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15
16 ABSTRACT

The effects of two nitrogen levels and AM Fungi inoculation on nutrient assimilation and

some biochemical compounds of two Zea mays varieties were studied. Plants varieties
(CMS8704 and POPG66RS) were grown in pots with two nitrogen levels and AM fungi
inoculation for 82 days. Plants grown under Low N condition showed significant reduction in
biomass production, N and P uptake. POP66RS cultivar proved to be more efficient than
CMS8704 under nitrogen deficiency environment, which was reflected by increased
chlorophyll rate and carbohydrates content. However, under AM fungi CMS8704 variety
show better performance than POP66RS variety. Significant increase in plant dry weights, P
and N uptake were recorded following AM inoculation. AM fungi positively influences
phenolic compounds while it decreases the soluble carbohydrates and total chlorophyll
under low and high N, for the two cultivars. Evaluating such parameters in plant during it

growth in fill could be further exploited for maize selection.

17 Keywords: Nitrogen, Maize varieties, mycorrhizal fungi, Chlorophyll, Phosphorus

18 Carbohydrates and Phenol compounds.

19 1. INTRODUCTION
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Maize (Zea mays L.) is the most important crops in the world after wheat and rice [1]. It is a
major item in the diet of many tropical people. In Cameroon, this plant can grow in all the five
local ecological zones and is now a cash crop for many farmers [2]. Local demand of maize
continuously increases in Cameroon due to the exponential growth of the population and
exacerbated by the high demand of feed industry and breweries [1].

The production of this cereal which is dominated by small holder farmers, who always used
traditional manual methods generally is fought with drudgery and a lot of problems such as pest
and diseases in a contex of the absence of resistant or tolerant local maize varieties. In fact,
pest and diseases are important natural factors limiting the production of maize in several
cases, accounts for 100% losses [1]. with-simple-low-input-technology,—resulting-inlow-land
and-labourproductivity[3]. Those constraints are highlighted in many local regions by differents
factors, including erosion, low pH with salt toxicity, loss of soil biodiversity, high phosphorus
fixation and N depletion policy [4,5]. Such conditions generally lead to bad feeding of plant and
low yield. Nitrogen is one of the few nutrients in terrestrial ecosystems that may limit plants
growth [6]. It is necessary for many functions in plant such as chlorophyll, proteins and amino
acids synthesis [7]. Nitrogen (N) plays a vital role in the development of crop yield and quality. It
is a mobile element in the soil and hence under humid conditions is subjected to

leach.indi

deficiency results in accumulation of carbohydrates (sugars and starch) in the leaves, higher
levels of carbon allocated to the roots and an increase in root to shoot biomass ratio [9,10,11]. N
deficiency therefore affects, to various extents, primary photosynthesis, amino acid and sugar
i [12,13,10].

Nitrogen excess does not increase yield or vegetative growth [14], but negatively affects fruit

metabolism.a

quality or it derived products [15]. In current horticultural practice, N is often applied in higher
amounts needed to ensure a good productivity [16]. N fertiliser recommendations are

traditionally based on soil N status and to a lesser extent on foliar analysis [17]. A+ratienalizatien

The availability of nitrogen is directly affectedy Isoil pH. In acid soils, as those
encountered in tropical zones, the activity ofdfemal microorganisms (Bacteria) that
decompose soil organic matter are seriuosly himtdeféis prevents organic matter
from breaking down, resulting in an accumulationoajanic matter and the tie up of
nutrients, particularly nitrogen, that are heldhe organic matter. These process lead to
the limitation of the availability of nitrogen tbe plant root system an thus to the plant
growth. Under N stress, triggered by its immobiii@a in organic and inorganic matter,
the plants have developed strategies to increase dapacity for N mobilization. One

strategy is the symbiotic association with arbuscoiycorrhizal (AM) fungi[18,19.

It is recognized that ecosystem functioning could be regulated by groups of soil microbes with

