan-
sms symbiotic to plants in stress environments and their appli-
ations in crop plants. Isolation and utilization of these habitat-
da pted micr oor ganisms in a gricultur al systems offer an impor-
ant, c hea per and more reliable solution than plant breeding, es-
ecially in saline soils. 

We were able to isolate re presentati ves of only two fungal
hyla, Ascomycetes and Basidiomycetes , with a bias to w ar d the for-
er. Fungal endophyte comm unities ar e sha ped by v arious fac-

ors, including host genotype, nutrient status around the plant 
nd other environmental factors, although the plant is lar gel y
 esponsible for sha ping the association (Bulgar elli et al. 2012 ,

ehner et al. 2014 , Cheng et al. 2019 ). Certain fungal phyla have
een mor e fr equentl y found as endophytes and in the soil rhi-
osphere than others, especially in abiotically stressed environ- 
ents (Maciá-Vicente et al. 2012 , Hamzah et al. 2018 , Zhou et al.

018 , Khalil et al. 2021 , Sahoo et al. 2021 ). The ubiquity of As-
omycetes in soil can probably explain their abundance as endo-
hytes. 

In the current study, 46% (28) of the isolates were classified
s Fusarium , based on the DNA internal transcribed spacer gene
egion. Fusarium species include both pathogenic and beneficial 
lant endophytes, and they are ubiquitous and economically im- 
ortant fungi that can cause diseases in plants . T hey can also pro-
uce m ycoto xins that are passed on to animals when the y feed on
ontaminated plants; and they can act as pathogens to humans (Ji
t al. 2019 , Srinivas et al. 2019 ). Ho w e v er, Fusarium endophytes in
lants have been shown to lose their pathogenicity under stress
onditions, and thus they become beneficial to the plant by in-
ucing resistance to stress and enhancing growth (Pappas et al.
018 , Ogbe et al. 2023 ). This c har acteristic can be a k e y reason
hy plants symbiotically associate with Fusarium species. 
Aspergillus was the second most fr equentl y isolated genus of

ungal endophytes in our study (17 isolates classified as either A.
erreus or A. puniceus ). The genus Aspergillus is a fr equentl y isolated
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Figure 4. Violin plot r epr esenting the effect of different fungal endophytes on seedling growth in terms of root fresh weight (A), root dry weight (B), 
shoot fresh weight (C) and shoot dry weight (D) after exposure of seedlings to salinity stress for 21 da ys . CS, uninoculated control seedlings exposed to 
salinity stress. C, uninoculated seedlings without exposur e to salinity str ess. Tr eatments with differ ent letters ar e significantl y differ ent fr om eac h 
other (ANOVA test follo w ed b y Student Ne wman–K euls test, P = 0.05). 
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ndophyte, as it is capable of growing in vital n utrient-de pleted
n vironments , including within plants growing in extreme envi-
onments (Kim et al. 2014 , Sahoo et al. 2021 ). They have also been
ound to produce highly diverse secondary metabolites with vari-
us potential industrial applications (El-Hawary et al. 2020 ). They
ave been implicated in the production of endogenous plant hor-
ones, amino acids and other soluble organic acids that help the

lant mitigate stress and enhance growth (Waqas et al. 2015 ). 
Establishing endophytism in non-host plants is especially im-

ortant for beneficial endophytes, because they offer the possi-
ility of conferring similar benefits to crop plants. In this study,
e tested the ability of four selected endophytic fungi to com-
etently colonize tomato plants growing in sterile vermiculite by
eed inoculation using two different fungal spore concentrations.
ll isolates colonized tomato at both concentrations but differed

n individual fungal performance and plant part. Similar results
ere obtained by Akutse et al. (2013) , as well as Jaber and Enkerli

