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Abstract: Zinc (Zn) is an essential micronutrient for plant growth and development. Plants can be 

lacking in Zn since as a trace element it is subject to widespread soil deficiencies. These deficiencies 

can arise through a lack of diverse agricultural practices, as well as climatic extremes causing exces-

sive soil weathering. It has been estimated that 30% of global arable lands are deficient in Zn result-

ing in substantial reduction in yield. In recent agricultural practices, plant growth promoting bacte-

ria (PGPB) are finding increased use for reducing crop losses due to conditions of the soil. Among 

the PGPB, the genus Azospirillum—with an emphasis on A. brasilense—is probably the most studied 

microorganism for the mitigation of plant stress. Here we report the investigation of functional mu-

tants HM053, ipdC and FP10 of A. brasilense to understand how the biological functions of these 

microorganisms can affect host Zn uptake. HM053 is a Nif + constitutively expressed strain that 

hyper-fixes N2 and produces high levels of the plant relevant hormone auxin. FP10 is a Nif- 

strain that is deficient in N2-fixation and produces auxin. ipdC is a strain that is deficient 

in auxin production but fixes N2. Zinc uptake was measured in laboratory-based studies 

of 3-week-old plants using radioactive Zn-65 (t½  = 244 days). Uptake kinetics of the tracer 

were measured using dedicated radiation detectors. Afterwards, tissues were harvested 

and counted for levels of Zn-65 radioactivity that had accumulated within the roots and 

shoots of the plant. Principal Component Analysis using XLSTAT software provided com-

parisons between microbial biological functions and host Zn-65 accumulation. Results 

showed that low microbial auxin producing capacity resulted in the greatest accumulation 

of Zn-65 by the host.  
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1. Introduction 

Zinc has been implicated with a broad spectrum of growth characteristic in 

higher plants. For example, in apple, visible symptoms of Zn deficiency in dicotyle-

dons were rosetting and decreases leaf size [1]. This later trait, coined “little leaf” 

syndrome, was observed as a common growth characteristic in many fruit tree species 
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subjected to Zn deficiency [2]. Zinc also plays important roles in many biochemical 

functions within plants. It is an essential component of over 300 enzymes [3]. It 

also plays a role in DNA and RNA metabolism, cell division, and protein synthesis 

[4] . A lack of sufficient Zn during plant growth can decrease yield and crop quality as a 

consequence of the disruption in these normal metabolic functions [5–7]. Today, approxi-

mately 30% of global crop production is lost due to essential nutrient deficiencies caused 

by climatic extremes that result in excessive soil weathering and by a lack of diverse agri-

cultural practices that deplete nutrient levels in soil. Additionally, foods produced from 

Zn-deficient crops can result in human Zn deficiency, which can in turn have an impact 

on human well-being by reducing the body immune functions and increasing the risk of 

growth stunting in children or the risk of adverse pregnancy outcomes in women [5,8]. 

Plant growth promoting bacteria (PGPB), which can help their host weather difficult con-

ditions, are finding increased use in agriculture. These organisms can activate physiolog-

ical and biochemical responses within their host for mutual benefit to build natural toler-

ances to environmental stresses and thereby reduce losses in the field [9–14]. 

2. Materials and Methods 

Plant Growth: Maize kernels from Elk Mound Seed Co. (Elk Mound, WI, USA) (Hy-

brid 8100) were dark germinated at room temperature for two days on sterilized paper 

towels wetted with sterile water in a petri-dish. Seeds were inoculated with bacteria cul-

ture as appropriate and transplanted to plastic seed germination pouches (Phytotc, Inc., 

Beijing, China) wetted with sterile Hoagland’s basal salt solution for approximately one 

week. They were then transferred to individual 600 mL hydroponics cells that were con-

tinuously aerated and fill with Hoagland’s nutrient (pH 6.0). Nutrient was exchanged on 

a five-day cycle. Growth conditions consisted of 12-h photoperiods, 500 μmol m−2 s−1 light 

intensity, and temperatures of 25 °C/20 °C (light/dark) with humidity at 70–80%. 

Bacteria Growth: Functional mutants were grown in liquid NFbHP-lactate medium 

following published procedures [9]. Cultures were washed with sterile water and diluted 

to approximately 106 to 108 colony forming units per milliliter (CFU mL−1). Root inocula-

tion involved adding the inoculum to a petri dish of 10–20 maize seedlings and rocking 

in the shaking incubator for two hours. Seedlings were placed into germination pouches 

for five days before transplanting to hydroponics. 