special functional importances including mycorrhizal fungi [19]. AM fungi are soil fungi,
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developing symbiotic association with most terrestrial plants under low and high nitrogen
conditions. The symbiosis is often mutualistic based largely on exchange of C from the plant
and P delivered by the fungi [20]. Despite their implication in phosphorus fertilisation of plant,
AM fungi can mediate more than 50% of plant nitrogen uptake [21,22], modify phenolic
compounds metabolism [23,24,25], proteins metabolism [26] and amino acids pathway [27].
Therefore, AM fungi hyphae may contribute substantially to plant adaptation on N poor soil.
Plant phenolics and carbohydrates have received considerable attention in relation to plant
stress resistance. In fact, the metabolic pathways of these substances are interconnected.
Phenolic pathways use products of carbohydrate metabolism as their precursors [28]. Phenolic
compounds are increased in response to adverse environmental conditions, which play an
important role in regulation of biochemical, physiological and molecular responses in plants [29].
These include effects on nitrogen assimilation, ion uptake, enzyme regulation, membrane
organization, photosynthetic carbon dioxide assimilation and nutrient deficiency in plants
[30,31,32,33]. Levels of some compounds related to secondary metabolism show a sensitive
response to nutrient deficiency in plants [34,35]. Provision of nitrogen (N), either from organic or
mineral fertilizers, has far-reaching consequences on the performance of plants at the
biochemical, ecophysiological and ecosystem levels [36]. Since the reaction under stressed
condition and the mycorrhizae forming capability depend upon host plant genotype, this study
was therefore undertaken to examine the response of AM fungi on the growth of two Zea mays
varieties under two nitrogen levels as well as the biosynthesis of some biochemical marquers
involved in plant nutrient stress adaptation.

2. MATERIAL AND METHODS

2.1 Seed material, AM inoculums and N fertilizer.

Seeds of two maize genotypes (CMS8704 and POP66-SR) and a mixture of three AM fungi
strains (Acaulospora tuberculata, Gigaspora margarita, Glomus intraradices) were obtained
from the Maize Breeding Program at the Regional Biocontrol and Applied Microbiology
Laboratory of the National Institute of Agricultural Research for Development (IARD),
Cameroon. These varieties were selected according to their nitrogen tolerance to poor nitrogen
substrate: POP66SR had the highest N assimilation rate while CMS8704 had the lowest. The
AM mixture were authenticated on many local grown plants as maize, cowpea, beans and
groundnut. Two N rates (20N and 100N) were prepared from urea source, corresponding to 20
kg N ha™® and 100 kg N ha™ respectively. This consisted of adding 0.049 g and 0.246 g per
plastic bag for the 20 N and 100 N respectively.

2.2 Substrate preparation, plant culture and treatment.

The experimental substrate was neutral Sand (pH 6.8) collected from Wouri River in Cameroon.
The se collected Sand was, sieved at 2 mm and abundantly washed with distilled water to
removed organic residual matter. The substrate was then used to fill experimental pot of three

liters.
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Seeds were sterilized by immersion in 5 % sodium hypochlorite for 10 min, rinsed four times
with distilled water and kept for germination on wet filter paper in Petri dishes at 25T for 72h.
After the germination process, the seed were transplanted into plastic pots. Prior to the
transplantation, AM fungi pots were inoculated with 200g Acaulospora tuberculata, Gigaspora
margarita and Glomus intraradices (1-1-1) mixture containing approximately 100 spores per
types. Non AM pots received the same quantity of autoclaved inoculums. The inoculums were

placed adjacent to each seeding root.
2.3 Experimental design

The experiment took place at the National Institute of Agricultural Research for Development
(ILA.R.D.) under control conditions. The experimental design was a randomized complete block
with 3 factors 5 treatments and 5 replicates. The first factor was N application with two levels
equivalent to 20N= 20 kg N ha™ and 100N= 100 kg N ha™. The second factor was two maize
varieties POP66SR and CMS8704. The third factor was AM fungi application: AM fungi
inoculation (M) and none AM fungi inoculation (NM). Plants were daily watered with distilled
water. In addition, each treatment received Rorison’s solution without nitrogen to supply nutrient
deficiency.Rorison’s solution is composed with 1.5 KH,PO, 3H,0; 1.2 MgSO, 7H,0; 1.2 Fe-
EDTA; 0.11 Mn SO, 4H,0; 0.019 CuSQO, 5H,0; 0.02 Zn SO, 7H,0; 0.14 H3;BO;. 0.1 MoNa,O,

and 0.375 CaS0O, g.I". Plants were harvested 82 days after planting for sampling analyses.
2.4 Plant analyses

Seventy five days after planting, total chlorophyll (%) was evaluated in situ in the third leaf of
each plant, by using chlorophyll meter (SPAD-502). Shoots and roots of each plant were
weighed separately. One g of fine root was used for evaluation of AM fungi colonization [39].
Remaining roots, together with the shoots were dried at 60C for 72 h. The whole plant was
crushed and sub-samples used for the determination of P and N concentration. Sub-samples of
plant powder were digested with concentrated sulphuric acid at 480°C and analyzed for N and P
content. Analysis of P-uptake was done using the ammonium-molybdate blue method described

by [40]while N content was done using method described by [41].
2.4.1 Determination of carbohydrates.

One gram of fresh materiel was crushed and extracted in 5 ml of 80% ethanol. [42] and titrated
using the anthrone method of [43]. Pure analytical grade glucose (1mg/ml) was used as
standard.