 2016 ), who r eported differ ences in colonization r ates for differ-
nt plant parts. Other studies have also inoculated seeds with a
onidial concentration of 10 8 conidia/ml, resulting in successful
ost-inoculation r ecov ery of the endophytes fr om all plant parts
nd effective performance on the test variable (Mutune et al. 2016 ,
aber 2018 ). Se v er al factors contribute to successful endophyte es-
ablishment in non-host plants, including the concentration of in-
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Figure 5. Effect of endophytic fungi on c hlor ophyll a (A), c hlor ophyll b (B) and total c hlor ophyll (C) content measured from fresh weight (FW) of the 
leaves of tomato seedlings exposed to 125 mM NaCl for 28 days. The same letter indicates no significant difference in chlorophyll concentration. S + F-, 
uninoculated control seedlings exposed to salinity stress. Control refers to uninoculated seedlings with no exposure to salinity stress. 

Figure 6. Effect of fungal endophytes on hydrogen peroxide production (mmole/g Fresh weight (FW)) by tomato seedlings exposed to 125 mM NaCl for 
28 da ys . Isolates follo w ed b y the same letter indicate no significant differ ence in hydr ogen per oxide pr oduction. S + F-, uninoculated control seedlings 
exposed to salinity stress. C, uninoculated seedlings without exposure to salinity stress. 
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culum used, medium used (sterile or non-sterile) and method of
noculation (Bamisile et al. 2018 ). Using seed soaking and sterile
ermiculite in our study, the concentration of conidia used corre-
ated with the r ecov ery r ates, whic h is consistent with the results
f other studies (Ownley et al. 2008 ). 

Salinity stress in plants can be a lethal factor that limits the
ormal functioning of plants and e v entuall y affects growth and
r oductivity. At ele v ated salinity le v els, all gr owth sta ges (seed
ermination, seedling, v egetativ e gr owth and maturity), as well as
he quality of the seeds/fruits, are negatively affected (Jafarzadeh
nd Aliasgharzad 2007 , Yao et al. 2022 ). Germination and seedling
stablishment are the most crucial stages in the plant life cycle.
igh salinity stress negatively affects the germination of seeds as

t creates low water potential that disrupts cellular homeostasis
nd increases the production of reactive oxygen species (ROS), re-
ulting in o xidati v e str ess that tends to pr olong the seed germina-
ion period and lo w er the germination rate (Zhang and Mu 2009 ,
ehnavi et al. 2020 ). 
Under salinity stress conditions, fungal endophytes produce os-

olytes and other stress response mechanisms that ameliorate
he effects of salinity (Niu et al. 2022 ). We speculate that such

ec hanisms wer e r esponsible for the enhanced germination of
noculated seeds growing at sodium chloride concentrations of
0, 75 and 100 mM. Although few studies have focused on the use
f endophytes to impr ov e seed germination under salinity stress,
e v er al studies hav e indicated that endophytes can be beneficial
o seedling growth under salinity stress (J oga wat et al. 2016 , Ku-

ar and Verma 2018 , Molina-Montenegro et al. 2020 , Verma et
l. 2021 ). More studies on these positive effects of endophytes on
eed germination, at the molecular and physiological le v els, ar e
ssential to aid in the de v elopment of str ategies to mitigate the
mpacts of climate change on food crops. 

Salinity stress inhibits plant growth and de v elopment by de-
r easing c hlor ophyll pr oduction and accum ulating ROS. The de-
elopment of osmotic stress resulting from the accumulation
f Na + in the cytosol under saline conditions leads to stomatal
losure and the suppression of enzymes involved in chlorophyll
ynthesis, whic h r educes photosynthesis and nutrient absor p-
ion (Zhao et al. 2020 ). Tomato is moder atel y sensitiv e to salinity;
hus, under highly saline conditions, the amount of c hlor ophyll
n leaves decreases, eventually leading to decreases in fruit yield,
eight and quality (Ebrahim and Saleem 2017 ). In our experiment,
e used a commercial cultivar, Cal J variety, locally known as Ka-
ongo, which is popular in Kenya due to its high market value