Zinc-65 Studies: Zinc-65 (t½  = 244 days) was purchased from Perkin-Elmer Life Sci-

ences (Akron, OH USA). One hour before administration of radiotracer, plants were re-

moved from their hydroponics cells and suspended in 600-mL beakers consisting of 100 

mL of deionized water. Plants were maintained at the same daytime light and tempera-

ture conditions as that used to maintain their growth. An aqueous solution of zinc-65 ra-

diotracer at 0.74 MBq was injected into the beaker of water in which the roots were im-

mersed. A radiation detector (Eckler & Ziegler, Inc., Valencia, CA, USA, 1-inch Na-PMT 

detector) affixed to the plant 8 cm above the base of the stem provided dynamic feedback 

on Zn-65 transport from roots to shoots. Data was acquired at 1Hz sampling rate using 0–

1 V analog input into an acquisition box (SRI, Inc., McLean, VA, USA). After three hours 

of acquisition, roots were cut from the shoots, thoroughly washed in water, blotted dry. 

Both root and shoot tissues were weighed and then counted in a 3-inch NaI-PMT gamma 

well-type detector for quantifying amount of Zn-65 radioactivity. 

Statistical Analysis: Data was subjected to the Shapiro-Wilk Normality Test to 

identify outliers so all data groups reflected normal distributions. Data was analyzed 

using the Student’s t-test for pair-wise comparisons made between non-inoculated 

controls and bacteria treatment. Statistical significance was set at p < 0.05. The Zn-65 

uptake and allocation data was analyzed by Principal Component Analysis (PCA) 

using XI.STAT software version 2020.3 (Addinsoft Inc., New York, NY, USA). 
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3. Results and Discussion 

Figure 1 results demonstrated different rates for Zn-65 transport as a function of A. 

brasilense inoculation showing that ipdC > HM053 > FP10. FP10 was most like non-inocu-

lated control plants. Tissue distribution measurements using ‘cut and count’ techniques 

revealed a similar dissimilarity between ipdC bacteria and the other inoculants (Figure 2). 

Systematic trends defining uptake and in planta translocation of Zn-65 become apparent 

in the PCA biplot (Figure 3). Here, the information included in our uptake versus 

allocation measurements were represented by feature vectors (Fl and F2) repre-

senting 71.89% and 28.11% of the information embedded in the data respectively. 

As displayed, each of the treatments clustered together, indicating behavior within 

a treatment-type that is distinct from other treatments. It shows that FP10 and 

non-inoculated maize are similar in overall zinc uptake and shoot allocation be-

havior. HM053 inoculated maize exhibit a slight elevation in allocation patterns rela-

tive to control and FP10. ipdC is most unique in its uptake and allocation patterns than 

other treatments in the X- and Y-axis direction. 

 

Figure 1. Dynamic Zn-65 transport over 3-h of acquisition. Each data point reflects N = 5–6 biological replicates at 1 Hz 

sampling frequency. 

 

Figure 2. (Panel A); ‘Cut and count’ measurements yielded information on plant uptake of Zn-65 

presented as the percent of the Zn-65 dose administered to the beaker that was assimilated by the 

plant over 3-hours. (Panel B); root-to-shoot allocation of Zn-65 is presented as the percent of the 

administered dose of radiotracer. Date reflects means for N = 5–6 replicates (SE). Statistical signif-

icance p < 0.05 was designated by ‘a’ in a comparison of treatment to control, ‘b’ in a comparison of 

ipdC or FP10 to HM053 and ‘c’ in a comparison of FP10 to ipdC treatment. 
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Figure 3. Principal component analysis correlates Zn-65 uptake and root-shoot allocation 

to the biological functions of the beneficial microbes. 

What distinguishes ipdC from the other microbial inoculants examined in this study 

is its deficiency in producing auxin (indole-3-acetic acid), an important plant hormone. 

Our past studies showed that the HM053 mutant exhibited the highest level of auxin bio-

synthesis, being 2-times that of FP10 and 13-times that of ipdC [15]. Furthermore, auxin 

biosynthesis in plants and Zn levels have been positively correlated. With tryptophan be-

ing the principal intermediate in auxin biosynthesis, withholding Zn was shown to lower 

plant tryptophan levels [16], and auxin levels [17], while exogenous treatment with Zn 

increased tryptophan levels [18]. We suspect that the mechanism for promoting plant Zn-

65 uptake in the present study has to do with the auxin producing capacity of the micro-

organism. We note that while ipdC lacks the ability to biosynthesize auxin, it still possesses 

the molecular machinery to produce indole—a key precursor to tryptophan biosynthesis 

[15]. In fact, maize root indole emissions with ipdC inoculation were nearly 2-times that of 

HM053 inoculated plants, and 1.5-times that of FP10 inoculated plants. We suspect this 

behavior may be due to bacteria-root indole trafficking which could elevate the endoge-

nous pool of plant tryptophan causing an elevation in Zn uptake. To the best of our 

knowledge, no one has examined whether tryptophan treatments will elevate endogenous 

levels of plant Zn. 

4. Conclusions 

The present work shows evidence that certain biological traits of root-associating mi-

croorganisms can have beneficial effects on the host plant in promoting Zn uptake. While 

these actions could benefit over the long term in improved crop yield, we know little about 

their effects on crop nutrition value. Most particularly, we ask whether prolonged Zn ac-

cumulation can result in a higher Zn content in the corn kernel. Future studies using ion 

chromatography will examine this feature. 
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