2.4.2 Determination of total soluble phenol compounds

Total phenols were extracted according to the describe method of [44]. Half g (0.5 g) of plants
powder was ground and mixed with 25 ml of 70% methanol at room temperature for 45 min. The

methanolic extract was filtered with Whatman n°l pa per and the methanol was evaporated at
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40T under vacuum using a rotary evaporator. The aqueous phase obtained was adjusted
tewith 25 ml sterile distilled water, and depigmented by adding 12.5 ml of 40% ammonium
sulphate [(NH,)>SO4], 0.35 ml of 80% orthophosphoric acid and 25 ml of petroleum ether. The
ether phases were discarded and the aqueous phases were extracted four times with 25 ml
ethyl acetate. The aqueous phases were discarded and the organic phases of the same sample
were combined, dried by addition of five g of magnesium sulphate (MgSO,) and filtered after 5
min with Whatman n°L paper. The salt residue was di scarded and the clear organic phase was
dried at 40C under vacuum using a rotary evaporator. Total phenol content was determined
according to protocols established by [45]. Total phenol content was expressed in mg of

chlorogenic acid per gram of plants.

2.5 Data analysis

The data were subjected to analysis of variance (ANOVA) using Statistical Analysis System
Software (SAS) version 9.1. The statistical significance of the results was determined by
performing Turkey's test at P< .05. Pearson’s correlation was used to establish the relationship

between pairs of variables.

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Root colonization and biomass production

Non inoculated maize plants did not show any structure characteristic of AM fungi in roots for
the two cultivars. Colonization rate decreased significantly by increasing N level application. The
colonization rate of POP66SR variety, at 20N and 100N nitrogen levels were 60% and 50%
respectively and those of CMS8704 variety were 66.7% and 56.7% at the two N levels

respectively (Table 1).

Increase N level did not affect significantly Shoot and root dry mater of the two maize varieties
(Table 1). However, AM fungi inoculation significantly improved shoot and root dry matter of the
two maize varieties at each N level. This effect of AM fungi on shoot and root dry matter was

better for the POP66SR variety than the CMS8704 variety at the two N levels (Table 1).

Table 1: Effect of N levels and AMF colonization on root colonization, shoot and root dry matter

(SDM, RDM) of two maize cultivars, 82 days after seedlings.



Parameters Root colonization SDM RDM

20N 100N 20N 100N 20N 100N

NM M NM M NM M NM M NM M NM M
POP66SR | 0.0c  60.02 0.0c  50.00 2.04¢ 3.36c 292« 6.068 1.70cd 2.70c 2.03«d 9.702
CMS8704 0.0c  66.7a 0.0c  56.7> 1.28¢ 42306 1.75de 2384 0.90¢ 5400 1.4cd  41b
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Means within columns followed by same letters are not significantly different at P < 0.05 NM:

none A.M. fungi; M: inoculated with A.M. fungi; POP66SR and CMS8704 maize cultivars; 20N

and 100N: lowest and highest N levels.

3.1.2 Chlorophyll rate, Nitrogen and Phosphorus uptake

Increasing nitrogen level raising chlorophyll content of the CMS8704 variety but causes a
reduction of this content for the variety POP66SR. AM fungi significantly reduced chlorophyll

content for the two maize varieties except for the 100N level of the POP66SR variety (Table 2).

Increase nitrogen level significantly raises P and N concentration of the two maize varieties. AM
fungi inoculation did not influence P and N concentration for the CMS8704 variety however, a
significant increase of P content was observed for the POP66SR variety at the low N level
following AM fungi inoculation. The N content was significantly affected at the two N levels of
the POP66SR variety (Table 2). The lowest P content was recorded for the CMS8704 variety at
the low nitrogen level without AM fungi inoculation, and the highest at the high nitrogen level for
the POP66SR with AM fungi inoculation.The lowest and highest N concentration was recorded
for the CMS8704 variety at the low nitrogen level without AM fungi inoculation and the high

nitrogen level with AM fungi inoculation respectively (Table 2).



177  Table 2: Effect of N levels and AMF inoculation on chlorophyll rate, nitrogen (N) and phosphorus
178 (P) uptake of two maize cultivars, 82 days after seedlings.
Parameters Chlorophyll (%) N(mg/plant) P(mg/plant)
20N 100N 20N 100N 20N 100N
NM M NM M NM M NM M NM M NM M
POP66SR | 28.10a 9.50¢  25.80bc 27.0bc 1,509 2.25bc 2.09¢ 2.60% 3.0¢ 8.38 9.09° 11.862b
CMS8704 18.50¢ 10.86¢ 24.05¢ 19.13¢ 1.37¢ 1.55¢ 2.38va 2752 (.80 1.74de 1.46de 2.21de
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Means within columns followed by same letters are not significantly different at P < 0.05 N.M:

none A.M. fungi; M: inoculated with A.M. fungi; POP66SR and CMS8704 maize cultivars; 20N

and 100N: lowest and highest N levels.