nd long shelf life (Geoffrey et al. 2014 ). This variety was neg-
tiv el y affected at 125 mM NaCl, which markedly reduced leaf
 hlor ophyll content and increased levels of hydrogen peroxide
ompared with those of control seedlings without NaCl. This re-
uction in c hlor ophyll could be associated with the plants’ inabil-

ty to manage ion toxicity caused by increased Na + and Cl − ions
n the plant tissues.(Zhang and Mu 2009 ). Hydr ogen per oxide is a
OS and a signaling molecule generated by plants in response to
tress conditions (Zhu et al. 2016 ). Elevated levels of hydrogen per-
xide damage cellular metabolites oxidativ el y, whic h affects plant
rowth (Hossain et al. 2015 ). Symbiotic association with endo-
hytic fungi significantly ( P < 0.001) reduced the amount of hydro-
en peroxide produced by the plants, increased their chlorophyll
ontent and increased their dry weight compared with uninocu-
ated control plants exposed to sodium chloride . T hese results in-
icate the endophytes-enhanced sodium chloride tolerance of the
eedlings. We speculate the endophytic fungi in the tomato seeds
nd seedlings helped maintain the ionic balance in the plant cy-
osol, ther eby pr e v enting accum ulation of toxic Na + ions while
nhancing photosynthesis in the seedlings under sodium chlo-
ide stress. Ionic homeostasis in plants, reduced ROS production
nd concomitant increases in shoot and root weight have been
eported in several studies as mechanisms by which fungal endo-
hytes alleviate salt stress (Bouzouina et al. 2021 , Ali et al. 2022 ). 

Fungal endophytes are prolific producers of extracellular en-
ymes and secondary metabolites (Debbab et al. 2013 ), which are
mportant in the selection of beneficial micr oor ganisms for use in
 gricultur al pr oduction. Our experiment used four fungal endo-
hytes that were selected based on their abilities to produce the
xoenzymes amylase, protease and cellulases and to solubilize in-
rganic phosphorus. Of the 60 fungal isolates obtained, 62% sol-
bilized inorganic phosphate, a finding that a gr ees with those of
gbe et al. ( 2023 ). Phosphorus is the second most important plant
utrient after nitrogen (Radhakrishnan et al. 2015 ). Although it is
resent at high concentrations in soil, plants are often starved for
hosphorus because it occurs in a form that they cannot absorb

Castrillo et al. 2017 ). In soils with high salinity and pH, phospho-
us forms stable complexes with other ions and becomes unavail-
ble to plants (Penn and Camberato 2019 , Xie et al. 2022 ). It has
een suggested that to increase plant productivity, plants grow-

ng in such soils can select and symbiotically associate with mi-
r oor ganisms that help them alleviate environmental challenges
uch as nutrient deficiency (Bulgarelli et al. 2013 ). T herefore , the
bility of a large number of our isolates to solubilize phosphate
ay be the result of the plant’s natural selection during plant–
icr obiome e volution. 
All endophytic isolates were able to colonize tomato seedlings

hat germinated from seeds inoculated via the seed-soaking
ethod. Seed germination of inoculated seedlings was positiv el y

ffected. Mor eov er, seedling shoot and root weight, and c hlor o-
hyll content increased, while hydrogen peroxide production de-
reased under salinity stress in the presence of the endophytes. Of
he four isolates tested, isolate F21 ( A. puniceus ) exerted the great-
st effect, and ther efor e, this isolate has the most potential for use
n the de v elopment of a less expensiv e a ppr oac h to climate r e-
ilient a gricultur e, especiall y in arid and semiarid r egions wher e
r ops ar e exposed to se v er al biotic and abiotic str esses. Further
tudies are, ho w ever, necessary to understand the interactions be-
ween these endophytes and crop plants in the presence of other
atur all y existing soil microbiota under salinity stress . T he ap-
licability of seed inoculation under field conditions should also
e studied. We conclude that endophytic fungi from shrubs along
he shores of saline alkaline lakes are potentially beneficial mi-
r oor ganisms that can be harnessed for sustainable a gricultur al
roduction. 
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