3.1.3 Soluble carbohydrate, and total phenol contents

Total soluble carbohydrates of the two maize varieties leaves were significantly influenced by N
levels application and AM fungi. There were neither varietal nor interaction effects observed in
the study. The accumulation of soluble carbohydrates in our maize varieties was high under low
nitrogen levels (20N) and low under high N level (100N). The same tendency was observed
after AM fungi application (Fig. 1). The lowest sugar concentration was observed for CMS8704
maize variety at the high N level without AM fungi inoculation while the high soluble
carbohydrate concentration was observed for POP66SR at the low N level and the CMS8704 at
the same N level after AM fungi application. AM fungi application tends to increase soluble

sugar concentration in all the varieties with significant effect in the CMS8704 variety (Fig. 1).
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Soluble phenol concentration of the two maize varieties was significantly influenced by N levels.
When nitrogen level increase, the concentration of soluble phenolic decrease simultaneously.
AM fungi application increase significantly the total phenolic concentration of all the two maize
varieties at any nitrogen levels except for the 20N level of the POP66SR variety (Fig. 2). The
lowest phenolic concentration was observed for the CMS8704 variety at the high nitrogen level
(100N) without AM fungi inoculation and the highest at the low level (20N) of the same variety

after AM fungi application (Fig. 2).

3.2 Discussion

The colonization rate declined with increasing N level for the two maize varieties, indicating that
increase N level affect the growth of AM fungi (Table 1). It has been reported that addition of
various N application to soil inhibits hyphal growth with a subsequent decrease in the spread of
mycorrhizal colonization [46]. A number of other workers reported that root colonization
decreases in rich nitrogen soil [47, 48]. Our results further demonstrate that, under reduced N
fertilization (20N), inoculation with AM fungi significantly improved shoot and root dry weight of
the two maize varieties. The best response was observed with the CMS8704 variety (Table 1).
This observation is consistent with many others indicating the promotion of plant growth by AM
fungi under low nutrient availability [49, 50, 51]. We also noted that under high N level (100N),
maize SDM and RDW was significantly increased following AM fungi inoculation, with the best
performance observed for the POP66SR variety (Table 1). It seems possible that genetic factors
related to the maize varieties affect their aptitude to undergoing symbiosis with AM fungi and
subsequently their growth. This contrasted observation go in line with [52] and [46] who

hypothesized that, when plants are grown under optimal conditions growth promotion by AM
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fungi is unlikely, whereas under suboptimal conditions enhanced growth can be achieved.
Besides that, N deficiency suppressed maize shoot growth and dry matter accumulation in both
cultivars (Table 1). Decreased plant biomass production due to N shortage was associated with
reductions in both leaf area [53] and leaf photosynthetic capacity [48].

The findings of this study showed that, nitrogen fertilization significantly influence chlorophyll
content, N and P uptake of the two maize varieties. Increase N level significantly increase
leaves chlorophyll rate of CMS8704 variety while it decreases the rate in POP66SR variety
(Table 2). Inoculation with AM fungi significantly influence leaves chlorophyll rates of the two
maize varieties. Intrinsic genetic factors related to plant maize variety could justify this
observation. It has been shown that the response of leaf photosynthesis is largely dependent on
the leaf N content [53] and that N fertilization significantly affects Chlorophyll concentration of
plants [54, 55, 56]. The N SDM content vary according to N application level for both maize
varieties, with low amount obtain under low N level and the higher under high N level (Table 2).
Shoot N increase is the result of the increase of N level application [53, 57]. A negative
correlation (r2 = -0,89; p = .016) was shown between AM fungi colonization and nitrogen content
for POP66SR variety at 20N rate, however there were no correlation between the two
parameter at 100N level. There was no correlation between the two parameters at the two
nitrogen levels for the CMS8704 variety. This observation, can explain the implication of AM
fungi and plant variety in the adaption of plant to low nutrient environment especially nitrogen.
Decreased plant biomass production due to N shortage was associated with reductions in both
nutrient assimilation [53] and leaf photosynthetic capacity [58]. There is also clear evidence that
N deficiency induces decreased growth due to limitation of N and P nutrition within the whole
plant [59 60, 61].

Different research works have indicated that, AM fungi can substantially enhance the uptake of
different nutrients, especially phosphorous (P) by the host plant through the extension of hyphal

network [21, 62]. It has also been indicated that AM fungi can also influence the uptake of other
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nutrients necessary for plant growth and yield production including N [21, 62]. [22] indicated that

more than 50% of plant N requirement was supplied by mycorrhizal association.

Our investigations also reveal that, N fertilization level has significant effects on carbohydrate
and phenol leaves content. The leaves soluble carbohydrate and phenolic content was higher in
limited N fertilization (20N) than in high N treatment (100N) for the two maize cultivars (Fig. 1).
Many studies showed that under inappropriate growth conditions such as drought, high
salinities, low temperatures [63], nitrogen deficiency [26, 53, 64], there is a large accumulation
of soluble sugars generally interpreted as an adaptive response of plant to such conditions [63].
The findings have also shown the increase of phenylalanine ammonia lyase (PAL) activity in
plant leaf following N depletion resulting to the synthesis and accumulation of phenolic
compound [65]. Probably those two compounds are used by plant to develop adaptation in
environmental stress conditions, as they are higher in CMS8704 variety than POP66SR,
suggesting the best adaptation capacity of POP66SR under low N condition. Inoculation with
AM fungi stimulates the synthesis and accumulation of soluble carbohydrate under the limited N
fertilization with remarkable effect on the CMS8704 variety (Fig.1). Positive significant
correlation was observed between AM fungi colonization and phenolic compounds of the
CMS8704 variety the two nitrogen levels (r2=0,96; P= .002 and r2=0,98; P= .00). This
observation goes in line with other study showing the contribution of AM fungi to plant
adaptation [66]. AM fungi also increase significantly phenol content at the two N levels for the
CMS8704 variety at the two N levels while it affect less the content of this compound for the
other variety. This is an additional argument supporting the high dependency of CMS8704

variety under low N fertilization condition.

4. CONCLUSION

In this study, N deficiency caused a decrease in leaf Chlorophil, N and P content of maize

plants, resulting a lower dry matter accumulation. inversely, this condition resulted in an

increase in sugars and phenols content. These results clarifies properly that micorrhizae can
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increase dry matter, accumulation of sugars, phenols and absorption of N and P in plants under

nitrogen stress. The parameters used in this experiment suggest that CMS8704 variety is more
efficient than POP66SR variety under N deficiency, which are highly AM fungi dependent. The
field experiment has to be investigated, looking for relationship between the results obtain under
controled conditions with natural environment. So that this variety could be proposed to farmers

working under nitrogen poor field.

REFEREHENCES

1. Godwin AA, Djomo-Choumbou RF, Okpachu AS. Evaluating the constraints and
opportunities of maize production in the west region of Cameroon for sustainable development.
J. Sust. Develop. Afri. 2011;13:1520-5509.

2. The C, Calba H, Zonkeng C, Ngonkeu ELM, Adetimirin VO, Mafouasson HA, Meka SS, Hors
WJT. Responses of maize grain yield to changes in acid soil characteristics after soil
amendments. Plant Soil. 2006;284:45-57.

3. FAO. Food and Agricultural organization “Food outlook” Rome. 1999.

4. Cardoso |, Kuyper TW. Mycorrhizas and tropical soil fertility. Agric. Ecosyst. Environ.
2006;116:76-84.

5. Tittonell P, Vanlauwe B, Leffelaar PA, Rowe EC, Giller KE. Exploring diversity in soil fertility
management of smallholder farms in western Kenya.l. Heterogeneity at region and farm scale.
Agric. Ecosyst. Environ. 2005;110:149-165.

6. Le BauerDS, Treseder KK.Nitrogen limitation of net primary productivity in terrestrial
ecosystems is globally distributed. Ecology. 2008;89:371-379.

7. Marschner H. Mineral nutrition of higher plants. Academic London. 1995;889.

8. Miransari M. Interactions between arbuscularmycorrhizal fungi and soil bacteria. Appl.
Microbiol. Biotech. 2011;89:917-930.

9. Hirai MY, Yano M, Goodenowe DB, Kanaya S, Kimura T, Awazuhara M, Arita M, Fujiwara T,
Saito K. Integration of transcriptomics and metabolomics for understanding of global responses
to nutritional stresses in Arabidopsis thaliana.Proc. Natl. Acad. Sci. U.S.A. 2004;101:10205—
10210.

10. Scheible WR, Morcuende R, Czechowski T, Fritz C, Osuna D, Palacios-Rojas N,
Schindelasch D, Thimm O, Udvardi MK, Stitt M. Genome-wide reprogramming of primary and
secondary metabolism, protein synthesis, cellular growth processes, and the regulatory

infrastructure of Arabidopsisin response to nitrogen. Plant Physiol. 2004;136: 2483—-2499.



311
312
313

314
315
316

317
318

319
320

321
322
323

324
325
326

327
328

329
330

331
332
333

334

335

336
337

338
339

340

341
342

343
344
345

11. Remans T, Nacry P, Pervent M, Girin T, Tillard P, Lepetit M, Gojon A. A central role for the
nitrate transporter NRT2.1 in the integrated morphological and physiological responses of the
root system to nitrogen limitation in Arabidopsis. Plant Physiol. 2006;140:909-921.

12. Paul MJ, Driscoll SP. Sugar repression of photosynthesis: the role of carbohydrates in
signaling nitrogen deficiency through source: sink imbalance. Plant Cell Environ. 1997;20: 110—
116.

13. De Groot CC, Marcelis LFM, Van Den Boogaard R, Kaiser WM, Lambers H. Interaction of
nitrogen and phosphorus nutrition in determining growth. Plant Soil. 2003;248:257—-268.

14. Fernandez-Escobar R, Beltran G, Sanchez-Zamora MA, Garcla-Novelo J, Agui-lera MP,

Uceda M. Olive oil quality decreases with nitrogen over-fertilization. Hort. Sci. 2006;41: 215-219

15. Fernandez-Escobar R, Benlloch M, Herrera E, Garcia-Novelo JM. Effect of traditional and
slow-release N fertilizers on growth of olive nursery plants and N losses by leaching. Sci. Hort.
2004;101:39-49.

16. Sanchez EE, Khemira H, Sugar D, Righetti TL. Nitrogen management in orchards. In:
Bacon, P.E. (ed.), Nitrogen Fertilization in the Environment. Marcel Dekker Inc., New York.
1995;327-380.

17.Boussadia O, Braham M, Ben Elhadj S. Du statut minéral de l'olivier dans le semi-aride
tunisien. INRAT. 2006; no 75

19. Quifiones-Aguilar EE, Gabriel H.C.L. Veronitais L.P. Influence of arbuscular
mycorrhizal fungi and nitrogen concentrations @arica papaya plant growth.Int. J.
Agric. Biol. 2015 ;17: 119126.

18. Pérez-Tienda J, Valderas A, Camafes G, Gamgiesth N, Ferrol N. Kinetics of
NH4"  uptakes by the arbuscular mycorrhizal fungRbizofagus irregularis.
Mycorrhiza. 2012 ; 22: 485491.

19. Jansa J, Smith FA, Smith SA. Are there benefits of simultaneous root colonization by
different arbuscularmycorrhizal fungi? New Phytol. 2008;177:779—789.

20. Smith SE, Smith FA. Roles of arbuscularmycorrhizas in plant nutrition and growth: new

paradigms from cellular to ecosytems scales. Annu. Rev.Plant Biol. 2011;62:227-250.
21. Smith SE, Read DJ. Mycorrhizal symbiosis. New Phytol. 1997;137:563-567.

22.McFarland JW, RuessRW, Kielland K.Cross-ecosystem comparisons of in situ plant uptake
of amino acid-N and NH,". Ecosystems. 2010;13:177-193.

23. Nana WL, Nwaga D, Fokom R., Oneya, S., Ngakou, A. Variation des composés phénoliques
chez Vignaunguiculata (L.) Walp. (Légumineuse) et influence des rhizobia et des mycorhizes
sur leur biosynthése. Afr. J. Sci. Technol. 2002;3:127-135.



346
347
348
349
350
351

352
353
354
355
356
357
358

359
360
361

362
363
364

365
366
367

368
369

370
371
372

373
374

375
376
377

378
379
380

381
382

24. Lattanzio V, Lattanzio VMT, Cardinali A. Role of phenolics in the resistance mechanisms of
plant against fungal pathogens and insects. Phytochemistry: Advances in Research. Kerala,
India, Research Sign post. 2006;23-67.

25. Fokom R, Nana Wakam L, Tchameni S, Nwaga D. ArbuscularMycorrhizal Fungi (AMF)
Colonisation and Rhizobia nodulation of Cowpeaas Affected by Flavonoid Application. Res. J.
Agric. Biol. Sci. 2010;6:1015-1021.

26. Mohd Hafiz I, Hawa ZEJ, Asmah R, Zaharah AR. Effects of nitrogen fertilization on
synthesis of primary and secondary metabolites in three varieties of kacip Fatimah. Molecular
Sci. 2011;12:5238-5254.

27. Tchameni NS, Nwaga ND, Nana WL, Ngonkeu MEL, Fokom R, Kuate J, Etoa FX. Growth
enhancement, amino acid synthesis and reduction in susceptibility towards
Phytophthoramegakarya by arbuscularmycorrhizal fungi inoculation in cocoa plants.J.
Phytopathol. 2012;160 :220-228

28.Macheix JJ, Fleuriet A, Jay-Allemand C.Les composés phénoliqgues des végétaux : un
exemple de métabolites secondaires d’'importance économique,Ed.PressesPolytechnologiques

et Universitaires Romandes : Lausanne. 2005;4-123.

29. Singh PK, Bose B, Kumar M, Singh A. Physiological and molecular actions of salicylate in
plant. In: (Bose B, Ranjan H Eds), vol. 2 Advances in Physiology, Biochemistry and Molecular
Biology in Plants. Nipa Pub, New Delhi. 2007;1-19.

30. Lattanzio V, Cardinali A, Ruta C, Fortunato IM, Lattanzio VMT, Linsalata V, Cicco N.
Relationship of secondary metabolism to growth in oregano (Origanumvulgare L.) shoot cultures
under nutritional stress. Env. Exp. Bot. 2009;65:54-62.

31. Fine PVA, Miller ZJ, Mesones |, Irazuzta S, Appel HM, Stevens MHH. The growth defense
trade off an habitat specialization by plants in Amazonian forest. Ecology. 2006;87: 150-162.

32. Mateo A, Funck D, Muhlenbock P, Kular B, Mullineaux PM, Karpinski S. Controlled levels of
salicylic acid are required for optimal photosynthesis and redox homeostasis. J. Exp. Bot. 2006;
57:1795-1807.

33. Uzunova AN, Popova LP. Effect of salicylic acid on leaf anatomy and chloroplast ultra
structure of barley plants. Photosynthetica. 2000;38: 243-250.

34. Kovacik J, Klejdus B, Backor M, Repcak M. Phenylalanine ammonia-lyase activity and
phenolic compounds accumulation in nitrogen-deficient Matricariachamomilla leaf rosettes.
Plant Sc. 2007;172:393-399.

35. Bénard E. Etude de I'impact de la nutrition azotée et des conditions de cultures sur le
contenu en polyphénols chez la tomate, Thése de Doctorat de I'INPL, Université de Nancy.
2009

36. Franklin O. Optimal nitrogen allocation controls tree response to elevated CO, New Phytol.
2007;174:811-822.



383
384

385
386

387
388
389

390
391

392
393

394
395

396
397

398
399
400

401
402

403
404
405
406
407
408
409
410
411
412
413
414

415
416
417
418

37. Bryant J. Psychological effects of dietary components of tea: caffeine and L-thiamine. Nutr.
Rev. 2008;66:82—-90.

38. Bryant JP, Chapin FS, Klein DR. Carbon nutrient balance of boreal plants in relation to
vertebrate herbivoryOikos. 1983;40:357-368.

39. Kormanik PP, McGraw AC. Quantification of vesicular mycorhizae in plant roots. In:
Schenck NC. (ed.) Methods and Principles of Mycorrhizal Research.The American
Phytopathological Society. St. Paul. Minnesota. 1982;37-45.

40. Okalebo JR, Gathua, WK, Woomer, PL. Laboratory methods of soil and plant analysis: a

working manual, in: Soil Biology and Fertility. Soil Science Society of East Africa, kari. 1993.

41. Devani MB, Shihoo JC, Shal SA, Suhagia BN. Spectra photo method for microdetermination
of nitrogen in Kjeldahl digests. J. Assoc. Offi. Anal. Chem. 1989;72:953-956.

42. Singh K, Linden CJ, Johnson EJ, Ten Gerdy PR. Bioconversion of wheat straw to animal

feed by solid substrate fermentation or ensiling. Indian J. Microbiol. 1990;30: 201-208.

43. Yemm EW, Wilis AJ. The estimation of carbohydrate in the plant extraction by
anthronereagent. J. Biochem. 1954;57 :508-514.

44, Nana L. Relation entre composés phénoliques et résistance du cacaoyer (Theobroma cacao

eme

L.) au Phytophthora megakarya (pourriture brune). Thése de Doctorat 3° cycle de Biochimie,

Université de Yaoundé, Cameroun.1991

45.Marigo G. Sur une méthode de fractionnement et d’estimation des composés phénoliques
chez les végétaux. Analysis. 1973;2:106-110.

46. Martinez-Medina A, Roldan A, Pascual JA. Interaction between arbuscularmycorrhizal fungi
and Trichodermaharzianumunder conventional and low input fertilization field condition in melon
crops: Growth response and Fusarium wilt biocontrol. Appl. Soil Ecol. 2011;47:98-105.

47. Jackson LE, Burger M, Cavagnaro TR. Roots, nitrogen transformations and ecosystem
services. Annu. Rev. Plant. Biol. 2008;59:341-363.

48. De Giorgio D, Sisto D, Ubaldo B, Vonella AV. The effects of N-fertilization levels and root
mycorrhizal colonization on plant-growth and grain yield in durum wheat. 13" International Soil
Conservation Organisation Conference: Conserving Soil and Water for Society: Sharing
Solutions. 2004;762:1— 4.

49. Ames RN, Reid CPP, Porter L, Cambardella C. Hyphal uptake and transport of nitrogen
from two "°N-labelled sources by Glomusmosseae, a vesicular arbuscularmycorrhizalfungus.
NewPhytol. 1983;95:381-396.

50. Barea JM, Toro M, Orozco MO, Campos E, Azcon R. The application of isotopic (**P and
15N) dilution techniques to evaluate the interactive effect of phosphate solubilizing rhizobacteria,
mycorrhizal fungi and Rhizobium to improve the agronomic efficiency of rock phosphate for

legume crops. Nutr. Cycl. Agroecosyst. 2002;63:35—-42.



419
420

421
422

423
424
425

426
427
428

429
430
431

432
433

434
435

436
437
438

439
440
441

442
443

444

445
446

447
448
449

450
451
452

453
454

51. Tawaraya K, Naito M, Wagatsuma T. Solubilization of insoluble inorganic phosphate by

hyphal exudates of arbuscularmycorrhizal fungi. J. Plant Nutr. 2006;29:657— 665

52. Hawkins HJ, Johansen A, George E. Uptake and transport of organic and inorganic nitrogen
by arbuscular mycorrhizal fungi. Plant Soil. 2000;226:275-285.

53. Boussadia O, Steppe K, Zgallai H, Ben El Hadj S, Braham M, Lemeur R, Van Labeke MC.
Effects of nitrogen deficiency on leaf photosynthesis, carbohydrate status and biomass

production in two olive cultivars ‘Meski’ and ‘Koroneiki'. Scientia Hortic. 2010;123:336—-342.

54. Saidana D, Braham M, Boujnah D, Ben Mariem F, Ammari S, Ben El Hadj S. Nutrient
stress, ecophysiological, and metabolic aspects of olive tree cultivars. J. Plant Nutr. 2009;32:
129-145.

55. Seemann JR, Sharkey TD, Wang JL, Osmond CB. Environmental effects on
photosynthesis, nitrogen-use efficiency, and metabolite pools in leaves of sun and shade plants.
Plant Physiol. 1987;84:796—802.

56. Terashima |, Evans JR. Effects of light and nitrogen nutrition on the organization of the

photosynthetic apparatus in spinach. Plant Cell Physiol. 1988;29:143-155.

57. Olusegun AS. Nitrogen (N) and phosphorus (P) fertilizer application on maize (Zea mays L.)
growth and yield at Ado-Ekiti, South-West, Nigeria. Am J. Exp.Agric. 2015;6(1): 22-29.

58. Sinclair TR. Nitrogen influence on the physiology of crop yield. In: Rabbinge, R., Goudriaan,
J., van Keulen, H., Penning de Vries, F.W.T., van Laar, H.H. (Eds.), Theoretical Production

Ecology: Reflections and Prospects. Pudoc, Wageningen. 1990;41-45.

59. Paul MJ, Driscoll SP. Sugar repression of photosynthesis: the role of carbohydrates in
signaling nitrogen deficiency through source: sink imbalance. Plant Cell Environ. 1997;20: 110—
116.

60. Logan BA, Demmig-Adams B, Rosenstiel TN, Adams WW. Effect of nitrogen limitation on

foliar antioxidants in relationship to other metabolic characteristics. Planta. 1999;209:213-220.
61. Paul MJ, Foyer CH. Sink regulation of photosynthesis. J. Exp. Bot. 2001;52:1383-1400.

62. Smith SE, Read DJ. Mycorrhizal symbiosis. 3rd edition. Academic Press San Diego.
2008;787.

63.Korn M, Peterek S, Mock HP, Heyer AG, Hincha DK. Heterosis in the freezing tolerance and
sugar and flavonoid contents of crosses between Arabidopsis thaliana accessions of widely

varying freezing tolerance. Plant Cell. Envir. 2008;31:813-827.

64. Ben KL, Monte GA. Réponses physiologiques et biochimiques du tréfle (Trifolium
alexandriumL) a la double association mycorhizes-rhizobium sous une contrainte saline. Agron.
2003;23:571-580.

65.Kovacik J, Backor M. Changes of phenolic metabolism and oxidative status in nitrogen
deficient Matricariachamomilla plants. Plant Soil. 2007;297:255-265.



455 66. Wu J, Sun B, Wang Y, Xin G, Ye S, Peng S. Arbuscularmycorrhizal fungal colonization
456 improves regrowth of Bermudagrass (Cynodondactylon L) after cutting. Pakistan J. Bot.
457  2011;43: 85-93.



